TRANSPORTATION
RESEARCH
National Research Council

TRANSPORTATION RESEARCH BOARD
2000 EXECUTIVE COMMITTEE'
Chairman: Martin Wachs, Diector, Institute of Transportation
Studies, University of California, Berkeley
Vice Chairman: John M. Samuels, Senior Vice PresidentOperations Planning and Support (Operations Division),
Norfolk Southem Corporation, Norfolk, Virginia
Executive Director: Robert E. Skinner, Jr., Transportation
Research Board
Thomas F. Barry, Jr., Secretary of Transportation, Florida
Department of Transportation, Tallahassee
Jack E. Buffmgton, Associate Director and Research Professor,
Mack-Blackwell National Rural Transportation Study Center,
University of Arkansas, Fayetteville
Sarah C. Campbell, President, TransManagement, Inc.,
Washington, D.C.
Anne P. Canby, Secretary of Transportation, Delaware
Department of Transportation,Dover
E. Dean Carlson, Secretary of Transportation, Kansas Department
of Transportation, Topeka
Joanne F. Casey, President, Intermodal Association of North
America, Greenbelt, Maryland
John L. Craig, Director, Nebraska Department of Roads, Lincoln
Robert A. Frosch, Senior Research Fellow, Belfer Center for
Science & International Affairs, John F. Kennedy School of
Government, Harvard University, Cambridge, Massachusetts
Gorman Gilbert, Director, Oklahoma Transportation Center,
Oklahoma State University, Stillwater
Genevieve Giuliano, Professor, School of Policy, Planning, and
Development, University of Southern California, Los Angeles
Lester A. Hoel, L.A. Lacy Distinguished Professor, Department of
Civil Engineering, University of Virginia, Charlottesville
H. Thomas Kornegay, Executive Director, Port of Houston
Authority, Houston, Texas
Thomas F. Larwin, General Manager, San Diego Metropolitan
Transit Development Board, San Diego, California
Bradley L. Mallory, Secretary of Transportation, Pennsylvania
Department of Transportation,Hanisburg
Jeffrey R. Moreland, Senior Vice President-Law and Chief of
Staff, Burlington Northem Santa Fe Corporation, Fort Worth,
Texas
Sid Momison, Secretary of Transportation, Washington State
Department of Transportation,Olympia
John P. Poorman, Staff Director, Capital District Transportation
Committee, Albany, New York
Wayne Shackelford, Senior Vice President, Gresham Smith &
Partners, Alpharetta, Georgia (Past Chairman, 1999)
Michael S. Townes, Executive Director, Transportation District
Commission of Hampton Roads, Hampton, Virginia
Thomas R. Warne, Executive Director, Utah Department of
Transportation, Salt Lake City
Arnold F. Wellman, Jr., Vice President, Corporate Public Affairs,
United Parcel Service, Washington, D.C.
James A. Wilding, President and CEO, Metropolitan Washington
Airports Authority, Alexandria, Virginia
M. Gordon Wolman, Professor of Geography and Environmental
Engineering, The Johns Hopkins University, Baltimore,
Maryland
David N. Wormley, Dean of Engineering, Pennsylvania State
University, University Park (Past Chairman, 1997)

Mike Acott, President, National Asphalt Pavement Association,
Lanham, Maryland (ex officio)
Sue Bailey, Administrator, National Highway Traffic Safety
Administration, U.S. Department of Transportation (ex officio)
Kelley S. Coyner, Administrator, Research and Special Programs
Administration, U.S. Department of Transportation (ex officio)
Mortimer L. Downey, Deputy Secretary of Transportation, U.S.
Department of Transportahon (ex officio)
Nuria I. Fernandez, Acting Administrator, Federal Transit
Administration, U.S. Department of Transportation (ex officio)
Russell L. Fubrman, (Maj. Gen., U.S. Army), Acting
Commander, U.S. Army Corps of Engineers, Washington,
D.C. (ex officio)
Jane F. Garvey, Administrator, Federal Aviation Administration,
U.S. Department of Transportation (ex officio)
John Graykowski, Acting Administrator, Maritime
Administration, U.S. Department of Transportation (ex officio)
Edward R Hamberger, President and CEO, Association of
American Railroads, Washington, D.C. (ex officio)
Clyde J..Hart, Jr., Acting Deputy Administrator, Federal Motor
Camex Safety Adrmrustrahon, U.S. Deparhnent of
Trans~ortation(ex officio)
~,
~irector,American Association of
John C. ~ o r s l e~xecutive
State Highway and Transportation Officials. Washington. D.C.
(ex officio)
James M. Loy (Adm., U.S. Coast Guard), Commandant, U.S.
Coast Guard, Washington, D.C. (ex officio)
William W. MiUar, President, American Public Transportation
Association, Washington, D.C. (ex officio)
Jolene M. Molitoris, Administrator, Federal Railroad
Administration, U.S. Department of Transportation (ex officio)
Margo Oge, Director, Office of Transportation and Air Quality,
U.S. Environmental Protection Agency, Washington, D.C. (ex
officio)
Valentin J. Riva, President and CEO,American Concrete
Pavement Association, Skokie. Illinois (ex officio)
Ashish K. Sen, Director, Bureau of Transportation Statistics, U.S.
Deoartment of Trans~ortation(ex officio)
~ e n n d t hR Wykle, ~drkniskto;, Federal ~Ikghway
Administration, U.S. Department of Transportation (ex officio)
Transportation Research Board publications may be ordered
directly from the TRB Business Office. through the Internet at
nationdacademies.org/trb,or by annual subs&ption through
oreanization or individual affiliation with TRB. Affiliates and
1ib;ary subscribers are eligible for substantial discounts. For further
information, contact the Transportation Research Board Business
Office, National Research Council, 2101 Constitution Avenue,
NW, Washington, DC 20418 (telephone 202-334-3214; fax
202-334-2519; or e-mail TRBsales@nas.edu).
O 2000 by the National Academy of Sciences.

AU rights reserved.
Printed in the United States of America.
Library of Congress Cataloging in Publication Data
Highway
. capacity
.
. manual.
p. cm.
"HCM 2000."
Includes bibliographic references.
ISBN 0-309-06681-6 rmehicl
ISBN 0-309-06746-4 istand&dl
1. Highway ~ a ~ a c i t y ~ ~ a n d b dmanuals,
o k s , etc.
HE336.H48 H54 2000
388.3'14--dc21
00-061507

* Membership as of October 2000.

'

I

I'

.

Advisers to the Nation on Science, Engbeerlag, and Medicine

National Academy of Sciences
National Academy of Engineering
Institute of Medicine
National Research Council

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distinguished scholars
engaged in scientific and engineering research, dedicated to the furtherance of science and technology and to their
use for the general welfare. Upon the authority of the charter granted to it by the Congress in 1863, the Academy
has a mandate that requires it to advise the federal government on scientific and technical matters. Dr. Bruce M.
Alberts is president of the National Academy of Sciences.
The National Academy of Engineering was established in 1964, under the charter of the National Academy of
Sciences, as a parallel organization of outstanding engineers. It is autonomous in its administration and in the
selection of its members, sharing with the National Academy of Sciences the responsibility for advising the federal
government. The National Academy of Engineering also sponsors engineering programs aimed at meeting national
needs, encourages education and research, and recognizes the superior achievements of engineers. Dr. William A.
Wulf is president of the National Academy of Engineering.
The Institute of Medicine was established in 1970 by the National Academy of Sciences to secure the services of
eminent members of appropriate professions in the examination of policy matters pertaining to the health of the
public. The Institute acts under the responsibility given to the National Academy of Sciences by its congressional
charter to be an adviser to the federal government and, upon its own initiative, to identify issues of medical care,
research, and education. Dr. Kenneth I. Shine is president of the Institute of Medicine.
The National Research Council was organized by the National Academy of Sciences in 1916 to associate the broad
community of science and technology with the Academy's purposes of furthering knowledge and advising the
federal government. Functioning in accordance with general policies determined by the Academy, the Council had
become the principal operating agency of both the National Academy of Sciences and the National Academy of
Engineering in providing services to the government, the public, and the scientific and engineering communities.
The Council is administered jointly by both the Academies and the Institute of Medicine. Dr. Bruce M. Alberts and
Dr. William A. Wulf are chairman and vice chairman, respectively, of the National Research Council.
The Transportation Research Board is a unit of the National Research Council, which serves the National
Academy of Sciences and the National Academy of Engineering. The Board's mission is to promote innovation and
progress in transportation by stimulating and conducting research, facilitating the dissemination of information, and
encouraging the implementation of research results. The Board's varied activities annually engage more than 2,000
engineers, scientists, and other transportation researchers and practitioners from the public and private sectors and
academies, all of whom contribute their expertise in the pubic interest. The program is supported by the state
transportation departments, federal agencies including the component administrations of the U.S. Department of
Transportation, and other organizations and individuals interested in the development of transportation.

PREFACE ......................................................................................................................................................................
vii
CONTRIBUTORS AND ACKNOWLEDGMENTS ........................................................................................................... ix

PART I: OVERVIEW
1.
2.
3.
4.
5..
6.

INTRODUCTION ..............................................................................................................................................1-1
CAPACITY AND LEVEL-OF-SERVICE CONCEPTS .......................................................................................2-1
APPLICATIONS ................................................................................................................................................3-1
DECISION MAKING.......................................................................................................................................... 4-1
GLOSSARY ......................................................................................................................................................
5-1
SYMBOLS ........................................................................................................................................................6-1

PART II: CONCEPTS
7.
8.
9.
10.
11.
12.
13.
14.

TRAFFIC FLOW PARAMETERS...................................................................................................................... 7-1
TRAFFIC CHARACTERISTICS ........................................................................................................................ 8-1
ANALYTICAL PROCEDURES OVERVIEW ..................................................................................................... 9-1
URBAN STREET CONCEPTS .......................................................................................................................
10-1
PEDESTRIAN AND BICYCLE CONCEPTS ................................................................................................... 11-1
HIGHWAY CONCEPTS ..................................................................................................................................12-1
FREEWAY CONCEPTS ................................................................................................................................13-1
TRANSIT CONCEPTS .................................................................................................................................... 14-1

PART Ill: METHODOLOGIES
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

URBAN STREETS .......................................................................................................................................... 15-1
SIGNALIZED INTERSECTIONS .................................................................................................................... 16-1
UNSIGNALIZED INTERSECTIONS ...............................................................................................................
17-1
PEDESTRIANS .............................................................................................................................................. 18-1
BICYCLES .....................................................................................................................................................
19-1
TWO-LANE HIGHWAYS .......................................................................................................................... 2 0 - 1
MULTILANE HIGHWAYS ............................................................................................................................... 21-1
FREEWAY FACILITIES ............................................................................................................................ 2 2 - 1
BASIC FREEWAY SEGMENTS ..................................................................................................................... 23-1
FREEWAY WEAVING ....................................................................................................................................
24-1
RAMPS AND RAMP JUNCTIONS ..................................................................................................................
25-1
INTERCHANGE RAMP TERMINALS ............................................................................................................. 26-1
TRANSIT......................................................................................................................................................... 27-1

PART IV: CORRIDOR AND AREAWIDE ANALYSES
28. ASSESSMENT OF MULTIPLE FACILITIES ..................................................................................................
29. CORRIDOR ANALYSIS ..................................................................................................................................
30. AREAWIDE ANALYSIS ..................................................................................................................................

28-1
29-1
30-1

PART V: SIMULATION AND OTHER MODELS
31. SlMlJLATlON AND OTHER MODELS............................................................................................................ 31-1

Highway Capacify Manual 2000

PREFACE
The Transportation Research Board's ( W ' s ) Highway Capacity Manual (HCM)
provides a collection of state-of-the-art techniques for estimating the capacity and
determining the level of service for transportation facilities, including intersections and
roadways as well as facilities for transit, bicycles, and pedestrians. For more than 50
years, the HCM has fulfilled this goal, earning a unique place in the esteem of the
transportation community.
Developed and revised under the direction of the TFU3 Committee on Highway
Capacity and Quality of Service, this newest edition, HCM 2000, presents the best
available techniques for determining capacity and level of service for transportation
facilities at the start of the new millennium. However, this comprehensive manual does
not establish a legal standard for highway design or construction.
HISTORICAL PERSPECTIVE
Originally published in 1950, the HCM was the first document to quantify the
concept of capacity for transportation facilities. The 1965 edition in turn was the first to
define the concept of level of service, which has become the foundation for determining
the adequacy of transportation facilities from the perspectives of planning, design, and
operations. The 1985 edition, along with its 1994 and 1997 updates, is TRl3's most
widely used document. Translated into several languages, it has become the standard
reference on capacity and level-of-service procedures, relied on by transportation analysts
around the world.
DEVELOPMENT OF HCM 2000
To produce HCM 2000, TRl3's Committee on Highway Capacity and Quality of
Service developed a comprehensive program of research. The research was implemented
through the funding efforts of the National Cooperative Highway Research Program
(NCHRP) and the Transit Cooperative Research Program. In addition, the Federal
Highway Administration supported TFU3 with a variety of research endeavors. These
combined efforts produced the basic research reviewed by the committee and
incorporated into HCM 2000.
All of the research results contributing to HCM 2000 underwent an iterative and
interactive review. When a funded research project was completed, the group that guided
its development-for example, an NCHRP panel-reviewed the findings first. If
accepted by the group, the research was then presented for consideration by one of the 12
working subcommittees of the Highway Capacity and Quality of Service Committee.
The subcommittee, including several committee members as well as other active
professionals, then provided its recommendations to the full committee. The final
approval for each chapter of HCM 2000 rested with the Highway Capacity and Quality of
Service Committee, composed of 30 members representing the research community,
government agencies, and private industry.
CONTENTS OF HCM 2000

L..

The Highway Capacity Manual 2000 represents a significant revision and expansion
of the material provided in previous editions. The manual has grown from 14 to 31
chapters. These chapters are divided into five parts:
I. Overview,
II. Concepts,
III. Methodologies,
IV. Corridor and Areawide Analyses, and
V. Simulation and Other Models.
Parts I and JII contain information that corresponds to the contents of previous
editions. Part 11provides concepts and estimated default values for use in planning-level
vii
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analytical work. Part IV presents computational techniques and general analysis
guidelines for corridor and areawide analyses. Part V offers background and information
on alternative models that may be appropriate for systemwide or more complex analyses.
A companion version of the manual is available in CD-ROM, including tutorials and
video clips to enhance the communication of the concepts. In addition, there are links
between the text and the glossary to facilitate understanding of the manual by lessexperienced users.

SPECIAL ACKNOWLEDGMENTS
HCM 2000 incorporates significant advances in the state of knowledge in
determining capacity and quality-of-service values for all modes of surface
transportation.
Hundreds of professionals have volunteered their time and energy to the work of the
Committee on Highway Capacity and Quality of Service. Twice every year, the
committee meets to perform a major review of relevant research and to identify new
research needs in response to changes in roadway design standards, driver behavior, and
vehicle operating characteristics.
Members of the committee and its subcommittees are listed on pages ii-vii. Special
recognition is extended to those who have chaired the committee: O.K. Normann, Carl C.
Saal, Robert C. Blumenthal, James H. Kell, Carlton C. Robinson, and Adolf D. May. In
acknowledgment of their sustained contributions to the committee and to the
development of HCM 2000, Robinson and May have been designated members emeritus
of the committee.
Complementing the volunteer efforts vital to the work of the committee, TRB staff
has provided outstanding support. Special thanks are given to Richard Cunard, Engineer
of Traffic and Operations, and to B. Ray Derr, NCHRP Senior Program Officer, for their
contributions.
The Committee on Highway Capacity and Quality of Service invites comments and
suggestions on HCM 2000 while continuing its mission of enhancing and improving the
design, operation, and planning of transportation facilities.

John D. Zegeer
Chairman, TRB Committee on Highway Capacity and Quality of Service
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I.

INTRODUCTION

PURPOSE OF THE MANUAL
The Highway Capacity Manual (HCM) provides transportation practitioners and
researchers with a consistent system of techniques for the evaluation of the quality of
service on highway and street facilities. The HCM does not set policies regarding a
desirable or appropriate quality of service for various facilities, systems, regions, or
circumstances. Its objectives include providing a logical set of methods for assessing
transportation facilities, assuring that practitioners have access to the latest research
results, and presenting sample problems. This fourth edition of the HCM is intended to
provide a systematic and consistent basis for assessing the capacity and level of service
for elements of the surface transportation system and also for systems that involve a
series or a combination of individual facilities. The manual is the primary source
document embodying research findings on capacity and quality of service and presenting
methods for analyzing the operations of streets and highways and pedestrian and bicycle
facilities. A complementary volume, Transit ~ a ~ a c iand
t y Quality of Service Manualnow in development by the Transportation Research Board (TRI3)-presents methods for
analyzing transit services from the perspectives of both the user and the operator.

SCOPE OF THE MANIJAL
This manual is divided into five parts. Part I provides an overview of the traffic flow
concepts inherent in capacity and level-of-service analyses, a discussion of their
applications, and a description of policy decision making based on this fourth edition. It
also includes a glossary of terms and a list of symbols. Part I1 describes the concepts and
provides the estimated default values for use in the analytical work presented in Part III.
Part III offers specific methods for assessing roadway, bicycle, pedestrian, and transit
facilities in relation to their performance, capacity, and level of service.
For the analyst who must assess more than an individual facility, Part IV of this
manual provides a framework for the analysis of corridors, areas, and multimodal
operations. In some cases, it provides specific computational techniques, while in others
it provides a more general analysis of the facility or facilities. Part V offers background
and information on the type of models appropriate for systemwide or more complex
capacity and level-of-service analyses.
Additional information beyond this manual is available on the World Wide Web at
http://national-academies.orgltrbhcm.

USE OF THE MANUAL
In addition to the service measures necessary.to determine quality of service, this
manual identifies analytical procedures for other performance measures. These allow the
analyst to assess different aspects of an existing or planned facility. Moreover, this
document makes it possible to evaluate broader systems of facilities and to establish a
link between operational and planning models.
This manual is intended for use by a range of practitioners, including traffic
engineers, traffic operations personnel, design engineers, planners, management
personnel, teachers, and university students. To use the manual effectively and to apply
its methodologies, some technical background is desirable-typically university-level
training or technical work in a public agency or consulting firm.

RESULTS FROM THE METRIC AND U.S. CUSTOMARY VERSIONS

:

...';
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This fourth edition of the manual is published in two versions, one in metric units
and one in U.S. customary units. Although the methodologies in the metric and U.S.
customary versions of the manual are identical, parameters, level-of-service thresholds,
and other values will be hard-converted. This means that analysis results calculated using
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8. Traffic Characteristics
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10. Urban Street Concepts
1 I. Pedestrian and Bicycle
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12. Highway Concepts
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14. Transit Concepts
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the metric version may differ slightly from those calculated using the U.S. customary
version. Transportation agencies may want to specify which system of units they and
their consultants will use and discourage conversions between systems of units.

NORTH AMERICAN AND INTERNATIONAL APPLICATIONS
During the 1990s, capacity and level-of-service analysis generated interest on an
international scale. Therefore, increased attention and effort has focused on incorporating
into the HCM research results and proposed procedures from countries outside of North
America. Also, by producing its first HCM with metric units, TRB has taken a step
toward making these methods and procedures more applicable to international work.
However, the user of the manual is cautioned that the majority of the research base, the
default values, and the typical applications are from North America, particularly from the
United States. Although there is considerable value in the general methods presented,
their use outside of North America requires additional emphasis on calibrating the
equations and the procedures to local conditions as well as recognizing major differences
in the composition of traffic; in driver, pedestrian, and bicycle characteristics; and in
typical geometries and control measures.-

ONLINE MANUAL
CD-ROM version

HCM 2000 is available in electronic format on CD-ROM. The online edition offers
several multimedia, user-interactive components that allow for viewing of simulated and
real-world traffic conditions, explanations of capacity and level of service concepts, and a
step-by-step graphic presentation of the solutions to sample problems. The online manual
faithfully presents the material and procedures described in this book.

CALCULATION SOFMlARE
Software for
implementing HCM
methodologies

As a companion tool to this manual, commercial software is available to perform the
numerical calculations for the chapters in Part III. The CD-ROM online manual has a
feature to incorporate the user's preferred software as required. Although there are
several calculation software packages available, TRB does not produce, review, or
endorse any.

II. HISTORY OF THE MANUAL
The first edition of the HCM was published in 1950 by the U.S. Bureau of Public
Roads as a guide to the design and operational analysis of highway facilities. In 1965,
TRB-then known as the Highway Research Board-published the second edition under
the guidance of its Highway Capacity Committee. The third edition, published by TRB
in 1985, reflected more than two decades of comprehensive research conducted by a
variety of agencies under the sponsorship of several organizations, primarily the National
Cooperative Highway Research Program and the Federal Highway Administration. Its
development was guided by the TRB Committee on Highway Capacity and Quality of
Service. As a result of continuing research in capacity, the third edition of the HCM was
updated in 1994 and 1997. Exhibit 1-1 lists the 1985 HCM chapters along with their
most recent updates.
The 1997 update included extensive revisions to Chapters 3,9, 10, and 11. In
addition, Chapters 1,4,5,6, and 7 were modified to make them consistent with other
revised chapters.
The basic freeway sections chapter (Chapter 3) revised the procedure for determining
capacity based on density. It also proposed that capacity values under ideal flow
conditions varied by free-flow speed.

-
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EXHIBIT 1-1. HCM 1985 EDITION: ORGANIZATION AND UPDATES
Chapter
1
2
3
4
5
6
7
8
9
10
11
12
13
14

I

Descnption/Facility Type
Introduction, Concepts, and Applications
Traffic Characteristics
Uninterrupted-Flow FaciUties
Basic Freeway Sections
Weaving Areas
Ramps and Ramp Junctions
Freeway Systems
Multilane Rural and Suburban Highways
Two-Lane Highways
Interruded-Flow Facilities
Signalized Intersections
Unsignalized Intersections
Arterial Streets
Transit Capacity
Pedestrians
Bicycles

Final Update
1997
1994
1997

1997
1997
1997
1985
1985
1985

The signalized intersections chapter included findings from research on actuated
traffic signals. The delay equation was modified to account for signal coordination,
oversaturation, variable length analysis periods, and the presence of initial queues at the
beginning of an analysis period. The level-of-service measure was changed from stopped
delay to control delay. Adjustments were made to the permitted left-turn movement
model and to the left-turn equivalency table.
The chapter on unsignalized intersections was completely revised to incorporate the
results of a nationwide research project in the United States examining two-way and fourway stop-controlled intersections. In addition, it addressed the impact of an upstream
traffic signal on capacity at a two-way stop-controlled intersection. Procedures were
provided to account for flared approaches, upstream signals, pedestrian crossings, and
two-stage gap acceptance (when vehicles seek refuge in a median before crossing a
second stream of traffic).
The arterial streets chapter in the 1997 HCM incorporated the relevant changes from
the signalized intersections chapter. It also established a new arterial classification for
high-speed facilities. The delay equation was modified to account for the effect of
platoons from upstream signalized intersections.

Ill. WHAT'S NEW IN HCM 2000
This fourth edition of the HCM is published in two versions: metric and U.S.
customary units. The chapter organization also has changed-HCM 2000 consists of five
parts with a total of 31 chapters. Exhibit 1-2 lists the parts and chapters. The changes to
these are summarized in the next sections.

PART I: OVERVIEW

\.*-

Part I presents the basic concept of level of service and capacity as applied
throughout the manual. In addition, specific discussions cover different types of
applications, decision making, and guidelines for using results from the methodologies in
this manual. A glossary of terms and a list of symbols-previously at the end of the
manual-now appear in the first part and are significantly expanded.

Part I: Chapters 1-6

1
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EXHIBIT 1-2. HCM 2000 ORGANIZATION
Chapter
1
2
3
4

5
6

DescriptionIFacility Type
Part I: Overview
Introduction
Capacity and Level-of-Service Concepts
Applications
Decision Making
Glossary
Symbols
Part II: Conce~ts
Traffic Flow Parameters
Traffic Characteristics
Analytical Procedures Overview
Urban Street Concepts
Pedestrian and Bicycle Concepts
Highway Concepts
Freeway Concepts
Transit Concepts
Part Ill: Methodoloaies
Urban Streets
Signalized Intersections
Unsignalized Intersections
Pedestrians
Bicycles
Two-Lane Highways
Multilane Highways
Freeway Facilities
Basic Freeway Segments
Freeway Weaving
Ramps and Ramp Junctions
Interchange Ramp Terminals
Transit
Part IV: Corridor and Areawide Analyses
Assessment of Multiple Facilities
Corridor Analysis
Areawide ~ n a l ~ s i s
Part V: Simulation and Other Models
I Simulation and Other Models

1

27

30
31

I

I

PART II: CONCEPTS
Part I!: Chapters 7-14

Chapter 1 - lntroduction
What's New in HCM 2000

Part I1 presents the concepts of the facility types with methodologies described in the
manual and includes discussions of typical capacity parameters. In the past, these
materials were presented together with the methodology for each facility. New discussion
reviews the precision and accuracy of variables in the HCM. Default values are offered
to aid the analyst in obtaining input values for the methodologies that are presented in
Part 111. In addition, the second part includes several sample service volume tables and,
in Chapter 10, a modified quick-estimation method for evaluating signalized
intersections.

Highway Capacity Manual 2000
PART Ill: METHODOLOGIES
Part LU contains the analytical methodologies, which generally correspond to the 12
facility chapters in the 1997 version of the HCM.

Part 111: Chapters 15-27

Urban Streets
Titled "Arterial Streets" in the 1997 HCM, this chapter does not change the
methodology significantly, but includes new worksheets.

Signalized lntersections
A methodology for the estimation of back of queue is added, along with new
saturation flow rate adjustment factors for pedestrian and bicycle effects. New
consolidated worksheets are provided.

Unsignalized lntersections
Additions to this chapter include a new 95th percentile queue estimation equation
and newly designed worksheets.

Pedestrians
This chapter expands the 1985 HCM methodology, enabling the evaluation of
several pedestrian facility types previously not addressed.

Bicycles
A new methodology for evaluating bicycle facilities, based on the concept of events
and hindrance, has replaced the previous version in its entirety.

Two-Lane Highways
A new methodology for evaluating two-lane highways by direction of travel or by
both directions combined has replaced the previous version in its entirety.

Multilane Highways
New truck equivalency values are introduced.

Freeway Facilities
A new methodology is presented.

Basic Freeway Segments
Again, new truck equivalency values are introduced.

Freeway Weaving
The 1997 HCM methodology has been slightly revised.

Ramps and Ramp Junctions
A new speed prediction model is presented.

Interchange Ramp Terminals
Although this new chapter does not describe a methodology, it presents concepts for
analyzing interchange areas.

Transit
A new methodology is presented, based on research conducted for TRB's Transit
Capacity and Quality of Service Manual ( I ) .
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PART IV: CORRIDOR AND AREAWIDE ANALYSES
Part IV: Chapters 28-30

The methodologies for corridor and areawide analyses are new additions to the
HCM. The chapters show how to aggregate results from the Part 111chapters to analyze
the combined effects of different facility types.

PART V: SIMULATION AND OTHER MODELS
Part V: Chapter 31

Part V is a new addition, presenting concepts and numerical exercises using traffic
simulation models. In addition, it demonstrates typical applications of simulation models
to complement HCM methodologies. An extensive reference list points to more
information on simulation and other models.

IV. RESEARCH BASIS FOR HCM 2000
Exhibit 1-3 lists the major research projects performed since 1990 that have
contributed significantly to the contents of HCM 2000.

V. REFERENCE
1 . Transit Capacity and Quality of Service Manual. Transit Cooperative Research
Program Web Document No. 6. TRB, National Research Council, Washington,
D.C., 1999. Online. Available:
http://www4.nationalacademies.org/trb/c~+al5.

-

Chapter 1 Introduction
What's New in HCM 2000

1-6

\

Highway Capacity Manual 2000

EXHIBIT 1-3. RELATED RESEARCH PROJECTS
-

Research
NCHRP 3-33
NCHRP 3-37
NCHRP 3-37(2)
NCHRP 3-45

Research Title
Capacity and Level-of-Service Procedures
for Multilane Rural and Suburban
Highways
Capacity and Level of Service at RampFreeway Junctions
Capacity and Level of Service at RampFreeway Junctions (Phase II)
Speed-Flow Relationships for Basic
Freeway Segments

NCHRP 3-46

Capacity and Level of Service at
Unsignalized lntersections

NCHRP 3-47

Capacity Analysis of Interchange Ramp
Terminals

Obiective
Develop procedures to determine capacity
and level of service of multilane highways
Develop methodology to determine
capacity and level of service at rampfreeway junctions
Validate methodology produced by
NCHRP 3-37
Revise material on speed-flow
relationships to update HCM 1994
analysis of Basic Freeway Sections
Develop capacity analysis procedure for
stop-controlled intersections and correlate
with the warrants for installation of traffic
signals in the Manual on Uniform
Traffic Control Devices

NCHRP 3-48

NCHRP 3-49
NCHRP 3-55

(

':!

NCHRP 3-55(2)
NCHRP 3-55(2)A
NCHRP 3-55(3)
NCHRP 3-534)

Develop methodology to determine
capacity and level of service at signalized
ramp terminals
Capacity Analysis for Actuated Intersections Develop capacity and level of service
analysis at intersections with actuated
control
Develop qualitative methodology for
Capacity and Operational Effects of
Midblock Left-Turn Lanes
evaluating alternative midblock left-turn
treatments on urban streets
Recommend user-preferred format and
Highway Capacity Manual for the Year
2000
delivery system for HCM 2000
Techniques to Estimate Speeds and Service Develop extended planning techniques for
Volumes for Planning Applications
estimating measures of effectiveness
(M0Es)
Planning Applications for the Year 2000
Develop draft chapters related to planning
Highway Capacity Manual
for HCM 2000
Capacity and Quality of Service for TwoImprove methods to determine capacity
Lane Highways
and quality of service of two-lane
highways
Performance Measures and I-evels of
Recommend MOEs and additional
Service in the Year 2000 Highway
performance measures
Capacity Manual

NCHRP 3-55(5)

Capacity and Quality of Service of Weaving
Areas

NCHRP 3-55(6)

Production of the Year 2000 Highway

TCRP A-07

Operational Analysis of Bus Lanes on
Arterials

TCRP A-07A

Operational Analysis of Bus Lanes on
Arterials: Extended Field Investigations
Development of Transit Capacity and
Quality of Service Principles, Practices and
Procedures
Capacity Analysis of Pedestrian and Bicycle
Facilities Project (DTFH61-92-R-00138)

Improved methods for capacity and
quality of service analyses of weaving
areas
Complete HCM 2000 document

Capacity Manual

TCRP A-1 5
FHWA
FHWA

Capacity and Level of Service Analysis for
Freeway Systems Project
(DTFH61-95-Y-00086)

Develop procedures to determine capacity
and level of service of bus flow on
arterials
Expand field testing and validation of
procedures developed in TCRP A-07
Provide transit input to HCM 2000
Update method for analyzing effects of
pedestrians and bicycles at signalized
intersections; recommend improvements
Develop procedure to determine capacity
and level of service of a freeway facility
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INTRODUCTION

This manual presents methods for analyzing capacity and level of service for a broad
range of transportation facilities. It provides procedures for analyzing streets and
highways, bus and on-street light rail transit, and pedestrian and bicycle paths.
Facilities are classified into two categories of flow: uninterrupted and interrupted.
Uninterrupted-flow facilities have no fixed elements, such as traffic signals, that are
external to the traffic stream and might interrupt the traffic flow. Traffic flow conditions
result from the interactions among vehicles in the traffic stream and between vehicles and
the geometric and environmental characteristics of the roadway.
Interrupted-flow facilities have controlled and uncontrolled access points that can
intempt the traffic flow. These access points include traffic signals, stop signs, yield
signs, and other types of control that stop traffic periodically (or slow it significantly),
irrespective of the amount of traffic.
Unintempted and interrupted flows describe the type of facility, not the quality of
the traffic flow at any given time. A freeway experiencing extreme congestion, for
example, is still an uninterrupted-flow facility because the causes of congestion are
internal.
Freeways and their components operate under the purest form of uninterrupted flow.
Not only are there no fixed interruptions to traffic flow, but access is controlled and
limited to ramp locations. Multilane highways and two-lane highways also can operate
under unintempted flow in long segments between points of fixed intemption. On
multilane and two-lane highways, it is often necessary to examine points of fixed
interruption as well as uninterrupted-flow segments.
The analysis of interrupted-flow facilities must account for the impact of fixed
intemptions. A traffic signal, for example, limits the time available to various
movements in an intersection. Capacity is limited not only by the physical space but by
the time available for movements.
Transit, pedestrian, and bicycle flows generally are considered to be interrupted.
Unintempted flow might be possible under certain circumstances, such as in a long
busway without stops or along a pedestrian corridor. However, in most situations,
capacity is limited by stops along the facility.
Capacity analysis, therefore, is a set of procedures for estimating the traffic-carrying
ability of facilities over a range of defined operational conditions. It provides tools to
assess facilities and to plan and design improved facilities.
A principal objective of capacity analysis is to estimate the maximum number of
persons or vehicles that a facility can accommodate with reasonable safety during a
specified time period. However, facilities generally operate poorly at or near capacity;
they are rarely planned to operate in this range. Accordingly, capacity analysis also
estimates the maximum amount of traffic that a facility can accommodate while
maintaining its prescribed level of operation.
Operational criteria are defined by introducing the concept of level of service.
Ranges of operating conditions are defined for each type of facility and are related to the
amount of traffic that can be accommodated at each service level.
The two principal concepts of this manual4apacity and level of service-are
defined in the following sections.

-
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Uninterrupted-flowfacility
defined

Interrupted-flow facility
defined

Capacity analysis defined

-

Chapter 2 - Capacity and Level-of-ServiceConcepts
Introduction

Highway Capacity Manual 2000

Capacity defined

Capacity is defined on
the basis of reasonable
expectancy

I

II. CAPACI'W
The capacity of a facility is the maximum hourly rate at which persons or vehicles
reasonably can be expected to traverse a point or a uniform section of a lane or roadway
during a given time period under prevailing roadway, traffic, and control conditions.
Vehicle capacity is the maximum number of vehicles that can pass a given point
during a specified period under prevailing roadway, traffic, and control conditions. This
assumes that there is no influence from downstream traffic operation, such as the backing
up of traffic into the analysis point.
Person capacity is the maximum number of persons that can pass a given point
during a specified period under prevailing conditions. Person capacity is commonly used
to evaluate public transit services, high-occupancy vehicle lanes, and pedestrian facilities.
Prevailing roadway, traffic, and control conditions define capacity; these conditions
should be reasonably uniform for any section of facility analyzed. Any change in the
prevailing conditions changes the capacity of the facility.
Capacity analysis examines segments or points (such as signalized intersections) of a
facility under uniform traffic, roadway, and control conditions. These conditions
determine capacity; therefore, segments with different prevailing conditions will have
different capacities.
Reasonable expectancy is the basis for defining capacity. That is, the stated capacity
for a given facility is a flow rate that can be achieved repeatedly for peak periods of
sufficient demand. Stated capacity values can be achieved on facilities with similar
characteristics throughout North America. Capacity is not the absolute maximum flow
rate observed on such a facility. Driver characteristics vary from region to region, and
the absolute maximum flow rate can vary from day to day and from location to location.
Persons per hour, passenger cars per hour, and vehicles per hour are measures that
can define capacity, depending on the type of facility and type of analysis. The concept
of person flow is important in making strategic decisions about transportation modes in
heavily traveled corridors and in defining the role of transit and high-occupancy vehicle
priority treatments. Person capacity and person flow weigh each type of vehicle in the
traffic stream by the number of occupants it carries.

\

Ill. DEMAND
Concepts of demand and
volume

In this manual, demand is the principal measure of the amount of traffic using a
given facility. Demand relates to vehicles arriving; volume relates to vehicles
discharging. If there is no queue, demand is equivalent to the traffic volume at a given
point on the roadway. Throughout this manual, the term volume generally is used for
operating conditions below the threshold of capacity.

IV. QUALITY AND LEVELS OF SERVICE
Quality and level of
service defined

Quality of service requires quantitative measures to characterize operational
conditions within a traffic stream. Level of service (LOS) is a quality measure describing
operational conditions within a traffic stream, generally in terms of such service measures
as speed and travel time, freedom to maneuver, traffic interruptions, and comfort and
convenience.
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Six LOS are defined for each type of facility that has analysis procedures available.
Letters designate each level, from A to F, with LOS A representing the best operating
conditions and LOS F the worst. Each level of service represents a range of operating
conditions and the driver's perception of those conditions. Safety is not included in the
measures that establish service levels.

I

SERVICE FLOW RATES
The analytical methods in this manual attempt to establish or predict the maximum
flow rate for various facilities at each level of service--except for LOS F, for which the
flows are unstable or the vehicle delay is high. Thus, each facility has five service flow
rates, one for each level of service (A through E). For LOS F, it is difficult to predict
flow due to stop-and-start conditions.
The service flow rate is the maximum hourly rate at which persons or vehicles
reasonably can be expected to traverse a point or uniform segment of a lane or roadway
during a given period under prevailing roadway, traffic, and control conditions while
maintaining a designated level of service. The service flow rates generally are based on a
15-min period. Typically, the hourly service flow rate is defined as four times the peak
15-min volume.
Note that service flow rates are discrete values, whereas levels of service represent a
range of conditions. Because the service flow rates are the maximums for each level of
service, they effectively define the flow boundaries between levels of service.
Most design or planning efforts typically use service flow rates at LOS C or D, to
ensure an acceptable operating service for facility users.
'

Service flow rate defined

PERFORMANCE MEASURES

i\

Each facility type that has a defined method for assessing capacity and level of
service (see Part HI of this manual) also has performance measures that can be calculated.
These measures reflect the operating conditions of a facility, given a set of roadway,
traffic, and control conditions. Travel speed and density on freeways, delay at signalized
intersections, and walking speed for pedestrians are examples of performance measures
that characterize flow conditions on a facility.

SERVICE MEASURES
Service measure defined

For each facility type, one or more of the stated performance measures serves as the
primary determinant of level of service. This LOS-determining parameter is called the
service measure or sometimes the measure of effectiveness (MOE) for each facility type.

V. FACTORS AFFECTING CAPACITY AND LOS
BASE CONDITIONS
Many of the procedures in this manual provide a formula or simple tabular or graphic
presentations for a set of specified standard conditions, which must be adjusted to account
for prevailing conditions that do not match. The standard conditions so defined are
termed base conditions.
Base conditions assume good weather, good pavement conditions, users familiar
with the facility, and no impediments to traffic flow. Other, more specific base
conditions are identified in each chapter of Part HI. Examples of base conditions for
uninterrupted-flow facilities and for intersection approaches are given below.
Base conditions for uninterrupted-flow facilities include the following:
Lane widths of 12 ft,
-
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Clearance of 6 ft between the edge of the travel lanes and the nearest obstructions
or objects at the roadside and in the median,
Free-flow speed of 60 milh for multilane highways,
Only passenger cars in the traffic stream (no heavy vehicles),
Level terrain,
No no-passing zones on two-lane highways, and
No impediments to through traffic due to traffic control or turning vehicles.
Base conditions for intersection approaches include the following:
Lane widths of 12 ft,
Level grade,
No curb parking on the approaches,
Only passenger cars in the traffic stream,
No local transit buses stopping in the travel lanes,
Intersection located in a noncentral business district area, and
No pedestrians.
In most capacity analyses, prevailing conditions differ from the base conditions, and
computations of capacity, service flow rate, and level of service must include
adjustments. Prevailing conditions are generally categorized as roadway, traffic, or
control.

ROADWAY CONDITIONS
lmpact of roadway
conditions

Roadway conditions include geometric and other elements. In some cases, these
influence the capacity of a road; in others, they can affect a performance measure such as
speed, but not the capacity or maximum flow rate of the facility.
Roadway factors include the following:
Number of lanes,
The type of facility and its development environment,
Lane widths,
Shoulder widths and lateral clearances,
Design speed,
Horizontal and vertical alignments, and
Availability of exclusive turn lanes at intersections.
The horizontal and vertical alignment of a highway depend on the design speed and
the topography of the land on which it is constructed.
In general, the severity of the terrain reduces capacity and service flow rates. This is
significant for two-lane rural highways, where the severity of terrain not only can affect
the operating capabilities of individual vehicles in the traffic stream, but also can restrict
opportunities for passing slow-moving vehicles.

TRAFFIC CONDITIONS
Traffic conditions that influence capacities and service levels include vehicle type
and lane or directional distribution.

Vehicle Type
lmpact of traffic
conditions

The entry of heavy vehicles-that is, vehicles other than passenger cars (a category
that includes small trucks and vans)-into the traffic stream affects the number of
vehicles that can be served. Heavy vehicles are vehicles that have more than four tires
touching the pavement.
Trucks, buses, and recreational vehicles (RVs) are the three groups of heavy vehicles
addressed by the methods in this manual. Heavy vehicles adversely affect traffic in two
ways:
They are larger than passenger cars and occupy more roadway space; and
They have poorer operating capabilities than passenger cars, particularly with
respect to acceleration, deceleration, and the ability to maintain speed on upgrades.
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The second impact is more critical. The inability of heavy vehicles to keep pace with
passenger cars in many situations creates large gaps in the traffic stream, which are
difficult to fill by passing maneuvers. The resulting inefficiencies in the use of roadway
space cannot be completely overcome. This effect is particularly harmful on sustained,
steep upgrades, where the difference in operating capabilities is most pronounced, and on
two-lane highways, where passing requires use of the opposing travel lane.
Heavy vehicles also can affect downgrade operations, particularly when downgrades
are steep enough to require operation in a low gear. In these cases, heavy vehicles must
operate at speeds slower than passenger cars, forming gaps in the traffic stream.
Trucks cover a wide range of vehicles, from lightly loaded vans and panel trucks to
the most heavily loaded coal, timber, and gravel haulers. An individual truck's
operational characteristics vary based on the weight of its load and its engine
performance.
RVs also include a broad range: campers, both self-propelled and towed; motor
homes; and passenger cars or small trucks towing a variety of recreational equipment,
such as boats, snowmobiles, and motorcycle trailers. Although these vehicles might
operate considerably better than trucks, the drivers are not professionals, accentuating the
negative impact of RVs on the traffic stream.
Intercity buses are relatively uniform in performance. Urban transit buses generally
are not as powerful as intercity buses; their most severe impact on traffic results from the
discharge and pickup of passengers on the roadway. For the methods in this manual, the
performance characteristics of buses are considered to be similar to those of trucks.

Directional and Lane Distribution
In addition to the distribution of vehicle types, two other traffic characteristics affect
capacity, service flow rates, and level of service: directional distribution and lane
distribution. Directional distribution has a dramatic impact on two-lane rural highway
operation, which achieves optimal conditions when the amount of traffic is about the
same in each direction. Capacity analysis for multilane highways focuses on a single
direction of flow. Nevertheless, each direction of the facility usually is designed to
accommodate the peak flow rate in the peak direction. Typically, morning peak traffic
occurs in one direction and evening peak traffic occurs in the opposite direction. Lane
distribution also is a factor on multilane facilities. Typically, the shoulder lane carries
less traffic than other lanes.

CONTROL CONDITIONS
For interrupted-flow facilities, the control of the time for movement of specific
traffic flows is critical to capacity, service flow rates, and level of service. The most
critical type of control is the traffic signal. The type of control in use, signal phasing,
allocation of green time, cycle length, and the relationship with adjacent control measures
affect operations. All of these are discussed in detail in Chapters 10 and 16.
Stop signs and yield signs also affect capacity, but in a less deterministic way. A
traffic signal designates times when each movement is permitted; however, a stop sign at
a two-way stop-controlled intersection only designates the right-of-way to the major
street. Motorists traveling on the minor street must stop and then find gaps in the major
traffic flow to maneuver. The capacity of minor approaches, therefore, depends on traffic
conditions on the major street. An all-way stop control forces drivers to stop and enter
the intersection in rotation. Capacity and operational characteristics can vary widely,
depending on the traffic demands on the various approaches.
Other types of controls and regulations can affect capacity, service flow rates, and
LOS significantly . Restriction of curb parking can increase the number of lanes
available on a street or highway. Turn restrictions can eliminate conflicts at intersections,
increasing capacity. Lane use controls can allocate roadway space to component
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movements and can create reversible lanes. One-way street routings can eliminate
conflicts between left turns and opposing traffic.

TECHNOLOGY
Intelligent transportation
systems

-

Emerging transportation technologies, also known as intelligent transportation
systems (ITS), will enhance the safety and efficiency of vehicles and roadway systems.
ITS strategies aim to increase the safety and performance of roadway facilities. For this
discussion, ITS includes any technology that allows drivers and traffic control system
operators to gather and use real-time information to improve vehicle navigation, roadway
system control, or both.
To date, there has been little research to determine the impact of ITS on capacity and
level of service. The procedures in this manual relate to roadway facilities without ITS
enhancements.
Current ITS programs might have the following impacts on specific capacity
analyses:
For freeway and other uninterrupted-flow highways, ITS might achieve some
decrease in headways, which would increase the capacity of these facilities. In addition,
even with no decrease in headways, level of service might improve if vehicle guidance
systems offered drivers a greater level of comfort than they currently experience in
conditions with close spacing between vehicles.
For signal and arterial operations, the major benefits of ITS would be a more
efficient allocation of green time and an increase in capacity. ITS features likely will
have a less pronounced impact on interrupted flow than on uninterrupted-flow facilities.
At unsignalized intersections, capacity improvements might result if ITS assisted
drivers in judging gaps in opposing traffic streams or if it somehow controlled gaps in
flow on the major street.
Many of these lTS improvements-such as incident response and driver information
systems-are occurring at the system level. Although ITS features will benefit the
overall roadway system, they will not have an impact on the methods to calculate
capacity and level of service for individual roadways and intersections.

Chapter 2 Capacity and Level-of-Sewice Concepts
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I.

;

L,

INTRODUCTION

This chapter provides an overview of the Highway Capacity Manual (HCM)
analyses and describes how to apply them to a range of facilities. The scope of the
manual and the framework for its application is followed by a description of the levels at
which an analyst can apply the methods. The chapter concludes with an outline of how to
use HCM analyses as input to other models.

II.

FRAMEWORK FOR APPLICATION OF THE HCM

ANALYSIS OF INDIVIDUAL ELEMENTS
The purpose of the HCM is to produce estimates of performance measures for
individual elements or facilities of a transport system, as well as to combine those
elements to expand the view of the system. Exhibit 3-1 tabulates the various system
elements for which the HCM provides analysis methodologies. The chapters shown
appear in Part lU of the HCM, which deals with methodologies. Other chapters provide
background on related concepts.
SYSTEM ANALYSIS

i-

Measures of effectiveness (M0Es)-performance
measures that can be estimated
quantitatively-are produced for individual system elements (and in some cases,
subelements) by the methods in each chapter of Part 111. These measures allow
combination of the elements to produce an expanded view of a facility. For example, an
analysis of a signalized intersection might consider individual movements, or groups of
movements, on each approach. The results then can be successively combined to
determine MOEs for each approach, each street, and the intersection as a whole.
Similarly, the outputs from models for analyzing each element of a freeway facility can
be combined to provide a result for a section of the freeway, including ramp junctions,
weaving segments, and basic segments.
It is also possible to extend this procedure by combining the results of analyses of
individual facilities to represent successively larger portions of a whole system, as
addressed in Part IV of this manual. A system includes the corridors, with one or more
types of facility or mode, as well as the areas representing all or part of the transportation
network under study.
Exhibit 3-2 depicts a system analysis--combining the analyses of individual
elements to produce an aggregate view of a facility, a corridor, or an area. The diagram
provides an example that applies only to urban systems. Each box represents a method of
analysis covered in this manual, indicating the element, or combination of elements,
included. The box also indicates the chapter in which the applicable methodology is
presented (Parts III and IV); however, there are also materials in other parts of the manual
that might apply, especially in Part 11. Finally, each box indicates the appropriate
performance measures that can be derived from the chapter and that are applicable to a
system analysis.
In general, speed and delay are the variables that derive from an analysis of
individual elements and that can be used to calculate measures for system analysis.
Usually this is done by converting the estimates of speed and delay into travel times and
then aggregating the travel times across individual elements. In some cases, however,
speed and delay can be averaged and used as performance measures even at aggregate
levels.

Concept of system analysis
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EXHIBIT 3-1. FACILITIES AND ROAD USER TYPES INCLUDED IN HCM ANALYSES
Service
Reference Performance Measure Used
Element
Chaptera
~easure~ Points on
to Calculate Travel Time
Exhibit 3-3
Systems Analysis
Vehicular
Interrupted Flow
Urban street
speed
speed
Signalized intersection
delay
delay
Two-way stop intersection
delay
delay
All-way stop intersection
delay
delay
C
Roundabout
delay
Interchange ramp terminal
delay
delay
Uninterrupted Flow
Two-lane highway
speed, percent
speed
time-spentfollowing
Multilane highway
speed
density
Freeway
Basic segment
speed
density
Ramp merge
density
speed
Ramp diverge
speed
density
Weaving
soeed
speed
Other Road Users
d
e
Transit
27
speed
f
Pedestrian
speed, delay
18
space, delay
g
Bicvcle
event, delav
19
speed. delav
Notes:
a. Only Part Ill chapters are listed. When performing planning level analyses, the analyst should refer to Part II, for further
guidelines and for selection of default values.
b. The service measure for a given facilitytype is the primary performance measure and determines the level of service.
c. HCM does not include a method for estimating performance measures for roundabouts. Non-HCM models that produce a
delay estimate must be employed.
d. Several measures capture the multidimensional nature of transit performance when defining LOS; see Chapter 27.
e. Transit facilities, such as buses in mixed traffic, buses on exclusive lanes, buses in high-occupancy vehicle (HOV) lanes, and
rail vehicles, can be analyzed separately as a transit system, or combined for a multimodal analysis.
f. Pedestrian facilities, such as sidewalks and walkways, form a system and can be analyzed separately. Pedestrian delay at
signalized intersections can be predicted or measured, and a multimodal analysis can include estimates of person delay, person
travel time, and speed.
g. Bicycle facilitie+such as bicycles in traffic, bicycle lanes, and separate bicycle paths-form a system and can be analyzed
separately. Speed of bicycles in traffic and on bicycle lanes can be predicted or measured, and a multimodal analysis can
include estimates of person delay, person travel time, and speed.

The boxes referring to the basic analysis of individual elements are placed on the
periphery of the diagram. The results of these analyses are aggregated at successively
higher levels, until the objective is achieved. For example, Chapter 15 shows the analyst
how to combine the results of delay estimates for unsignalized and signalized
intersections with speed and travel time on the links between these points, to determine
an average speed for an urban street segment. The analysis of a street segment can
include pedestrian, bicycle, and transit modes. These can be combined with parallel
segments to arrive at a~esultfor a corridor analysis. A corridor analysis (Chapter 29) can
involve combining results from analyses of uninterrupted-flow facilities, as well as
transit, pedestrian, and bicycle facilities. Areawide analysis is the highest level of study
possible (Chapter 30). The systems analyses that can be performed using this manual are
shown in the central box of Exhibit 3-2.

C h a p t e r 3 - Applications
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EXHIBIT 3-2. EXAMPLE OF HCM APPLICATION TO ANALYSIS OF URBAN SYSTEMS

/

Interrupted Flow

\ /

Public Transit Elementsb

Delay

An example of how to
aggregate individual elements
of urban systems to perform a
system analysis

\

eed

I

Pedestrian and Bicycle Facilitiesd

Legend
I
\

Urban street segment

Analysis element
Applicable cha ter
Applicable perhmance measure
(used in computing travel time)

Notes:
a. Current HCM methods do not provide models for estimating delay at roundabouts. The user may employ other models to
complete the analysis.
b. Public transit elements can be analyed as a separate system, using a variety of performance measures provided in Chapter
27, or as part of a larger system using travel speed as the common performance measure.
c. The chapters on corridor and areawide analysis do not specify a specific MOE for defining LOS. instead, performance measures
are defined for five dimensions: quantity of service produced by the system; intensity of congestion; extent of congestion; variability
of the measures; and accessibility.
d. Pedestrian and bicycle elements can be analyed as a separate system, usin the performance measures provided in Chapters
18 and 19, or as part of a larger system using travel speed as the common pejormance measure.

Exhibit 3-3 is a schematic of a typical urban network. The interrupted-flow elements
along an arterial are included when determining LOS for urban street segments; for
example, analysis of urban street Segment L will include the results from analysis of
Intersections H, I, J, and K. These may be further combined for an arterial comdor
analysis (designated as 2 in the exhibit). Similarly, the freeway facility (designated by 1)
is a combination of the individual elements within it. A freeway corridor analysis
combines the freeway with one or more parallel arterials. An area analysis (designated
by 3) further accumulates the values for the appropriate performance measures from
preceding stages. System analyses can consider only one mode or user type or combine
several modes or user types.
C h a p t e r 3 - Applications
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Ill. ANALYSIS OBJECTIVES
HCM analyses produce information for decision making. Users of the manual
generally are trying to achieve one of three objectives: identify problems, select
countermeasures (a priori evaluation), or evaluate previous actions (post hoc).
Problems usually are identified when performance measures for a network or a
facility4r a portion of one--do not meet established standards. For example, when the
service on a facility falls below LOS D, the resultant queuing might interfere with
operation upstream. Although the HCM is well suited for predicting performance
measures, an analyst studying current conditions should make direct field measurements
of the performance attributes. These direct measurements then can be applied in the same
manner as predicted values to determine LOS. The HCM, however, is particularly useful
when a current situation is being studied in the context of future conditions, or when an
entirely new element of the system is being considered for implementation.
Once a problem is identified in measurable terms, the analyst can establish the likely
underlying causes and countermeasures, with the goal of making operational
improvements. For example, an analyst might identify a problem with pedestrian
queuing at an intersection. Review of the physical conditions leads to several alternative
countermeasures, including removal of sidewalk furniture or expanding the sidewalk
area. These countermeasures can be tested for any attribute of the facility that is reflected
in the HCM models. For example, an analyst can compare alternatives for intersection
control, certain geometric design improvements, or improvements in traffic signal timing.
Historically, there is little evidence that the HCM has been used to evaluate the
effectiveness of actions once they have been implemented, but it can be useful for this.
However, it is imperative to make direct field measurements of the appropriate
performance measures while working within the general framework of the HCM process.

c\

-

LEVELS OF ANALYSIS
The levels of analyses commonly performed by users of the HCM can be grouped
into three categories: operational, design, and planning.
Operational analyses are applications of the HCM generally oriented toward current
or anticipated conditions. They aim at providing information for decisions on whether
there is a need for minor, typically low-cost, improvements that can be implemented
quickly. Occasionally, an analysis is made to determine if a more extensive planning
study is needed. Sometimes the focus is on a network, or a part of one, that is
approaching oversaturation or an undesirable LOS: When, in the near term, is the facility
likely to fail? Answering this question requires an estimate of the service flow rate
allowable under a specified LOS.
HCM analyses also help in making decisions about operating conditions. Typical
alternatives often involve the following: lane-use configurations, application of traffic
control devices, signal timing and phasing, spacing and location of bus stops, frequency
of bus service, and addition of an HOV lane or a bicycle lane. The analysis produces
operational measures for a comparison of the alternatives.
Because of the immediate, short-term focus of operational analyses, it is possible to
provide detailed inputs to the models. Many of the inputs may be based on field
measurements of traffic, physical features, and control devices. Generally, the use of
default values is inappropriate at this level of analysis.
Design analyses apply the HCM primarily to establish the detailed physical features
that will allow a new or modified facility to operate at a desired LOS. Design projects
usually are targeted for mid- to long-term implementation. Not all the physical features
that a designer must determine are reflected in the HCM models. Typically, analysts
using the HCM are seeking to determine such elements as the basic number of lanes
required and the need for auxiliary or turning lanes. However, an analyst also can use the
HCM to establish values for elements such as lane width, steepness of grade, the length

Why an analyst might want to
use the HCM

Operational, design, and
planning analyses
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of added lanes, the size of pedestrian queuing areas, sidewalk and walkway widths, and
the dimensions of bus turnouts.
The data required for design analyses are fairly detailed and are based substantially
on proposed design attributes. However, the intermediate- to long-term focus of the work
will require use of some default values. This simplification is justified in part by the
limits on the accuracy and precision of the traffic predictions with which the analyst will
be working.
Planning analyses are applications of the HCM generally directed toward strategic
issues; the time frame usually is long-term. Typical studies address the possible
configuration of a highway system (or portion of one); a set of bus routes; the expected
effectiveness of a new rail service; or the likely impact of a proposed development. An
analyst often must estimate the future times at which the operation of the current and
committed systems will fall below the desired LOS. Planning studies also can assess
proposed systemic policies, such as lane-use control for heavy vehicles, application of
systemwide freeway ramp metering, and the use of demand-management techniques,
such as congestion pricing.
Exhibit 3-4 demonstrates the general relationship between the levels of analysis and
their objectives. Each of the methodological chapters (Part III of the HCM) has one basic
method adapted to facilitate each of the levels of analysis. Planning analyses generally
are simplified by using more default values than analyses of design and operations.

I

Environmental impact
analysis

I

[

EXHIBIT 3-4. LEVELS AND OBJECTIVES OF TYPICAL HCM ANALYSES
Analysis Objective
Level of Analysis
Evaluation
Problem Identification
Countermeasure
(Post Hoc)
Selection (A Priori)
Primary
Primary
Primary
Operational
Design
Not applicable
Secondary
Primary
Planning
Secondary
Primary
Not applicable

HCM ANALYSES AS PART OF A BROADER PROCESS
Since its first edition in 1950, the HCM has provided transportation analysts with the
analytical tools to estimate traffic operational measures such as speed, density, and delay.
It also has provided insights and specific tools for estimating the effects of various traffic,
roadway, and other conditions on the capacity of facilities. In the past 10 to 15 years, the
calculated values from the HCM increasingly have been used in other transportation
work, such as project analysis both in terms of the environment and in terms of user costs
and benefits. This practice of using estimated or calculated values from HCM work as
the foundation for estimating user costs and benefits in terms of economic value,
environmental changes (especially air and noise), and even implications on safety, is
particularly pronounced in transportation priority programs and in the justification of
projects. A good description of what non-HCM users do with HCM-produced material is
found in a handbook, Environmental and Energy Considerations ( I , p. 447):
The environmental analyst is required carefully and objectively to
examine project data provided by transportation planners and
designers, review existing environment laws and regulations which
may affect the project, make appropriate calculations of impact,
compare impact values against acceptable criteria, and
recommend mitigation where needed.

In a similar manner, the economic analysis of transportation improvements depends
heavily on information generated directly through use of the HCM. From an authoritative
source of traditional road user benefit and cost analysis, the following excerpt indicates
the degree to which such analyses depend on the HCM:
.>.
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Many of the highway user cost factors in this manual are shown as
a function of either trajjic speed or of the ratio of traflic volume to
highway capacity (v/c ratio). The key highway design and trajjic
characteristics that define capacity and trajjic speed can be
translated into these parameters through the use of such
documents as the Highway Capacity Manual (2, p. 1).

,

i

'..

This indicates the strong link between economic analysis and HCM results.
A paper in Transportation Quarterly identifies the need for measures of performance
that take into account person movement through a system or area (3). The paper suggests
that by taking both accessibility and mobility into account, an areawide measure of
service level can be developed. Also, many environmental analyses (e.g., of ozone
formation) and economic analyses (e.g., of vehicle miles of travel or system hours of
travel) can be conducted only from a systemwide or areawide perspective.
The three performance measures that play key roles in programs related to the Clean
Air Act Amendments of 1990 and in related air quality monitoring are vehicle miles of
travel, vehicle trips, and average travel speeds. These measures also are applicable to
assessments of air quality (I). This manual provides a measure of average travel speeds
for many facility types, but in some cases uses another measure (such as density) to
describe LOS. The Intermodal Surface Transportation Efficiency Act regulations of 1991
specify that the movement of people and not just vehicles should be measured in the
ongoing monitoring programs. Part IV of this manual addresses person movement in the
context of corridor and areawide analyses.
The economic analysis of highway improvements is an important decision-making
tool. A recent analysis of a highway widening project (4) referred to the HCM (1985
edition), using average running speed along the highway in question as the important
variable in the model. In addition to running speed and delay, the model's major
component was the change in number of accidents from before to after the highway
improvement. It is noteworthy that some 95 percent of the benefits ascribed to the project
came from delay savings and from reductions in vehicle operating costs-both measures
calculated with the foundation of HCM speed data.
In summary, almost all economic analyses and all air and noise environmental
analyses have relied directly on one or more measures estimated or produced with HCM
calculations. Exhibit 3-5 lists the performance measures from this manual that are
applicable to environmental or economic analyses.

Economic analysis
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EXHIBIT 3-5. H C M PERFORMANCE MEASURES FOR ENVIRONMENTAL AND ECONOMIC ANALYSES
Chapter
15 Urban Streets

16 Signalized Intersections
17 Unsignalized Intersections

18 Pedestrians

19 Bicycles

20 Two-Lane Highways
21 Multilane Highways
22 Freeway Facilities

23 Basic Freeway Segments

24 Freeway Weaving

25 Ramps and Ramp Junctions
26 Interchange Ramp Terminals
27 Transit
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Performance Measure
(*Service Measure)
Travel speed*
Running time
Intersection control delay
Control delay*
v/c ratio
Control delay*
Queue length
V/C ratio
Space*
Pedestrian delay*
Speed
V/C ratio
Hindrance*
Events
Control delay*
Travel speed*
Percent time-spent-following*
Speed*
Density*
Speed
V/C ratio
Density
Veh-h delay
Speed
Travel time
Density'
Speed
V/C ratio
Density*
Weaving speed
Nonweaving speed
Density*
Speed
Control delay*
Service frequency*
Hours of service*
Passenger loading*
Reliability*

Air

4
4
4
4
4
4
4
4

Appropriate for Use
Noise Economic
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I.

INTRODUCTION

This chapter explains how to use the results of the Highway Capacity Manual
(HCM) analyses in making decisions for planning, designing, and operating
transportation facilities. It begins with the types of decisions to which the HCM usually
is applied; discusses the role of measures of effectiveness (MOEs), level of service
(LOS), and other performance measures; and concludes with some guidelines and
examples on the presentation of results to facilitate interpretation.

II. DECISION MAKING
TYPES OF DECISIONS TO WHICH THE HCM APPLIES
Chapter 3 has described the analysis levels of operational, design, and planning.
This section now turns to the types of decisions frequently associated with each of these
levels. Combining service measures with performance measures allows the user to match
the evaluation process to the problem at hand. However, decisions related to safety
cannot be made effectively using the methodologies and performance measures in the
HCM.

Operational
Operational analyses generally identify the existence and nature of a problem.
Therefore, in making any decision, an analyst first considers whether a given element,
facility, area, or system has a potential problem requiring study. In this case, the analyst
simply decides if there is or will be a problem. This is what highway needs studies do.
The prediction models of the HCM can be used even if the performance cannot be
directly measured in the field. The analyst often uses the HCM as a framework to
document a problem about which the agency has been alerted by the public or by other
agencies.
However, operational analyses often do not end with the confirmation of a problem.
They usually also entail a decision on how the problem might be remedied (i.e., through
countermeasures). Typically, several alternatives for improvement are proposed, leading
to the next decision. One alternative must be selected as the recommended plan. The
HCM can be used to predict the change in performance measures for each alternative, to
help in selecting and recommending a plan.
Decisions that use results from the HCM include choosing among alternatives for
intersection controls, for signal phasing and timing arrangements, and for minor changes
to control and marking (e.g., location of parking and bus stops, reconfiguring the number
and the use of lanes, frequency of bus service, and relocating or eliminating street
furniture for pedestrians), as well as choosing among a combination of actions.
There also may be a need to decide on the feasibility of a proposed operational
improvement. The addition of exclusive turning lanes or the extension of existing turning
lanes can be considered at intersections. Another example is that a bicycle lane or a highoccupancy vehicle lane might be recommended for placement within the current right-ofway of an urban street. HCM analyses can determine if the space lost to other modes of
travel (i.e., pedestrians and other vehicles) will result in an unacceptably low LOS,
making the alternative unfeasible.
HCM methods are used to estimate performance measures for assessing alternative
actions. Combined with other factors as desired, these then can assist decision makers in
comparing alternatives and choosing the most appropriate course.

Examples of decisions for
which the HCM can be used
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Design
Design determinations for which the HCM is used most commonly involve decisions
on the number of lanes, or the amount of space, needed to operate a facility at a desired
LOS. For example, if a basic freeway segment is to be designed for an LOS with a
service flow rate of 2,000 passenger cars per hour per lane (pcmn) and the demand flow
rate is 4,500 pclh, the number of lanes required is calculated as 2.25 (from 4,50012,000).
Based on this information only, the analyst might choose to design the segment with three
lanes. However, the segment may be one of several alternative designs under
consideration. Others might have better geornetrics, closer to base conditions, and might
result in a higher service flow rate, indicating a need for only two lanes.
This is the simplest form of design determination found in the HCM. The
relationship between service flow rate and geornetrics and controls is much more
complex for other facility types covered+omputing the number of lanes required is not
a simple matter. The HCM can be used to select among alternative designs either by
comparing the LOS at which each alternative would operate or by finding the attributes of
the design that result in a targeted LOS.

Planning
Problem identification

Alternative analyses and
design determination

Planning decisions

HCM analyses are useful for such planning decisions as determining the need to
improve a system (e.g., a highway network). This kind of analysis is similar to an
operational analysis, except that it requires less detail for the inputs and uses a greater
number of default values. The decision not only involves whether improvements are
needed, but if so, what type and where. This is determined by testing a series of
alternatives and comparing their performance measures. The measures produced by the
HCM methodologies either will play a role as criteria for decision making, or they will
act as interim inputs to a planning model that will generate its own performance
measures. Ultimately, the HCM methods produce results that support decision making.
Planning decisions involving the HCM often relate to the feasibility of a new
commercial or residential development. For example, if a shopping center is proposed
for a location, the HCM analyses can be used to decide if the traffic generated by the
development would result in an undesirable quality of service. This decision involves the
determination of service measures, LOS, and other appropriate performance measures
(e.g., VICratio and queue lengths). If the development is found unfeasible as proposed,
due to an unacceptable impact on street or intersection operation, the HCM also can be
used to assess alternative improvements to make it feasible. In this way, the HCM can be
used in deciding what should be required of a new commercial or residential development
as well as cost-sharing for any public improvements in conjunction with the development.
For example, the developer might be required to change the location, number, or
geornetrics of access points based on tests made using the HCM.
Planning analyses also can be performed to decide on the feasibility of a proposed
policy. For example, if a city is considering a policy to provide special lanes for bicycles
or high-occupancy vehicles, scenarios can be tested to allow decision makers to arrive at
the most appropriate requirements for the policy.

(

ROLES OF PERFORMANCE, EFFECTIVENESS, AND SERVICE MEASURES
AND LOS
As described in Chapter 2, operations on each facility type or element of the overall
transportation system can be characterized by a set of performance measures, both
qualitative and quantitative. Quantitative measures estimated using the analytical
methods of this manual are termed measures of effectiveness (MOEs). For each facility
type, a single MOE has been identified as the service measure that defines the operating
LOS for the specific facility. (More than one MOE is used in the LOS determination for
transit facilities and for two-lane highways).
Chapter 4 - Decision Making
Decision Making
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Analysis and decision making using the HCM methods almost always involves
estimating or determining a service measure and the related LOS. Parts ID and IV
provide methods for generating performance measures in addition to the specific service
measure; these can be useful inputs in decision making. In some cases, performance
measures can be more important to the decision than the LOS rating. An example is the
length of queue caused by oversaturation. If the analysis predicts a problem due to a
queue backup into an upstream intersection, the next steps are to generate and select
alternatives to resolve the problem. Another example is the volumelcapacity (vlc) ratio
for signalized intersections. Although delay is used to establish the LOS, the vlc ratio
sometimes can indicate potential problems, even when the LOS is acceptable.
Each of the methodological chapters provides a different set of performance
measures, summarized in Chapter 9. Users of this manual should become familiar with
the performance measures that can be estimated using the HCM, and with how the
performance measures can enhance decision making.

1

LOS is only one of several
ways to evaluate operational
conditions

Ill. PRESENTING RESULTS TO FACILITATE INTERPRETATION
SELECTING APPROPRIATE MEASURES
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Several performance measures can result from HCM analyses. Determining the most
appropriate measures to use for a decision depends on the particular case. However,
decision-making situations generally can be divided into those involving the public (e.g.,
city councils or community groups) and those involving technicians (e.g., state or local
engineering staff or transit planners).
The HCM is highly technical and complex. The results of the analyses can be
difficult for people to interpret for decision making, unless the data are carefully
organized and presented. In general, the results should be presented as simply as
possible. This might include using a small set of performance measures and providing
the data in an aggregate form, without losing the ability to relate to the underlying
variations and factors that have generated the results.
The LOS concept was created, in part, to make the presentation of results easier to
understand than if the numerical values of the MOEs and service measures were reported
directly. It is easier to understand a grading scale similar to that of the traditional school
report card than to deal with measures such as density and vlc ratio. Although there are
limitations to their usefulness, LOS ratings remain a part of the HCM because of their
acceptance by the public and elected officials. Decision makers who are not analytically
oriented often prefer to have a single number or letter represent a condition. It is
generally not effective to provide representatives of the public with a large set of differing
measures or with a frequency distribution for a specific performance measure. If the
analyst has several measures available, it is preferable to select the one that best fits the
situation and keep the others in reserve until needed.
Decision makers who represent the public usually prefer measures thar their
constituents can understand; the public can relate to LOS grades. Unit delay (e.g.,
seconds per vehicle) and travel speed also are readily understood. However, vlc, density,
percent time spent following, and vehicle hours of travel are not measures to which the
public easily relates. When selecting the measures to present, therefore, it is important
for the analyst to recognize the orientation of the decision maker and the context in which
the decision will be made. In general, these measures can be differentiated as systemuser or system-manager oriented. When making a presentation to technical members of a
public agency, such as highway engineers and planners, it might be necessary to use more

Performance measures
selected should be related to
the problem being addressed
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Whether Alternative I or II should be chosen, however, is a matter for the decision
maker's judgment. Alternative II is more expensive than Alternative I, but is predicted to
deliver a significantly lower delay. A useful measure for decision makers is provided by
the slope of the line between the alternatives, which shows the seconds of delay saved per
dollar of cost.
For this example, assume that Alternative IV provides the minimum acceptable LOS
at significantly less cost than Alternative III. The dashed lines in Exhibit 4-3 indicate the
relative cost-effectiveness of moving from I to IV or IV to 11. The steepest slope, I to IV,
signifies a high level of cost-effectiveness. The two alternatives that meet or exceed the
LOS objective are I1 and IV. The most appropriate alternative for selection, therefore, is
Alternative IV.
The HCM provides valuable assistance in making transport management decisions in
a wide range of situations. It offers the user a selection of performance measures to meet
a variety of needs. The analyst should recognize that using the HCM involves a bit of art
along with the science. Sound judgment is needed not only for interpreting the values
produced, but also in summarizing and presenting the results.

IV. REFERENCES
1. TrafJic Engineering Handbook. Institute of Transportation Engineering,
Washington, D.C., 1992.
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This chapter defines the terms used in the manual.
Acceleration lane - A paved auxiliary lane, including tapered areas, allowing vehicles to
accelerate when entering the through-traffic lane of the roadway.
Access point - An intersection, driveway, or opening on the right-hand side of a roadway.
An entry on the opposite side of a roadway or a median opening also can be
considered as an access point if it is expected to influence traffic flow significantly in
the direction of interest.
Access-point density - The total number of access points on a roadway divided by the
length of the roadway and then averaged ovei a minimum length of 3 mi.
Accuracy - The degree of a measure's conformity to a standard or true value.
Adjustment - An additive or subtractive quantity that adjusts a parameter for a base
condition to represent a prevailing condition.
Adjustment factor - A multiplicative factor that adjusts a parameter for a base condition
to represent a prevailing condition.
Aggregate delay - The summation of delays for multiple lane groups, usually aggregated
for an approach, an intersection, or an arterial route.
Alighting time - The time required for a passenger to leave a transit vehicle, expressed as
time per passenger or total time for all passengers.
All-way stop-controlled- An intersection with stop signs at all approaches. The driver's
decision to proceed is based on the rules of the road (e.g., the driver on the right has
the right-of-way) and also on the traffic conditions of the other approaches.
Analysis period - A single time period during which a capacity analysis is performed on
a transportation facility. If the demand exceeds capacity during an analysis period,
consecutive analysis periods can be selected to account for initial queue from the
previous analysis period. Also referred to as time interval.
Analytical model - A model that relates system components using theoretical
considerations tempered, validated, and calibrated by field data.
Angle loading area - A bus bay design, similar to an angled parking space, requiring
buses to back up to exit and allowing more buses to stop in the given linear space.
Typically used when buses must occupy berths for a long period of time (e.g., at an
intercity bus terminal).
Annual average daily traffic - The total volume of traffic passing a point or segment of
a highway facility in both directions for one year divided by the number of days in
the year.
Approach - A set of lanes at an intersection that accommodates all left-turn, through, and
right-turn movements from a given direction.
Approach grade - The grade of an intersection approach, expressed as a percentage, with
positive values for upgrade and negative for downgrade.
Area type - A geographic parameter reflecting the variation of saturation flows in
different areas.
Arrival rate - The mean of the statistical distribution of vehicles arriving at a point or
uniform segment of a lane or roadway.
Arrival type - Six assigned categories for determining the quality of progression at a
signalized intersection.
Arterial - A signalized street that primarily serves through-traffic and that secondarily
provides access to abutting properties, with signal spacings of 2.0 mi or less.
Articulated bus or articulated trolleybus - An extralong, high-capacity bus or
trolleybus with a rear body section or sections flexibly but permanently connected to
the forward section. The vehicle can bend for curves but does not require an interior
barrier between its sections.
5- 1
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Auxiliary lane - An additional lane on a freeway to connect an on-ramp and an off-ramp.
Average travel speed - The length of the highway segment divided by the average travel
time of all vehicles traversing the segment, including all stopped delay times.
Back of queue - The distance between the stop line of a signalized intersection and the
farthest reach of an upstream queue, expressed as a number of vehicles. The vehicles
previously stopped at the front of the queue are counted even if they begin moving.
Base condition - The best possible characteristic in terms of capacity for a given type of
transportation facility; that is, further improvements would not increase capacity; a
condition without hindrances or delays.
Base saturation flow rate - The maximum steady flow rate-expressed in passenger cars
per hour per lane-at which previously stopped passenger cars can cross the stop line
of a signalized intersection under base conditions, assuming that the green signal is
available and no lost times are experienced.
Basic freeway segment - A length of freeway facility whose operations are unaffected by
weaving, diverging, or merging.
Berth - A position for a bus to pick up and discharge passengers, including curb bus
stops and other types of boarding and discharge facilities.
Bicycle - A vehicle with two wheels tandem, propelled by human power, and usually
ridden by one person.
Bicycle facility - A road, path, or way specifically designated for bicycle travel, whether
exclusively or with other vehicles or pedestrians.
Bicycle lane - A portion of a roadway designated by striping, signing, and pavement
markings for the preferential or exclusive use of bicycles.
Bicycle path - A bikeway physically separated from motorized traffic by an open space
or barrier, either within the highway right-of-way or within an independent right-ofway.
Bicycle speed - The riding speed of bicycles, in miles per hour or feet per second.
Boarding time - The time for a passenger to board a transit vehicle, expressed as time
per passenger or total time for all passengers.
Body ellipse - The space provided per pedestrian on a pedestrian facility, expressed as
square feet per pedestrian.
Bottleneck - A road element on which demand exceeds capacity.
Breakdown - The onset of a queue development on a freeway facility.
Breakdown flow - Also called forced flow, occurs either when vehicles arrive at a rate
greater than the rate at which they are discharged or when the forecast demand
exceeds the computed capacity of a planned facility.
Bus - A self-propelled, rubber-tired road vehicle designed to carry a substantial number
of passengers (at least 16) and commonly operated on streets and highways.
Bus lane - A highway or street lane reserved primarily for buses during specified periods.
It may be used by other traffic under certain circumstances, such as making a right or
left turn, or by taxis, motorcycles, or carpools that meet the requirements of the
jurisdiction's traffic laws.
Bus platoon - A convoy of several buses, with each bus following the operating
characteristics of the one in front.
Bus stop - An area in which one or more buses load and unload passengers. It consists of
one or more loading areas and may be on line or off line.
Busway - A right-of-way restricted to buses by a physical separation from other traffic
lanes.
Calibration - The process of comparing model parameters with real-world data to ensure
that the model realistically represents the traffic environment. The objective is to
minimize the discrepancy between model results and measurements or observations.
Capacity - The maximum sustainable flow rate at which vehicles or persons reasonably
can be expected to traverse a point or uniform segment of a lane or roadway during a
specified time period under given roadway, geometric, traffic, environmental, and
5-2
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control conditions; usually expressed as vehicles per hour, passenger cars per hour,
or persons per hour.
Captive riders - Transit riders, such as people with disabilities, the elderly, young
adolescents, and adults without driver's licenses, who do not have alternative means
of travel.
Change interval - The yellow plus all-red interval that occurs between phases of a traffic
signal to provide for clearance of the intersection before conflicting movements are
released.
Circulating flow The volume of traffic on the principal roadway of a roundabout at a
given time.
Circulating roadway - The continuous-flow section of a roundabout that requires other
vehicles entering the roadway to yield.
Circulation area - The portion of a sidewalk street corner used by moving pedestrians
passing through the area; in square feet.
Clearance lost time - The time, in seconds, between signal phases during which an
intersection is not used by any traffic.
Clearance time - The time loss at a transit stop, not including passenger dwell times.
This parameter can be the minimum time between one transit vehicle leaving a stop
and the following vehicle entering and can include any delay waiting for a sufficient
gap in traffic to allow the transit vehicle to reenter the travel lane.
Climbing lane - A passing lane added on an upgrade to allow traffic to pass heavy
vehicles whose speeds are reduced.
Collector street - A surface street providing land access and traffic circulation within
residential, commercial, and industrial areas.
Commuter rail - The portion of passenger railroad operations that carries passengers
within urban areas, or between urban areas and their suburbs; unlike rapid rail transit,
the passenger cars generally are heavier, the average trip lengths are usually longer,
and the operations are carried out over tracks that are part of the area's railroad
system.
Composite grade - A series of adjacent grades along a highway that cumulatively has a
more severe effect on operations than each grade separately.
Compound left-turn protection - A signal phasing scheme that provides both a
protected and permitted phase in each cycle for a left turn. See also protectedplus
permitted and permitted plus protected.
Conflicting approach - The approach opposite the subject approach at an all-way stopcontrolled intersection.
Conflicting flow rate - The flow rate of traffic that conflicts with a specific movement at
an unsignalized intersection.
Conflicting movements - The traffic streams in conflict at an unsignalized intersection.
Congested flow - A traffic flow condition caused by a downstream bottleneck.
Constrained operation - An operating condition in a weaving segment, involving
geometric and traffic constraints, that prevents weaving vehicles from occupying a
large portion of the lanes available to achieve balanced operation.
Control condition - The traffic controls and regulations in effect for a segment of street
or highway, including the type, phasing, and timing of traffic signals; stop signs; lane
use and turn controls; and similar measures.
Control delay - The component of delay that results when a control signal causes a lane
group to reduce speed or to stop; it is measured by comparison with the uncontrolled
condition.
Corridor - A set of essentially parallel transportation facilities designed for travel
between two points. A corridor contains several subsystems, such as freeways, rural
(or two-lane) highways, arterials, transit, and pedestrian and bicycle facilities.
Coverage - The geographical area that a transit system serves, normally based on
acceptable walking distances from loading points.
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Crawl speed - The maximum sustained speed that can be maintained by a specified type
of vehicle on a constant upgrade of a given percent; in miles per hour.
Critical density - The density at which capacity occurs for a given facility, usually
expressed as vehicles per mile per lane.
Critical gap - The minimum time, in seconds, between successive major-stream vehicles,
in which a minor-street vehicle can make a maneuver. Also see Pedestrian critical
gap.
Critical lane group - The lane groups that have the highest flow ratio for a given signal
phase.
Critical speed - The speed at which capacity occurs for a facility, usually expressed as
miles per hour.
Critical volume-to-capacityratio - The proportion of available intersection capacity
used by vehicles in critical lane groups.
Cross flow - A pedestrian flow that is approximately perpendicular to and crosses
another pedestrian stream. The smaller of the two flows is the cross-flow condition.
Crosswalk - A marked area for pedestrians crossing the street at an intersection or
designated midblock location.
Crown line - A lane marking that connects from the entrance gore area directly to the
exit gore area.
Crush load - The maximum number of passengers that can be accommodated on a transit
vehicle.
Cycle - A complete sequence of signal indications.
Cycle length - The total time for a signal to complete one cycle.
Deceleration lane - A paved auxiliary lane, including tapered areas, allowing vehicles
leaving the through-traffic lane of the roadway to decelerate.
Default value A representative value that may be appropriate in the absence of local
data.
Delay - The additional travel time experienced by a driver, passenger, or pedestrian.
Demand - The number of users desiring service on the highway system, usually
expressed as vehicles per hour or passenger cars per hour.
Demand-responsive service - Passenger cars, vans, or buses with fewer than 25 seats,
dispatched by a transit operator in response to calls from passengers or their agents.
Demand starvation - A condition when portions of the green time at a downstream
intersection cannot be used because conditions at an upstream intersection prevent
vehicles from reaching the stop line downstream at an interchange ramp terminal.
Demand to capacity ratio - The ratio of demand flow rate to capacity for a traffic
facility.
Density - The number of vehicles on a roadway segment averaged over space, usually
expressed as vehicles per mile or vehicles per mile per lane. Also see Pedestrian
density.
Departure headway - The average headway in seconds between two consecutive
vehicles departing from a lane at an all-way stop-controlled intersection.
Descriptive model - A mathematical model that applies concepts or theoretical principles
to represent the behavior of a system.
Design application - Using capacity analysis procedures to determine the si$e (number
of lanes) required for a specified level of service.
Design category - A type of urban street defined by geometric features and roadside
environment.
Design hour - An hour with a traffic volume that represents a reasonable value for
designing the geometric and control elements of a facility.
Design-hour factor (K-factor) - The proportion of the 24-h volume that occurs during
the design hour.
Design speed A speed used to design the horizontal and vertical alignments of a
highway.
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Deterministic model - A mathematical model that is not subject to randomness. The
result of one analysis can be repeated with certainty.
Diamond interchange - An interchange that results in two or more closely spaced
surface intersections, so that one connection is made to each freeway entry and exit,
with one connection per quadrant.
Directional design-hour volume - The traffic volume for the design hour in the peak
direction of flow, in vehicles per hour.
Directional distribution A characteristic of traffic, that volume may be greater in one
direction than in the other during any particular hour on a highway.
Directional flow rate - The flow rate of a highway in one direction.
Directional segment - A length of two-lane highway in one travel direction, with
homogeneous cross sections and relatively constant demand volume and vehicle mix.
Directional split - The directional distribution of hourly volume on a highway, expressed
in percentages.
Diverge - A movement in which a single lane of traffic separates into two lanes without
the aid of traffic control devices.
Double-stream door - A transit vehicle door, generally 3.74 to 4.50 ft wide, that permits
two passengers to board, alight, or board and alight simultaneously.
Downstream - The direction of traffic flow.
Downtown street - A surface facility providing access to abutting property in an urban
area.
Drive-through (pull-through)loading area - A bus bay design for compact areas,
providing several adjacent loading islands, between which buses stop, drive through,
and then exit.
Driver population - A parameter that accounts for driver characteristics and their effects
on traffic.
Duration of congestion - A measure of the maximum amount of time that congestion
occurs anywhere in the transportation system.
Dwell time - The time a transit unit (vehicle or train) spends at a station or a stop,
measured from stopping to starting.
Effective green time - The time during which a given traffic movement or set of
movements may proceed; it is equal to the cycle length minus the effective red time.
Effective red time - The time during which a given traffic movement or set of
movements is directed to stop; it is equal to the cycle length minus the effective
green time.
Effective walkway width - The width, in feet, of a walkway usable by pedestrians, or the
total walkway width minus the width of unusable buffer zones along the curb and
building line.
85th-percentile speed - A speed value that is less than 15 percent of a set of field
measured speeds.
Empirical model - A model that describes system performance based on the statistical
analysis of field data.
Entrance ramp - A ramp that allows traffic to enter a freeway.
Equilibrium distance - The distance between the next upstream ramp and the subject
ramp, or between the next downstream ramp and the subject ramp, that prod*es a
Pm or PFD value indicating that the subject ramp is isolated.
Event - A meeting or a passing on a bicycle facility.
Event-based model - A simulation model that advances from one event to the next,
skipping over intervening points in time when no event occurs.
Exclusive bus lane - A highway or street lane reserved for buses.
Exclusive turn lane - A designated left- or right-turn lane or lanes used only by vehicles
making those turns.
Exit ramp - A ramp for traffic to depart from a freeway.

Deterministic model-Exit
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Extension of effective green time - The amount of the change and clearance interval at
the end of the phase for a lane group, usable for movement of its vehicles.
Extent of congestion - The maximum geographic extent of congestion on the
transportation system at any one time.
Facility - A length of highway composed of connected sections, segments, and points.
Failure rate - The probability that a bus will find all available loading areas occupied by
other buses at a bus stop.
Far-side stop - A transit stop that requires transit units to cross an intersection before
stopping to serve passengers.
Fixed obstruction - Obstructions along a roadway, including light poles, signs, trees,
abutments, bridge rails, traffic barriers, and retaining walls.
Fixed-route service - Service provided by transit vehicles on a repetitive, fixed schedule
along a specific route, picking up and delivering passengers to specific locations;
each fixed route serves an assigned origin and destination.
Flared approach - A shared right-turn lane that allows right-turning vehicles to complete
their movement while other vehicles are occupying the lane.
Flow rate - The equivalent hourly rate at which vehicles, bicycles, or persons pass a
point on a lane, roadway, or other trafficway; computed as the number of vehicles,
bicycles, or persons passing the point, divided by the time interval (usually less than
1 h) in which they pass; expressed as vehicles, bicycles, or persons per hour.
Flow ratio - The ratio of the actual flow rate to the saturation flow rate for a lane group at
an intersection.
Follow-up time - The time between the departure of one vehicle from the minor street
and the departure of the next vehicle using the same gap under a condition of
continuous queuing, in seconds.
Free flow - A flow of traffic unaffected by upstream or downstream conditions.
Free-flow speed - (1) The theoretical speed of traffic, in miles per hour, when density is
zero, that is, when no vehicles are present; (2) the average speed of vehicles over an
urban street segment without signalized intersections, under conditions of low
volume; (3) the average speed of passenger cars over a basic freeway or multilane
highway segment under conditions of low volume.
Freeway - A multilane, divided highway with a minimum of two lanes for the exclusive
use of traffic in each direction and full control of access without traffic intenuption.
Freeway facility - An aggregation of sections comprising basic freeway segments, ramp
segments, and weaving segments.
Fully actuated control - A signal operation in which vehicle detectors at each approach
to the intersection control the occurrence and length of every phase.
Functional category - An urban street defined by the traffic service it provides.
Functional class - A transportation facility defined by the traffic service it provides.
Gap - The time, in seconds, for the front bumper of the second of two successive vehicles
to reach the starting point of the front bumper of the first.
Gap acceptance - The process by which a minor-street vehicle accepts an available gap
to maneuver.
Gate - A point at which a major facility crosses the boundary of a corridor.
Gate tree - A list of segments connected to the entry gate of a corridor.
General terrain - A classification used for analysis in lieu of a specific grade.
Geometric condition - The spatial characteristics of a facility, including approach grade,
the number and width of lanes, lane use, and parking lanes.
Geometric delay - The component of delay that results when geometric features cause
vehicles to reduce their speed in negotiating a facility.
Gore area - The area located immediately between the left edge of a ramp pavement and
the right edge of the roadway pavement at a merge or diverge area.
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Green time - The duration, in seconds, of the green indication for a given movement at a
signalized intersection.
Green time ratio - The ratio of the effective green time of a phase to the cycle length.
Group critical gap - The minimum time during which a platoon of pedestrians will not
attempt to cross a stop-controlled intersection, expressed in seconds.
Growth factor - A percentage increase applied to current traffic demands to estimate
future demands.
Headway - (1) The time, in seconds, between two successive vehicles as they pass a
point on the roadway, measured from the same common feature of both vehicles (for
example, the front axle or the front bumper); (2) the time, usually expressed in
minutes, between the passing of the front ends of successive transit units (vehicles or
trains) moving along the same lane or track (or other guideway) in the same
direction.
Heavy rail - A transit system using trains of high-performance, electrically powered rail
cars operating in exclusive right-of-way.
Heavy vehicle - A vehicle with more than four wheels touching the pavement during
normal operation.
High-occupancy vehicle (HOV) - A vehicle with a defined minimum number of
occupants (>I); HOVs often include buses, taxis, and carpools, when a lane is
reserved for their use.
Hindrance - A concept related to the comfort and convenience of bicyclists, used to
derive level of service for a bicycle facility. Often, the number of events is used as a
surrogate for hindrance.
Impedance - The reduction in the capacity of lower-priority movements, caused by the
congestion of higher-priority movements at a stop-controlled approach.
Incident - Any occurrence on a roadway that impedes the normal flow of traffic.
Incident delay - The component of delay that results from an incident, compared with
the no-incident condition.
Incremental delay - The second term of lane group control delay, it accounts for
nonuniform arrivals and temporary random delays as well as delays caused by
sustained periods of oversaturation.
Influence area - (1) An area that incurs operational impacts of merging vehicles in Lanes
1 and 2 of the freeway and the acceleration lane for 1,500 ft from the merge point
downstream; (2) an area that incurs operational impacts of diverging vehicles in
Lanes 1 and 2 of the freeway and the deceleration lane for 1,500 ft from the diverge
point upstream.
Initial queue - The unmet demand at the beginning of an analysis period, either observed
in the field or carried over from the computations of a previous analysis period.
Initial queue delay - The third term of lane group control delay refers to the delay due to
a residual queue identified in a previous analysis period and persisting at the start of
the current analysis period. This delay results from the additional time required to
clear the initial queue.
Intelligent transportation system (ITS) A transportation technology that enhances the
safety and efficiency of vehicles and roadway systems.
Intensity of congestion - A measure of the total number of person-hours of delay and
mean trip speed or mean delay per person-trip.
Interchange density - The average number of interchanges per mile, computed for 6 mi
of freeway including the basic freeway segment.
Interchange ramp terminal - A junction with a surface street to serve vehicles entering
or exiting a freeway.
Internal link - The segment between two signalized intersections at an interchange ramp
terminal.
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Loading area - (1) A branch from, or widening of, a road that permits buses to stop,
without obstructing traffic, while laying over or while passengers board and alight;
(2) a specially designed or designated location at a transit stop, station, terminal, or
transfer center at which a bus stops to allow passengers to board and alight; (3) a lane
in a garage facility for parking or storing buses, often for maintenance.
Loading island - (1) A pedestrian refuge within the right-of-way and traffic lanes of a
highway or street, designated for transit stops, to protect transit passengers from
traffic while awaiting boarding or alighting; (2) a protected spot for the loading and
unloading of passengers within a rail transit or bus station; (3) a passenger loading
platform in the middle of the street, level with the street or more usually raised to
curb height, for streetcar and light rail systems.
Local bus - A bus that stops for passengers within 250 ft of the stop line of an
intersection approach.
Loop ramp - A ramp requiring vehicles to execute a left turn by turning right,
accomplishing a 90-degree left turn by making a 270-degree right turn.
Lost time - The time, in seconds, during which an intersection is not used effectively by
any movement; it is the sum of clearance lost time plus start-up lost time.
Low floor bus - A bus without steps at its entrances and exits.
Macroscopic model - A mathematical model that employs traffic flow rate variables.
Mainline - The primary through roadway as distinct from ramps, auxiliary lanes, and
collector-distributor roads.
Major diverge segment - A segment in which one freeway segment with multiple lanes
diverges, to form two primary freeway segments.
Major merge segment - A segment in which two primary freeway segments, each with
multiple lanes, merge to form a single freeway segment.
Major street - The street not controlled by stop signs at a two-way stop-controlled
intersection.
Major weaving segment - A weaving segment with at least three entry and exit legs,
each with two or more lanes.
Maximum load point - The point on a transit line or route at which the passenger
volume is the greatest. There is one maximum load point in each direction.
Measure of effectiveness - A quantitative parameter indicating the performance of a
transportation facility or service.
Meeting - An encounter of bicycles or pedestrians moving in the opposite direction of the
subject bicycle flow.
Merge - A movement in which two separate lanes of traffic combine to form a single lane
without the aid of traffic signals or other right-of-way controls.
Mesoscopic model - A mathematical model for the movement of clusters or platoons of
vehicles, incorporating equations to indicate how these clusters interact.
Microscopic model - A mathematical model that captures the movement of individual
vehicles.
Midblock stop - A transit stop located at a point away from intersections.
Minor arterial - A functional category of a street allowing trips of moderate length
within a relatively small geographical area.
Minor movement - A vehicle making a specific directional entry into an unsignalized
intersection from a minor street.
Minor street - The street controlled by stop signs at a two-way stop-controlled
intersection; also referred to as a side street.
Mixed-traffic bus facility - Buses operating in mixed traffic with automobiles.
Mountainous terrain - A combination of horizontal and vertical alignments causing
heavy vehicles to operate at crawl speeds for significant distances or at frequent
intervals.
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Movement capacity - The capacity of a specific traffic stream at a stop-controlled
intersection approach, assuming that the traffic has exclusive use of a separate lane,
in passenger cars per hour.
Multilane highway - A highway with at least two lanes for the exclusive use of traffic in
each direction, with no control or partial control of access, but that may have
periodic interruptions to flow at signalized intersections no closer than 2 mi.
Multimodal - A transportation facility for different types of users or vehicles.
Multiple weaving segment - A segment formed when one merge is followed by two
diverge points, or two merge points are followed by one diverge point.
Near-side stop - A transit stop located on the approach side of an intersection. The
transit units stop to serve passengers before crossing the intersection.
No-passing zone - A segment of a two-lane, two-way highway along which passing is
prohibited in one or both directions.
Node - The endpoint of a link; also used interchangeably with point.
Nonweaving flow - The traffic movements in a weaving segment that are not engaged in
weaving movements.
Normative model - A mathematical model that identifies a set of parameters that provide
the best system performance.
Off-line loading - A transit unit (vehicle or train) stops outside the main track or travel
lane, so that its passengers can board and alight and other units can pass.
Off-line model - A mathematical model in which the output neither directly nor
immediately influences traffic operations.
Off-line stop - A location outside the main track or travel lane at which a transit unit
(vehicle or train) stops, so that passengers can board and alight and other units can
pass.
Off-ramp - See Exit ramp.
Off-street path - A path physically separated from highway traffic for the use of
pedestrians, bicycles, and nonmotorized traffic.
Offset - The difference, in seconds, between the start of green time at the two signalized
intersections of a diamond interchange for through traffic on the internal link or the
time between the start of individual green times and a specified time datum in a
system of signalized intersections.
On-line loading - A station stop for transit units on the main track or travel lane.
On-line model - A model that influences the control system operation in real time.
On-line stop - A transit unit stop in the main track or travel lane.
On-ramp - See Entrance ramp.
Open fare collection system - A system for collecting transit fares that does not have
turnstiles or fare gates.
Operating margin - The amount of time that a train can run behind schedule without
interfering with following trains.
Operational application - A use of capacity analysis to determine the level of service on
an existing or projected facility, with known or projected traffic, roadway, and
control conditions.
Opposing approach - The approach approximately 180 degrees opposite the subject
approach at an all-way stop-controlled intersection.
Opposing flow rate - The flow rate for the direction of travel opposite to the direction
under analysis.
Overflow queue - Queued vehicles left over from a green phase at a signalized
intersection.
Oversaturation A traffic condition in which the arrival flow rate exceeds capacity.
Paid area - (1) An area that a passenger may enter only after paying a fare or showing
credentials; (2) a station area set off by barriers or gates to restrict access to transit
only to those who have paid fares or secured passes.
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Paratransit - Transportation services that are more flexible and personalized than
conventional fixed-route, fixed-schedule services; however, such exclusive services
as charter bus trips are not considered paratransit. The vehicles usually are low- or
medium-capacity highway vehicles, and the service often is adjustable to individual
users' requirements.
Parclo - See Partial cloverleaf interchange.
Park and ride - An access mode to transit in which patrons drive private automobiles or
ride bicycles to a transit station, transit stop, or carpool or vanpool waiting area,
parking in the areas provided.
Partial cloverleaf interchange - Also called a parclo, an interchange with one or two
loop ramps.
Partial diamond interchange - A diamond interchange with fewer than four ramps, so
that not all of the freeway-street or street-freeway movements are served.
Passenger-car equivalent - The number of passenger cars displaced by a single heavy
vehicle of a particular type under specified roadway, traffic, and control conditions.
Passenger service time - The time required for a passenger to board or alight from a
transit vehicle, in seconds per passenger.
Passing - An encounter with a bicycle or pedestrian moving in the same direction as the
subject bicycle flow on a bicycle facility.
Passing lane - A lane added to improve passing opportunities in one direction of travel
on a conventional two-lane highway.
Passing sight distance - The visibility distance required for drivers to execute safe
passing maneuvers in the opposing traffic lane of a two-lane, two-way highway.
Peak-hour factor - The hourly volume during the maximum-volume hour of the day
divided by the peak 19min flow rate within the peak hour; a measure of traffic
demand fluctuation within the peak hour.
Pedestrian - An individual traveling on foot.
Pedestrian critical gap - The minimum time during which a single pedestrian will not
attempt to cross an intersection, expressed in seconds.
Pedestrian density - The number of pedestrians per unit of area within a walkway or
queuing area, expressed as pedestrians per square feet.
Pedestrian effective green time - The minimum effective green time required to serve a
given pedestrian demand, expressed in seconds.
Pedestrian flow rate - The number of pedestrians passing a point per unit of time,
usually expressed as pedestrians per 15 min or pedestrians per minute.
Pedestrian queuing area - Places such as elevators, transit platforms, and street
crossings, in which pedestrians stand temporarily, while waiting to be served.
Pedestrian space - The average area provided for pedestrians in a moving pedestrian
stream or pedestrian queue, in square feet per pedestrian.
Pedestrian start-up time - The time for a platoon of pedestrians to get under way
following the beginning of the Walk interval, expressed in seconds.
Pedestrian walking speed - The average walking speed of pedestrians, in feet per
second.
Percent time-spent-following- The average percent of total travel time that vehicles
must travel in platoons behind slower vehicles due to inability to pass on a two-lane
highway.
Performance-based planning - A way of relating agency planning and project
implementation to public benefits.
Performance measure - A quantitative or qualitative characteristic describing the quality
of service provided by a transportation facility or service.
Period of unmet demand - The length of time within an analysis period during which
the unmet demand is greater than zero.
Permitted plus protected - Compound left-turn protection that displays the permitted
phase before the protected phase.
5-1 1
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Permitted turn - Left or right turn at a signalized intersection that is made against an
opposing or conflicting vehicular or pedestrian flow.
Person capacity - The maximum number of persons, in persons per hour, that reasonably
can be expected to be carried past a given point on a highway or transit right-of-way
during a given time period, under specified operating conditions, without
unreasonable delay, hazard, or restriction.
Phase - The part of the signal cycle allocated to any combination of traffic movements
receiving the right-of-way simultaneously during one or more intervals.
Planning application - A use of capacity analysis to estimate the level of service, the
volume that can be accommodated, or the number of lanes required, using estimates,
HCM default values, and local default values as inputs.
Platoon - A group of vehicles or pedestrians traveling together as a group, either
voluntarily or involuntarily because of signal control, geometries, or other factors.
Platoon ratio - A parameter useful in quantifying arrival type. Platoon ratio is calculated
by dividing the proportion of all vehicles arriving during green by the g/C ratio of the
subject movement.
Point - A boundary between segments, usually places at which traffic enters, leaves, or
crosses a facility.
Point-deviation service - Public transportation service in which the transit vehicle
arrives at designated stops on a prearranged schedule but does not follow a specific
route.
Potential capacity - The capacity of a specific movement at a stop-controlled
intersection approach, assuming that it is unimpeded by other movements and has
exclusive use of a separate lane, in vehicles per hour.
Precision The range of accurate and acceptable numerical answers.
Prepositioning - When one or more turning movements are necessary to occupy a lane of
the lane group.
Pretimed control - A signal control in which the cycle length, phase plan, and phase
times are preset to repeat continuously.
Prevailing condition - The geometric, traffic, and control conditions during the analysis
period.
Principal arterial - A major surface street with relatively long trips between major
points, and with through-trips entering, leaving, and passing through the urban area.
Progression adjustment factor - A factor used to account for the effect of signal
progression on traffic flow; applied only to uniform delay.
Protected plus permitted - Compound left-turn protection at a signalized intersection
that displays the protected phase before the permitted phase.
Protected turn - The left or right turns at a signalized intersection that are made with no
opposing or conflicting vehicular or pedestrian flow allowed.
Quality of service - A performance indicator of a traveler's perceived satisfaction with
the trip.
Quantity of service - A measure of the utilization of the transportation system.
Queue - A line of vehicles, bicycles, or persons waiting to be served by the system in
which the flow rate from the front of the queue determines the average speed within
the queue. Slowly moving vehicles or people joining the rear of the queue are
usually considered part of the queue. The internal queue dynamics can involve starts
and stops. A faster-moving line of vehicles is often referred to as a moving queue or
a platoon.
Queue carryover - The queued vehicles left over from the analysis period due to demand
exceeding capacity.
Queue discharge - A flow with high density and low speed, in which queued vehicles
start to disperse. Usually denoted as Level of Service F.
Queue discharge flow - A traffic flow that has passed through a bottleneck and is
accelerating to the free-flow speed of the freeway.
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Queue storage ratio - The parameter that uses three parameters (back of queue, queued
vehicle spacing, and available storage space) to determine if blockage will occur.
Ramp - A short segment of roadway connecting two traffic facilities.
Ramp junction - A short segment of highway along which vehicles transfer from an
entrance ramp to the main roadway or from the main roadway to an exit ramp.
Ramp meter - A traffic signal that controls the entry of vehicles from a ramp onto a
limited access facility; the signal allows one or two vehicles to enter on each green or
green flash.
Ramp roadway - See Ramp.
Ramp segment - See Ramp.
Ramp-freeway terminal - The roadway segment over which an entrance or an exit ramp
joins the mainline of a freeway.
Ramp-street terminal - The roadway segment over which an entrance or an exit ramp
joins with a surface street.
Ramp-weave segment - A weaving segment formed by a one-lane entrance ramp
followed by a one-lane exit ramp joined by a continuous auxiliary lane.
Random positioning - Through vehicles can use any lane of the subject lane group.
Rank - The hierarchy of right-of-way among conflicting traffic streams at a two-way
stop-controlled intersection.
Rapid bus - A bus that operates on an exclusive or resewed right-of-way permitting
higher speeds. On limited access roads it can include reverse lane operations.
Rapid transit - Rail systems operating on exclusive right-of-way, i.e., heavy rail or
metro.
Real-time model - A model that keeps pace with actual time.
Recreational vehicle - A heavy vehicle, generally operated by a private motorist, for
transporting recreational equipment or facilities; examples include campers, boat
trailers, and motorcycle or jet-ski trailers.
Red time - The period, expressed in seconds, in the signal cycle during which, for a
given phase or lane group, the signal is red.
Residual queue - The unmet demand at the end of an analysis period, resulting from
operation while demand exceeded capacity.
Roadside obstruction - An object or barrier along a roadside or median that affects
traffic flow, whether continuous (e.g., a retaining wall) or not continuous (e.g., light
supports or bridge abutments).
Roadway characteristic - A geometric characteristic of a street or highway, including
the type of facility, number and width of lanes (by direction), shoulder widths and
lateral clearances, design speed, and horizontal and vertical alignments.
Roadway occupancy - The proportion of roadway length covered by vehicles, used to
identify the proportion of time a roadway cross section is occupied by vehicles.
Because it is easier to measure in the field, roadway occupancy is used as a surrogate
for density in control systems.
Rolling terrain - A combination of horizontal and vertical alignments causing heavy
vehicles to reduce their speed substantially below that of passenger cars but not to
operate at crawl speeds for a significant amount of time.
Roundabout - An unsignalized intersection with a circulatory roadway around a central
island with all entering vehicles yielding to the circulating traffic.
Route-deviation service - A public transportation service that operates along a public
way on a fixed route but not on a fixed schedule. It is a form of paratransit.
Running speed - The distance a vehicle travels divided by running time, in miles per
hour.
Running time - The portion of the travel time during which a vehicle is in motion.
Rural - An area with widely scattered development and a low density of housing and
employment.
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Saturation flow rate - The equivalent hourly rate at which previously queued vehicles
can traverse an intersection approach under prevailing conditions, assuming that the
green signal is available at all times and no lost times are experienced, in vehicles per
hour or vehicles per hour per lane.
Saturation headway - The average headway between vehicles occumng after the fourth
vehicle in the queue and continuing until the last vehicle in the initial queue clears
the intersection.
Sawtooth loading area - A bus bay design with the curb indented in a sawtooth pattern,
allowing buses to enter and exit bus bays independently of other buses. Often used
at transit centers.
Segment - A portion of a facility on which a capacity analysis is performed; it is the basic
unit for the analysis, a one-directional distance. A segment is defined by two
endpoints.
Semiactuated control - A signal control in which some approaches (typically on the
minor street) have detectors, and some of the approaches (typically on the major
street) have no detectors.
Sewice area - (I) The jurisdiction in which a transit property operates; (2) the
geographic region in which a transit system either provides service or is required to
provide service.
Service coverage - See Coverage.
Service flow rate - The maximum hourly rate at which vehicles, bicycles, or persons
reasonably can be expected to traverse a point or uniform segment of a lane or
roadway during a given time period (usually 15 min) under prevailing roadway,
traffic, environmental, and control conditions, while maintaining a designated level
of service; expressed as vehicles per hour or vehicles per hour per lane.
Service frequency - The number of transit units (vehicles or trains) on a given route or
line, moving in the same direction, that pass a given point within a specified interval
of time, usually 1 h; see also Headway.
Service measure - A specific performance measure used to assign a level of service to a
set of operating conditions for a transportation facility or service.
Sewice time - The average time that a vehicle on the subject approach is serviced at an
all-way stop-contr'olled intersection, depending on arrival rates of the opposing and
conflicting approaches.
Service volume - The maximum hourly rate at which vehicles, bicycles, or persons
reasonably can be expected to traverse a point or uniform segment of a roadway
during an hour under specific assumed conditions while maintaining a designated
level of service.
Shared-lane capacity - The capacity of a lane, in vehicles per hour, at an unsignalized
intersection that is shared by two or three movements.
Shock wave - The compression wave that moves upstream through traffic as vehicles
arriving at a queue slow down abruptly, or the decompression wave of thinning
traffic that moves downstream from the point of a capacity reduction on a freeway.
Shoulder - A portion of the roadway contiguous with the traveled way for
accommodation of stopped vehicles, emergency use, and lateral support of the
subbase, base, and surface courses.
Shoulder bypass lane - A portion of the paved shoulder opposite the minor-road leg at a
three-leg intersection, marked as a lane for through traffic to bypass vehicles that are
slowing or stopped to make a left turn.
Side street - See Minor street.
Signalization condition - A phase diagram illustrating the phase plan, cycle length, green
time, change interval, and clearance time interval of a signalized intersection.
Simple left turn protection - A signal phasing scheme that provides a single protected
phase in each cycle for a left turn.
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Simple weaving segment - A segment formed by a single merge point followed by a
single diverge point.
Simulation model - A computer program that uses mathematical models to conduct
experiments with traffic events on a transportation facility or system over extended
periods of time.
Simulation model descriptor - A fundamental descriptor (state variable, event, time step
logic, and processing logic) used in combination with others to represent a unified
and consistent simulation model.
Single-pointdiamond interchange - A diamond interchange that combines all the ramp
movements into a single signalized intersection.
Single-stream door - A door on a transit vehicle that allows passenger flow in only one
direction at a time.
Skip-stop sewice - A transit operation in which alternate units stop at alternate sets of
stations on the same route. Each set consists of some joint and some alternate
stations.
Space - See Pedestrian space.
Space mean speed - (1) The harmonic mean of speeds over a length of roadway; (2) an
average speed based on the average travel time of vehicles to traverse a segment of
roadway; in miles per hour.
Spacing - The distance, in feet, between two successive vehicles in a traffic lane,
measured from the same common feature of the vehicles (e.g., rear axle, front axle,
or front bumper).
Specific grade - A single grade of a roadway segment or extended roadway segment
expressed in percentage.
Speed - A rate of motion expressed as distance per unit of time.
Split-diamond interchange - Diamond interchanges in which freeway entry and exit
ramps are separated at the street level, creating four intersections.
Standee - A passenger standing in a transit vehicle.
Start-up lost time - The additional time, in seconds, consumed by the first few vehicles
in a queue at a signalized intersection above and beyond the saturation headway,
because of the need to react to the initiation of the green phase and to accelerate.
Static flow model - A mathematical model in which the traffic flow rate is constant.
Stochastic model - A mathematical model that employs random variables for at least one
input parameter.
Stop time - A portion of control delay when vehicles are at a complete stop.
Street corner - The area encompassed within the intersection of two sidewalks.
Streetcar - An electrically powered rail car that is operated singly or in short trains in
mixed traffic on traek in city streets.
Study period - A duration of time on which to base capacity analyses of a transportation
facility.
Subject approach - The approach under study at two-way and all-way stop-controlled
intersections.
Suburban - An area with a mixture of densities for housing and employment, where
high-density nonresidential development is intended to serve the local community.
Suburban street - A street with low-density driveway access on the periphery of an
urban area.
System level of sewice - The quality of service provided by the transportation system.
System performance measure - A parameter that measures the efficiency of the
transportation system.
System performance report card - A list of measures depicting the use of the
transportation system, for decision making.
System speed - A space mean speed, in miles per hour, of vehicles both in the ramp
influence area and in the outer lanes of a 1,500-ft freeway segment.

5-15

Simple weaving segmentSystem speed

-

Chapter 5 Glossary

Highway Capacity Manual 2000
Taper area-Traveler
satisfaction

Taper area - An area characterized by a reduction or increase in pavement width to
direct traffic.
Terrain type - See General terrain.
Through vehicles - All vehicles passing directly through a street segment and not
turning.
Time interval - See Analysis period.
Time interval scale factor - The ratio of the total freeway entrance demands to the
freeway exit counts in each time interval.
Time mean speed - The arithmetic average of individual vehicle speeds passing a point
on a roadway or lane, in miles per hour.
Time-based model - A model in which time advances from one point to the next.
Time-space domain - A graphical display of a freeway facility with a horizontal scale of
distance along the freeway, with traffic moving from left to right, and with the
freeway divided into sections.
Time-varying flow model - A simulation model in which flow changes with time.
Total delay - The sum of all components of delay for any lane group, including control
delay, traffic delay, geometric delay, and incident delay . See also Aggregate delay.
Total lateral clearance - The total width of the left side plus the right side along one
direction of a roadway.
Total lost time - The time per signal cycle during which the intersection is effectively not
used by any movement; this occurs during the change and clearance intervals and at
the beginning of most phases.
Traffic condition - A characteristic of traffic flow, including distribution of vehicle types
in the traffic stream, directional distribution of traffic, lane use distribution of traffic,
and type of driver population on a given facility.
Traffic delay - The component of delay that results when the interaction of vehicles
causes drivers to reduce speed below the free-flow speed.
Traffic pressure - A parameter that reflects driver aggressiveness due to heavier volumes
or long delays in a confined area.
Transit accessibility - A measure of pedestrian, bicycle, automobile, and Americans with
Disabilities Act accessibility to transit.
Transit availability - A measure of a transit system's capability for use by potential
passengers, including the hours the system is in operation, route spacing, and
accessibility for the physically handicapped.
Transit quality of service - The overall measured or perceived quality of transit service
from the passenger's point of view.
Transit reliability - A measure of the time performance and the regularity of headways
between successive transit vehicles that affect the amount of time passengers must
wait at a transit stop as well as the consistency of a passenger's arrival time at a
destination.
Transit stop - An area where passengers await, board, alight, and transfer between transit
units (vehicles or trains). It is usually indicated by distinctive signs and by curb or
pavement markings and may provide service information, shelter, seating, or any
combination of these.
Transit-supportive area - An area with sufficient population or employment density to
warrant at least hourly transit service.
Travel speed - The average speed, in miles per hour, of a traffic stream computed as the
length of a highway segment divided by the average travel time of the vehicles
traversing the segment.
Travel time - The average time spent by vehicles traversing a highway segment,
including control delay, in seconds per vehicle or minutes per vehicle.
Traveler satisfaction - A measure of the quality of a trip from the perspective of the
traveler.
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Trolleybus - An electrically propelled bus that obtains power from an overhead wire
system. The power-collecting apparatus allows the bus to maneuver in mixed traffic
over several lanes.
Truck - A heavy vehicle engaged primarily in the transport of goods and materials or in
the delivery of services other than public transportation.
Turnout - A short segment of a lane-usually a widened, unobstructed shoulder areaadded to a two-lane, two-way highway, allowing slow-moving vehicles to leave the
main roadway and stop so that faster vehicles can pass.
Two-lane Class I highway - A two-lane highway that generally serves long-distance
trips or provides connecting links between facilities that serve long-distance trips.
Two-lane Class I1 highway - A two-lane highway that generally serves relatively short
trips, the beginning and ending portions of longer trips, or trips for which sightseeing
activities play a significant role in route choice.
Two-lane highway - A roadway with a two-lane cross section, one lane for each
direction of flow, on which passing maneuvers must be made in the opposing lane.
Two-sided weaving segment - A weaving segment in which vehicles entering the
highway approach on the right and vehicles departing the highway depart on the left,
or vice versa; weaving vehicles must cross the mainline highway flow.
Two-stage gap acceptance - A process used by drivers entering an unsignalized
intersection from the minor street and reaching the median area in a first move, then
completing the entry with a second move.
Two-way left-turn lane - A lane in the median area that extends continuously along a
street or highway and is marked to provide a deceleration and storage area, out of the
through-traffic stream, for vehicles traveling in either direction to use in making left
turns at intersections and driveways.
Two-way stop-controlled The type of traffic control at an intersection where drivers on
the minor street or a driver turning left from the major street wait for a gap in the
major-street traffic to complete a maneuver.
Unconstrained operation - An operating condition when the geometric constraints on a
weaving segment do not limit the ability of weaving vehicles to achieve balanced
operation.
Uncontrolled ramp terminal - A ramp terminal without a traffic control device.
Undersaturation - A traffic condition in which the amval flow rate is lower than the
capacity or the service flow rate at a point or uniform segment of a lane or roadway.
Uniform delay - The first term of the equation for lane group control delay, assuming
uniform arrivals.
Uninterrupted flow - A category of facilities that have no fixed causes of delay or
interruption external to the traffic stream; examples include freeways and
unsignalized sections of multilane and two-lane rural highways.
Unit extension - The minimum gap, in seconds, between successive vehicles moving on
a traffic-actuated approach to a signalized intersection that will cause the signal
controller to terminate the green display.
Unit width flow rate - The pedestrian flow rate expressed as pedestrians per minute per
foot of walkway or crosswalk width.
Unmet demand - The number of vehicles on a signalized lane group that have not been
served at any point in time as a result of operation in which demand exceeds
capacity, in either the current or previous analysis period. This does not include the
normal cyclical queue formation on the red and discharge on the green phase. See
also Initial queue and Residual queue.
Unsignalized intersection - An intersection not controlled by traffic signals.
Upstream - The direction from which traffic is flowing.
Urban - An area typified by high densities of development or concentrations of
population, drawing people from several areas within a region.
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Urban street - A street with relatively high density of driveway access located in an
urban area and with traffic signals no farther than 2 mi apart.
Urban street class - A category of urban street based on functional and design
categories.
Urban street segment - A length of urban street (in one direction) from one signal to the
next, including the downstream signalized intersection but not the upstream
signalized intersection.
Utility - A measure of the value a traveler places on a trip choice.
Utility equation - A mathematical function for evaluating the use of highway facilities;
the numerical values depend on the attributes of the travel options and on the
characteristics of the traveler.
Validation - Determining whether the selected model is appropriate for the given
conditions and for the given task; it compares model prediction with measurements
or observations.
Variability - The probability of congestion or a confidence interval for measures of
congestion (intensity, duration, and extent).
Vehicle capacity - (1) The maximum number of passengers that a transit vehicle is
designed to accommodate comfortably, seated and standing; also known as normal
vehicle capacity or total vehicle capacity; (2) the maximum number of vehicles that
can be accommodated in a given time by a transit facility.
Volume - The number of persons or vehicles passing a point on a lane, roadway, or other
traffic-way during some time interval, often 1 h, expressed in vehicles, bicycles, or
persons per hour.
Volume to capacity ratio - The ratio of flow rate to capacity for a transportation facility.
Walkway - A facility provided for pedestrian movement and segregated from vehicular
traffic by a curb, or provided for on a separate right-of-way.
Wave speed - The speed at which a shock wave travels upstream or downstream through
traffic.
Weave type - A classification scheme that categorizes weaving configuration into one of
the three types (Types A, B, C).
Weaving - The crossing of two or more traffic streams traveling in the same direction
along a significant length of highway, without the aid of traffic control devices
(except for guide signs).
Weaving configuration - The organization and continuity of lanes in a weaving segment,
which determines lane-changing characteristics.
Weaving diagram - A schematic drawing of flows in a weaving segment, used in
analysis.
Weaving flow - The traffic movements in a weaving segment that are engaged in
weaving movements.
Weaving length - The length from a point on the merge gore at which the right edge of
the freeway shoulder lane and the left edge of the merging lane are 2 ft apart to a
point on the diverge gore at which the edges are 12 ft apart.
Weaving segment - A length of highway over which traffic streams cross paths through
lane-changing maneuvers, without the aid of traffic signals; formed between merge
and diverge points.
Weaving width - The total number of lanes between the entry and exit gore areas,
including the auxiliary lane, if present.
Work zone - A segment of highway in which maintenance and construction operations
impinge on the number of lanes available to traffic or affect the operational
characteristics of traffic flowing through the segment.
Zebra-striped crosswalk - A crosswalk painted with diagonal stripes at an unsignalized
intersection, in which pedestrians have the right-of-way.
Zone - A geographic aggregation defined by land use, which generates trips within a
corridor.
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This chapter lists and defines the symbols and abbreviations used in the manual,
along with their units if applicable. If the same symbol has more than one meaning, the
chapter or chapters of the specific use are cited in parentheses ( ) following the definition.
A .........................1. Passenger waiting area size, ft2 (27). 2. Access points (21).
a ..........................I. Adjustment factor for two-stage gap acceptance (17). 2. Coefficient

for estimating base percent time spent following (20). 3. Weaving
intensity factor calibration constant (24). 4. Adjacent-lane impedance
factor (27).
AADT ..................Annual average daily traffic, vehlday
AC .......................Urban street class
A1 .........................Added initial time per actuation, s
a,(t) .....................Acceleration of nth vehicle at time t
ap ........................Design pedestrian area occupancy, ft21p
ApbT.....................Permitted phase adjustment for pedestrian/bicycle blockage
AT .......................Arrival type
ATS .....................Average travel speed for both directions of travel combined on twolane highways, m i h
ATS, ...................Average travel speed for all two-lane highway directional segments
combined, milh
ATSd ...................Average travel speed in the analysis direction for the entire segment
without the passing lane, milh
ATSp ...................Average travel speed for the entire segment including the passing lane,
milh
AVM ....................Adjusted vehicle minimum time, s
AVO ....................Average vehicle occupancy
A WDT .................Average weekday daily traffic, vehlday
B .........................1. Begin platoon event time; the time that the dispersing platoon begins
to pass through the subject two-way stop-controlled intersection (17).
2. Bus lane vehicle capacity, busesth (27).
b ..........................1. Bunching factor (16). 2. Coefficient for estimating base percent
time spent following (20). 3. Weaving intensity factor calibration
constant (24).
B(a) ..................... Sum of gradients for counted segments
Bbb....................Maximum number of buses per berth per hour, busesh
BFFS ................Base free-flow speed, m i h
BPTSF .............. Base percent time-spent-following, %
BPTSFd.............Base percent time-spent-following in the analysis direction, %
B, ..................... Maximum number of buses per bus stop per hour, busesh
C ......................1. Signal cycle length, s. 2. Capacity, vehh (30).
c .......................1. Total lane group capacity, vehh. 2. Two-way segment capacity.
normally 3,200 p c h for a two-way segment and 1,700 p c h for a
directional segment (20). 3. Weaving intensity factor calibration
constant (24).
C(a) ..................... Sum of square of gradients for counted segments
c, .....................Approach capacity at roundabouts, vehlh
CAF .....................Capacity adjustment factor
cb .....................1. Capacity of bicycle lane, bicycleih (19). 2. Bus capacity, busesh (27).
CBD ..................Central business district
CF ....................Acceleration/decelerationcorrection factor
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cl ......................Capacity for Stage I of two-stage gap acceptance
c,, .....................Capacity for Stage I1 of two-stage gap acceptance

cL .....................1. Lane group capacity per lane, vehh (16). 2. Capacity of majorstreet left-turn lane, vehh (30).
c, ...................Movement capacity of Minor Movement x, vehh
Cmax................. Maximum cycle length, s
Cmi .................. Minimum cycle length, s
Cost ..................Out-of-pocket cost for trip, cents
cp,, ......................Potential capacity of Minor Movement x, vehh
c ......................Capacity of right turns at specific intersection, vehh
CS ....................Sum of critical phase volumes, vehh
c, .....................Capacity of stop-controlled approach, vehh

,

,

CSH

...................Capacity of a shared lane, veh/h

cT .....................Available capacity in the analysis period, vehh
cTx ...................Total capacity for Movement x considering a two-stage gap acceptance,

vehh
CV ....................Critical phase volume, veWh
c, .....................Coefficient of variation of headways of transit serving a particular route

arriving at a stop
CVS ..................Sum of critical volume to saturation flow rate ratio
D .......................1. Density, veWmi, pclmilh, or vehlmilln (7). 2. Proportion of peak-

hour traffic in peak direction (8). 3. Total initial queue delay due to an
initial queue incurred in the average cycle, s (16). 4. Density of all
vehicles in the weaving segment, pclmfln (24). 5. Diverge from traffic
at an interchange (26). 6. Movement at a downstream intersection
(26). 7. Number of doors available in the peak hour (27). 8. Mean
delay for subject lane group, slveh (30). 9. Node delay for link, s (30).
d.. ........................1. Control delay, slveh (1 1, 15, 16). 2. Demand, vehh (22).
3. Weaving intensity factor calibration constant (24). 4. Mean trip
delay, slperson (29). 5. Direction of analysis index (29).
d, ........................Uniform delay, slveh
d2 ........................Incremental delay, slveh
d3 ........................Initial queue delay, slveh
Da........................Mean delay for subject approach, slveh
dA........................Approach delay, slveh
dad......................Accelerationldeceleration correction delay, s
d, ........................Control delay, stbicycle
D, ........................Number of doors per car
dcl ....................Combined interchange delay, slveh
DDHV .................Directional design-hour volume, vehh
DF.......................Adjustment factor for progression to compute zero-flow control deIay
at signalized intersection
DHV ....................Design-hour volume, bicycleslh
Di ........................Delay incurred by vehicles in the initial queue, slveh
dl .........................Intersection control delay, slveh
di .........................1. Lane group delay, slveh (16). 2. Average control delay for Lane
Group i, slveh (26).
di4 ......................Computed differences for the entry legs
dif$ ......................Computed differences for the exiting legs
dlNT .....................Average control delay per vehicle for the interchange, slveh
D, ........................Jam density, veWmi or vehlminn
G) .........................1. Pedestrian control delay at Intersectionj, s (18). 2. Average bicycle
delay at Intersection j, s (19).
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DL .......................Detector length, ft
D .........................Estimated delay for left turns, slveh
Dm.......................Delay per person-trip for modal subsystem, s
dn ........................ Distance to subject vehicle n
d, ..................... Distance from subject vehicle n to vehicle ahead n - 1
Do........................1. Optimum density, vehlmi or vehlmifln (7). 2. Zero-flow control
delay at signalized intersection, h (30).
dp ........................Average pedestrian delay, s
Dp........................Delay per person-trip for Point p, s
Dped..................... Pedestrian density, p/ft2
DQ ......................Total delay due to excess demand or queuing delay, veh-h
DR ......................Density of flow within the ramp influence area, pc/mi/ln
D,. .......................Estimated delay for right turns, slveh
drank, ...................Average control delay to Rank 1 vehicles, slveh
DS .......................Detector setback, ft
D ........................1. Intermediate speed determination variable for diverge area (25).
2. Delay per person-trip for segment, s (28).
d, ........................1. Storage density, vehlmifln (7, 29, 30). 2. Saturated delay, s (16).
3. Deceleration rate, ft/s2, also used as a surrogate for twice the
average acceleration from zero to maximum velocity (27).
dsep .....................Average control delay for the separate lane case, slveh
dSH......................Average control delay for the shared lane case, slveh
D, ....................Oversaturation delay corresponding to a zero initial queue, slveh
Dt......................Estimated delay for through vehicles, s/veh
dT........................Delay for transit passengers, h
du ........................Dwelling unit
d, .....................Undersaturated delay, s
....................Time-in-queue per vehicle, s
dvq
D, .....................Delay per person-trip for Segment x, s
E ......................1 . End platoon event time; the time that the dispersing platoon
completes passage through the subject two-way stop-controlled
intersection. 2. East intersection (26).
e .......................Extension of green time, s
EB ....................Eastbound approach or movement
EL,....................Through-car equivalents for permitted left turns
EL2....................Through-car equivalents for opposing movements of permitted left
turns
eo .....................Unit extension time setting, s
ER.....................Passenger-car equivalent for recreational vehicles
ET.....................1. Passenger-car equivalent for heavy vehicles in the lane group (16).
2. Passenger-car equivalent for trucks; sometimes includes buses (20,
21, 22,23,24, 25)
ETC...................Passenger-car equivalent for trucks that use crawl speeds
EW ......................Sum of the volume to saturation flow rate ratio for the critical phase
pair for the east-west street
F .......................1 . A parameter for basic dispersion model calculated as [l + (t,)-l]
(17). 2. Total number of events on the path, eventsk (18, 19).
fA......................Adjustment to account for effect of access points on base free-flow
speed
fa ...................... Adjustment factor for area type
FAR ..................... Floor area ratio
fb ......................Bus-bus interference adjustment factor
fBx....................Percentile back of queue factor
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fbb.....................Adjustment factor for the blocking effect of local buses that stop within
the intersection area
fdInp...................Adjustment for the combined effect of directional distribution of traffic
and the percentage of no-passing zones on percent time-spentfollowing, %
fDL....................Planning left-turn adjustment factor
FFS ...................Free-flow speed, m f i
FFSd .................Free-flow speed in the analysis direction, m i h
fG......................Grade adjustment factor for two-lane highways
fg ......................Adjustment factor for approach grade
fHV....................Heavy-vehicle adjustment factor
fiD.....................Adjustment for interchange density, m f i
fk ......................Impedance adjustment factor
fl .......................Bus stop location factor for bus lane capacity
fLC....................Adjustment for lateral clearance, m f i
fLpb...................Pedestrian adjustment factor for left-turn movements
fLS....................Adjustment to base free-flow speed to account for effect of lane width
and shoulder width, rnih
fLT.....................Adjustment factor for left turns in the lane group
fLu ....................Adjustment factor for lane utilization
fLUo...................Lane utilization factor for the opposing flow of permitted left turns
fLW....................Adjustment for lane width, m i h
Fm.....................Number of opposing events, eventsh
fM.....................Adjustment for median type, m f i
fm ..................... 1. Left-turn adjustment factor applied only to the lane from which left
turns are made (16). 2. Mixed traffic adjustment factor (27).
fmin.................... Minimum left-turn adjustment factor applied only to the lane from
which left turns are made
......................
Adjustment
for number of lanes, mi/h
fN
fnp..................... Adjustment to account for the effect of percentage of no-passing zones
on free-flow speed
Fp .....................Number of passing events, eventslh
fp ......................1. Adjustment factor for the existence of parking lane and parking
activity adjacent to the lane group (10, 16). 2. Driver population factor
(21,23,25,30). 3. Bus-passing activity factor (27).
fm .................... Supplemental adjustment factor for platoon anival during the green
fpb.....................Pedestrian blockage factor, or the proportion of time that one lane on an
approach is blocked during one hour
fpl......................Factor for the effect of a passing lane on percent time-spent-following
and average travel time
fq ......................Queue calibration factor for randomness in arrivals
f,. ......................Right-turn adjustment factor for bus lane capacity
fRpb...................Pedestrianlbicycle adjustment factor for right-turn movements
fRT.................... Adjustment factor for right turns in the lane group
f, ......................Skip-stop speed adjustment factor
ft .......................... feet
fw .....................Adjustment factor for lane width
f, ......................A capacity adjustment factor for Movement x that accounts for the
impeding effects of higher-ranked movements
G ......................1. Approach grade, % (16). 2. Green time, s (16). 3. Percent grade
divided by 100 (17). 4. Green time for phase, if WALK + FDW is not
installed, s (18).
g .......................... 1. Effective green time for lane group or for movement, s (15).
2. Effective green time for pedestrians, s (18).
Chapter 6 - Symbols
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g(a) ..................... Gradient of a segment (29)
gdiff....................The larger of (a) the difference between gg and gf and (b) zero, s
g, .....................Extension to the protected green time that occurs while the controller

(

waits for a gap in the arriving traffic long enough to terminate the
phase, s
geR....................Effective green time of a signalized intersection upstream of a two-way
stop-controlled intersection, s
gf ...................... Portion of the green time in which a through vehicle in a shared lane
would not be blocked by a left-turn vehicle waiting for the opposing
movement to clear, s
Gi .....................Green time, s
gi ...................... Effective green time, s
G(i,j) ....................Gradient matrix for corridor analysis (29)
Gma .................... Maximum gradient, or the largest absolute ratio of the gradient to the
estimated number of trips (29)
go .....................Effective green time for the opposing flow, s
Gp.....................Minimum pedestrian green time, s
gp .....................Pedestrian green time (Walk +Don't Walk), s
gprot.................. Protected phase effective green time, s
g9 .....................1. Portion of the permitted green time blocked by a queue of opposing
vehicles, s (16). 2. Total time to discharge the queue at a signalized
intersection upstream of a two-way stop-controlled intersection, s (17).
gql ....................The time to discharge the vehicles that arrive during red at a signalized
intersection upstream of a two-way stop-controlled intersection, s
gq2 ....................The time to discharge the vehicles that arrive during green and join the
back of queue at a signalized intersection upstream of a two-way stopcontrolled intersection, s
....................
Gap reduction rate
g,
GR
........................Portion of the protected green time required to service the queue of
vehicles that accumulated on the previous phase, s
g, .....................Portion of the permitted green time not blocked by a queue of opposing
vehicles, s
H ......................... Number of hours in analysis period
h .......................1. Saturation headway, s (7). 2. Time period index (29).
h ..........................hour
ha4.....................Headway adjustment to account for the proportion of left turns, right
turns, and heavy vehicles, s
hbs ....................Minimum block-signaled section train headway, s
hd .....................Departure headway, s
Hi ......................Duration of congestion for Link i, h
hmi ................... Minimum train headway, s
hos ....................Minimum on-street section train headway, s
hp ........................horsepower
h, ..................... Scheduled headway, s
hsi .....................Saturation headway for degree of conflict Case i
hst..................... Minimum single-track section train headway, s
HV ....................Percent heavy vehicles, %
1 ........................1. Incremental delay adjustment for the filtering or metering by
upstream signals (10, 15, 16). 2. Survey count interval for field control
delay study (16). 3. Adjustment factor for type, intensity, and location
of the work activity to compute capacity on freeway facilities, pclhnn
(22).
in ......................... inch
i ........................Vehicle movements subscript of Rank 1

,
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I, .........................Interval between vehicle-in-queue counts, s
IVT....................In-vehicle time, min
J ....................... Calibration parameter
j ........................ Vehicle movements subscript of Rank 2
K ....................... 1. The proportion of annual average daily traffic occurring in the
analysis period. 2. Adjustment factor to utilize bus stops fully in a
skip-stop operation (27). 3. Parameter (30).
k .......................1. Incremental delay adjustment factor for the actuated control (10, 15,
16). 2. Vehicle movements subscript of Rank 3 (17). 3. Constant to
adjust degree of conflict case probability to account for
interdependenceof headways (17).
kB ..................... Second term queued vehicles adjustment factor related to early arrivals
ki ......................Sum of known trips originating at i
k, ...................... Sum of known trips destined to j
kmi, ...................Minimum factor to compute incremental delay adjustment for actuated
signal
L .......................1. Length of a highway segment, mi (7). 2. Lost time per cycle or
total lost time, s (10, 16). 3. Urban street segment or section length, mi
(15). 4. Crosswalk length, ft (16, 18). 5. Length of weaving segment,
ft (24). 6. Length of the link (i-j) from the upstream stop line to the
downstream stop line, ft (26). 7. Left-side movement at an interchange
(26). 8. Train length, ft (27). 9. Analysis section length, mi (27). 10.
Length of segment, mi (29). 11. Link length, mi (30).
I ........................1. Vehicle movements subscript of Rank 4 (17). 2. Queue storage
length per vehicle, veh (26). 3. Segment index (29).
L1 .....................Distance for one-block stop pattern, ft
II ....................... Start-up lost time, s
L, ..................... Distance for multiple-block stop pattern, ft
I2 .......................Clearance lost time, s
LA ..................... Total length of the acceleration lane, ft
La ..................... Available queue storage distance, ft
LAl ....................Length of first acceleration lane on a two-lane on-ramp, ft
LA2 ....................Length of second acceleration lane on a two-lane on-ramp, ft
La, .................... Length of added approach lane, mi
Lad ....................Length of added departure lane, mi
LAeff ...................Length of effective acceleration lane on a two-lane on-ramp, ft
Ib .........................pound
LCL................... Width of lateral clearance from the left edge of travel lanes to
obstructions in the roadway median, ft
LCR................... Width of lateral clearance from the right edge of travel lane to roadside
obstruction, ft
LD ..................... Length of deceleration lane, ft
Ld ..................... 1. Detector length, ft (16). 2. Length of two-lane highway
downstream of the passing lane and beyond its effective length, mi
(20).
LD1 .................... Length of first deceleration lane on a two-lane off-ramp, ft
LD2 .................... Length of second deceleration lane on a two-lane off-ramp, ft
Lde .................... Downstream length of two-lane highway within the effective length of
the passing lane, mi
Lbe ................... Actual distance from end of passing lane to end of analysis segment, mi
LDeff .................. Length of effective deceleration lane on a two-lane on-ramp, ft
Ldown ................... Distance from the subject ramp to the downstream adjacent ramp, ft
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LEQ...................... Equilibrium distance between upstream or downstream ramp and the

subject ramp, ft
L,, .....................Average queue spacing in a stationary queue, ft
Li ......................... Length of Segment i, ft
I, .......................Total start-up lost time, s
In ......................... lane
L,,, .....................Length of the passing lane including tapers, mi
Ls .....................Length of left- or right-lane storage bay, ft
Lst.....................Length of single-track section, ft
LT .....................Left turn
LT .....................Total length of the urban street under analysis, ft
Lt .....................; Total length of the analysis segment, mi
LTC ..................Left-turn vehicles per cycle, veh
L, .....................Length of two-lane highway upstream of the passing lane, mi
Lo,, ....................Distance from the subject ramp to the upstream adjacent ramp, ft
L, .....................Vehicle length, ft
LW ......................Lane width, ft
M ......................1. Circulation area per pedestrian or pedestrian space, ft21p (1 1, 18).

2. Median type (21). 3. Merge with traffic at an interchange (26).
rn ......................1. Number of vehicles that can be stored in median of intersection
during two-stage gap acceptance, veh (17). 2. Move-up time, s (17).
MF ....................Mainline flow rate, vehlh
mi ........................ mile
min ...................... minute
MnA ..................Minimum allowable gap, s
MnV ..................Minimum vehicle phase time, s
Ms.....................Intermediate speed determination variable for merge area
MxG ..................Maximum green time, s
Mxl ....................Maximum initial interval, s
N ......................1. Number of lanes. 2. Last vehicle in queue (7). 3. Number of
through lanes at an intersection (15). 4. Number of lanes open through
the short-term work zone (22). 5. Total number of lanes in the
weaving segment (24). 6. Number of stops or stations in the analysis
section (27).
n ....................... 1. Number of travel times observed (7). 2. Minimum number of
observations to meet accuracy goal of mean (9). 3. Fractional added
through lane (10). 4. Maximum number of opposing vehicles that
could arrive during gdiff(1 6). 5. Number of vehicles that can be stored
in flared right-turn approach, veh (17).
N(i) ....................Node i with the upstream segment numbered segment (i - 1) and the
downstream segment numbered (i)
NB.....................Local buses stopping at intersection, busesh
NB ....................Northbound approach or movement
N, .....................1. Size of typical pedestrian crossing platoon, p (1 1, 18). 2. Number
of cycles surveyed (16). 3. Number of cars per train (27).
Nd ....................Number of channels per door for moving passengers
Neb....................Number of effective loading areas
Ni .........................Number of analysis subperiods
NLG...................Number of lanes in the lane group
NLT....................Number of exclusive left-turn lanes
N, ....................Parking activity per hour, maneuversh
nM,, ..................The maximum value of n, the number of vehicles that can be stored in
the flared right-turn approach, above which it will operate like a
separate lane
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Nnw...................Number of lanes used by nonweaving vehicles
No .............. Number of outside lanes in one direction (not including acceleration or

deceleration lanes or Lanes 1 and 2)

i

No .....................Number of opposing lanes
Np.....................1. Spatial distribution of pedestrians, p-ft (18). 2. Number of buses

making the maneuver from the curb lane to the adjacent lane (27).
Nped..................Number of pedestrians crossing during an interval, p
N,,, ...................Number of cross-street receiving lanes
NRT..................Number of exclusive right-turn lanes
NS ....................Sum of the volume to saturation flow rate ratio for the critical phase for

the north-south street
N,

.....................1. Number of alternating skip stops in sequence (27). 2. Number of
stations on single-track section (27).

NTH..................Number of through lanes
Ntu, ..................Number of turning lanes
N& ................... Number of vehicles during the green phase, veh
Nw....................Number of lanes used by weaving vehicles if unconstrained operation is

to be achieved
Nw(max) ........... Maximum number of lanes that can be used by weaving vehicles for a

given configuration
OCCbIq ..............Average bicycle occupancy
OCCpedg.............Average pedestrian occupancy
OCCpedu.............Pedestrian occupancy after the opposing queue clears
OCC,. ................Relevant average pedestrian and bicycle occupancy
OFRF ................Off-ramp flow rate, veh/h
ONRF ................ On-ramp flow rate, vehth
OVT ..................Out-of-vehicle travel time, min

P .........................1. Proportion of all vehicles arriving during green (15, 16, 26).
2. Primary phase (16). 3. Bicycle or pedestrian directional split (19).
4. Maximum single-track capacity in passengers per peak-hour
direction (27). 5. Total number of person trips (29). 6. Number of
transit passengers onboard, p (29). 7. Length of subperiod, h (30).
p .......................... pedestrian, passenger, or person
p ..........................Proportion of total flow rate traveling in the subject direction
p' .........................Adjustment to the major-street left turn, minor-street through
movement impedance factor
p"......................Product of the probabilities of queue-free states of Rank 1 and Rank 2
vehicles
p*o,, ....................A factor indicating the probability there will be no queue in the shared
lane for major-street Movements 1 and 4, where x is the particular
movement being considered
PI, ......................Passenger volume during the peak 15 min
pl ........................First parameter for percentile back of queue factor
p, ........................Second parameter for percentile back of queue factor
p, ........................Third parameter for percentile back of queue factor
Pa........................1. Alighting passengers per bus through the busiest door during the
peak 15 min, p (27). 2. Proportion of travelers preferring Option a
(28).
Pad1.......................Adjusted probability of degree of conflict
Pb........................Boarding passengers per bus through the busiest door during the peak
15 min, p
Pbl...Pbn.............Boarding passenger volume per transit vehicle for each route served by
the waiting area during the peak 15 min, p
PC........................Maximum allowed passenger load per car, p
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pc ........................ Passenger car
Pd........................I . Transit passenger volume through the busiest door during the peak

15 min, p (27). 2. Number of transit passengers experiencing delay, p
(29).
P[C,] ...................Probability of degree of conflict case Ci
PF .......................Progression adjustment factor
PF2 .....................Adjustment factor for the effects of progression in the first term queued
vehicles
PFD......................An adjustment factor to compute v12at diverge influence area
PFM.....................An adjustment factor to compute v12at merge influence area
PHD .................... Total person-hours of delay
PHF.....................Peak-hour factor
PHT .....................
Person-hours of travel in comdor, veh-h
PHTf ....................Person-hours of travel under free-flow condition, p-h
PHTT ...................Person-hours traveled on transit, h
PHV .....................Proportion of heavy vehicles
P .........................Proportion of the analysis period for major-street flow Regime i
PL........................Proportion of left-turning vehicles in the shared lane
PLT......................Proportion of left-turn volume in the lane group
PLTA....................Proportion of left protected green time to the total left green time
p~~~
.....................Proportion of left turns in opposing single-lane approach
P,,, .......................Loading level, plft
PMT ....................Person-miles of travel, person-mi
Po ....................Minimum phase time, s
po,, ......................Probability that conflicting movement x will operate in a queue-free
state
PR..................... Proportion of recreational vehicles in the traffic stream
PRT...................Proportion of right-turn volume in the lane group
PRTA.................Proportion of right protected green time to the total right green time
PT ....................Proportion of trucks in the traffic stream; also can include buses (21)
PTC...................Proportion of all trucks in the traffic stream that use crawl speeds on a
specific downgrade
PTHo..................Proportion of through and right-turning vehicles in opposing singlelane approach
PTSF ................Percent time-spent-following, %
PTSF, ...............Percent time-spent-following for all segments combined, %
PTSFd ...............Percent time-spent-following in the analysis direction, %
PTSFp,.. .............Percent time-spent-following for the entire segment including the
passing lane, %
PTSF, ...............Percent time-spent-following for Segment x, %
Q ......................1. Average number of vehicles in queue, veh (7, 16). 2. Queue left
over at end of previous time period, veh (29). 3. Capacity of basic
freeway segment, multilane highway, or two-lane highway, pc/h/ln
(30).
9 .......................Vehicle arrival rate throughout the cycle, veh/s
Q./, ....................Percentile back of queue, veh
QL ....................Queue size at the end of the permitted green period adjusted with
sneakers, veh
Q; .....................Vehicles arriving at the subject location during Time Slice t
Q .....................First term queued vehicles, veh
Q2 .....................Second term queued vehicles, veh
Qg5 ...................95th-percentile queue at a two-way stop-controlled intersection, veh
Qa .....................Queue at beginning of a green arrow, veh
ga .....................Arrival rate, veh/s

,

,

,
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Qb.....................Initial queue at the start of the analysis period, veh
QbL...................Lane group initial queue at the start of the analysis period per lane, veh
Qf .....................Left-turn movement free queue or queue size at the end of the interval

1

gf, veh
Qg.....................Flow departing from upstream signalized intersection during green

phase
qg .....................Green arrival time, veh/s
Qg, .................... ueue size at the beginning of the protected green (green arrow)

period, veh
QL ....................Queue length, mi
Qu ....................Maximum queue length, veh
Qob...................Bicycle flow rate in the opposing direction, bicyclesih
Qp.....................Queue size at the end of the permitted green period, veh
QQ ....................Average queue length while queue is present, veh
Q .....................Queue size at the end of the interval gq, veh
Q, .....................Residual queue or queue at the end of the effective green time, veh
q, ......................Red arrival time, vehls
qro ....................Opposing queue ratio, the proportion of opposing flow rate originating

in opposing queues

Qsb....................Bicycle flow rate in the same direction, bicyclesih
Qsep..................Average queue length for the separate lane case for flared right-turn

calculations, veh

QSH...................Average queue length for the shared-lane case for flared right-turn

calculations, veh
Qt ....................Vehicles departing from an upstream signalized intersection during

time slice t
Qtco...................Total time spent by pedestrians waiting to cross the minor street during

one cycle, p-s
Qtdo...................Total time spent by pedestrians waiting to cross the major street during
one cycle, p-s
Q .....................Queue at beginning of unsaturated green, veh
Queue(0) ............Initial queue remaining from the preceding time period
R ......................... 1. Radius of corner curb, ft (18). 2. Adjustment for ramps to compute
capacity on freeway facilities, vehlh (22). 3. Weaving ratio; the ratio
of the smaller weaving flow to total flow in the weaving segment (24).
4. Right-side movement at an interchange (26). 5. Segment traversal
time, h (29). 6. Link traversal time, h (30). 7. Parameter (30).
r ........................1. Effective red time, s (7, 10, 16). 2. Segment rank used in
algorithms to adjust for excess demand (29). 3. Ratio of off-peak
demand to peak demand rate (30).
Rc .....................Link traversal time when demand equals capacity, h
Rd .....................Ratio of busiest door usage to average door usage
Rf ........................ Segment free-flow traversal time, h
R,......................1. Ratio of desired to actual entering volume for Entry Leg i (10).
2. Red time, s (10).
r, .......................Effective red time, s
Rj ......................Ratio of desired to actual exiting volume for Exit Leg j
Rm,................... The minor-street red phase, or the Don't Walk phase for pedestrian
signals, s
Rmj................... The major-street red phase, or the Don't Walk phase for pedestrian
signals, s
Ro .....................Link travel time at free-flow link speed, h
Rp......................Platoon ratio
Rpo....................Platoon ratio for the opposing flow based on opposing arrival type

I
\

,

Chapter 6 - Symbols

6-10

I

u!wp3 cpaads ue!llsapad .................... PadS
s ~ 'ala~
a am
~ l ~ d a pasaqd pa13a)old .....................d~
(81)
s p 'qled
~ aql uo paads ue!llsapad uaaw :spj 'paads ueysapad a 8 e l a y
~ ..................... S
ulw3d 'alw MOU uo!~e~nlas
asea .....................O s
' ( 0 ~ q/!w
)
'paads MOU-aayyu!? .Z '(L) w w 'paads wnw!ldo '1
"S
'(Lz) q p 'paads
~ ~ snq asaa .Z
- ( g ) q/!w 'sauq lalno u! B u ! ~ a ~ asap!qa~
~l
jo paads uaaw a ~ d g .....................OS
w!w
' l u a d a s O u ! ~ a aaql
~ u! s a p l q a ~%u!~aa~uou
jo paads ueaw a x d g ................... MU^
s 'uo!13aslalu!
pa1lo.1luo3-do~s
d a ~ - [ 01
~ aaw!) a q ~ l a q3eoldde
s
punoqq1loN .....................N~
q/!w 'luaw~ias~ U ! A E ~ M
a u! pal3adxa paads wnw!u!m .................."'"s
'(pz) VUl 'luaUI8as ~ U ! A E ~ Me
u! pavadxa paads wnw!xem -Z '(11) spj 'paq3aal paads wnw!xem -1 ..................""s
( ~ u a ~ s uu!%lew
o ~ ) paads ......................WS
uyryqa~'stun) l j a ~pall!uuadjo alal MOU uo!1amlas lal~!d~~~~~~~~~~~~~~~~-~~~O s
ryqaA 'aua1 lad alln MOU uo!~amlespalsnrppy ........................I s
r y q a ~'ale1 MOU uo!1~.1nlesdnol8 aueq ..................... 'S
!w 'q18ual uo!pas laa~lsuaqln .......................7 s
.......................1 S
WaA
UO!l~lnl~S
'(oE) q/!W
'! yu!? jo paads uaam 'E '(61) q/!w '! luaw%aglaAo paads Ou!uunl
a p d ~ 'Z~ '(8
[ 1) S-lj '! luaw8as l a ~ paads
o
8uyy1e~ua!qsapad ' 1..'.""""""".. ""'!S
q/!w 'dl!1!3q uo ~!sueajo paads ~ o ~ - a ......................
a~d
Ids
q/!w 'aa~eaSraw aql jo )u!od aql la dual aql jo paads MOU-aa~j
a q ~
H d ~
q/!w 'plag aql u! pa~nsaawZ ~ J ~ K
joI paads
~
uaam ...................u v d ~
ww
'aa~ea%la~!pl o a % ~ a awq ~
Ou!q3eoldda A ~ a a laq1
j jo paads ~ o u - a a l d...................jjs
'(62) w w 'paads MOU-aayluawzas .E '(Lz) w"
'u!aa jo paads ~ o u - a a ~
.Z d'(L) ~w 'ale1 MOIJ ua~18a loj paads I......................'s
ssa13laalls ueq,n .......................
3s
q/sapd3!q 'auel apdxq ay) jo ale1 MOU uo!Iemleg ..................... qs
spj 'qled a q uo
~ paads a p h q uaam "-"" ............. q~
IuawaAow l o q3aoldde punoqqlnos .................... BS
q/!w 'paads I a ~ eapr(~!a
~l
""""........... sles
'(81) spj 'paads IaAall uau~sapada % l n a ~ v.E .(g1)
q/!w 'uo!~~asla~u!
paz![eu8!s a IB paads q3a01ddy -Z . ( g ) q/!w 'uo!13as
al!Iua aq) lo IuauGas aql u! sap!qaA qSnolq1jo paads IaAelI a % l n a ~ .yI~
~
v~
~
puo3as ..........................S
""""""""""'

~~~~~~~~~~~~~~~~~~~

a

~

'(S1) WaA ' a u ~ l
y8noql lad MOU uopeln~tzspa1snrpy .E '(6) aldwes aq) loj uope!Aap
plrzputz~spa)ew!lsg .Z .uyryqa~lo W ~'alal
A MOIJ uopam~eg.1 .......................s
'(OE) W!U 'paads W!? 'L '(62) q/!w 'paads
1uaw8asumm -9 '(sz) q/!w 'tzax a3uan~u!dww aql jo paads uaaw
azdg
'(pz) w w '1uauGas O u l ~ a aa q~ ~
u! s a p l y a ~IIE jo paads
ueaw a ~ d g.p -(EZ' 1 ~ q/!w
)
'paads IaAaa ~n-la8uasseda 8 e r a ~ y
'(81) u!wpj 'paads uegsapad .Z '(L) q/!w 'paads I a ~ ea~8le l a ~ v.1 ......................S
pal uo
lq8!)ll ..................
tl01
tl
ulnl Iqs!)I1.' ..................
ltl
r y q a ~' a ~ wMO[J wns a3ualaja)ll ....................Stl
o!le~aSa~olsananb ap~uaxad
%OH
q a 'aw!~
~
pal a~!13agajopua ayl IV anan0 ......................b~
o!~ela % e ~ oananb
~ s a % e l a ~.....................
y
Otl
""""'-""""

~

I

Highway Capacity Manual 2000
Sprog.
.................Platoon speed from upstream signalized intersection to two-way stop-

controlled intersection, ft/s

SR..................... 1. Space mean speed, m i h (7). 2. Space mean speed of vehicles

\

within the ramp influence area, rnih (25).

s, ..................... Permitted phase departure rate, vehls
ST ..................... 1. Time mean speed, m i h (7). 2. Actual speed of transit on facility

including all delays, rnih (29).
ST .................... Urban street section (or segment) travel time, s
Sf...................... 1. Bus travel speed, m i h (27). 2. Train travel speed, mi/h (27).
sTH.................... Saturation flow rate of through traffic, v e M n
sw .................... 1. Westbound approach service time to all-way stop-controlled

intersection, s (17). 2. Space mean speed of weaving vehicles in the
weaving segment, rnih (24).
T ....................... 1. Duration of analysis period, h. 2. Total crosswalk occupancy time,
p-s (18). 3. Through movement (26). 4. Maximum number of trains
per hour (27). 5. Duration of analysis subperiod, h (29). 6. The
expected duration of the demand, h (30).
t .......................... 1. Duration of initial queue in the analysis period, h (16). 2. Total
crossing time for pedestrians, s (18). 3. Mean trip time, minlp (29).
t' ....................... Length of time during which dispersing platoon passes the subject twoway stop-controlled intersection
t3,LT..................... Critical gap adjustment factor for intersection geometry (T-intersection)
ta......................... 1. Average travel time over a length of a highway segment, h (7).
2. Travel time from the upstream signalized intersection to the subject
two-way stop-controlled intersection, s (17). 3. Passenger alighting
time, slp (27).
tb......................... Passenger boarding time, slp
tbr........................ Operator and braking system reaction time, s
Tc........................ Time to clear initial queue present at the start of analysis period, s
tc......................... 1. Single pedestrian critical gap, s (1 1, 18). 2. Vehicular critical gap
time at a two-way stop-controlled intersection, s (17). 3. Clearance
time between successive buses or trains, s (27).
tc,base
.................. Base critical gap, s
tc,G...................... Critical gap adjustment for approach grade, s
tcPHV
.................... Critical gap adjustment for heavy vehicles, s
tc,T......................Critical gap adjustment for each part of a two-stage gap acceptance
process
td......................... Dwell time, s
tf..........................Follow-up time, or the time span between the departure of one vehicle
from' the minor street and the departure of the next vehicle, s
tfbase ................... Base follow-up time, s
ttHv.....................Follow-up time adjustment for heavy vehicles, s
tG ........................ Group critical gap, s
TH ....................... Through
Ti......................... Number of trips originating at Point i
ti .......................... 1. Travel time of the ith vehicle to traverse the section, h (7). 2. Startup lost time for ith vehicle, s (7).
Tii....................... Number of trips going from Origin Point i to Destination Point j
T i .......................Estimated number of trips between Origin Zone i and Destination Zone

\

j (29)

T......................... Number of trips leaving Destination j
1
tj, .........................Jerk limiting time, s
TL ....................... Total intersection lost time, s
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tL .........................
Lost time per phase or movement lost time, s
TLC .....................Total lateral clearance, ft
to .........................
Time duration the detector is occupied by a passing vehicle, s
to, ........................Door opening and closing time, s
to, .......................Operating margin time, s
Tp .....................Number of person-trips using Point p
tpf .....................Passenger flow time, slp
tP, .........................Duration of the blocked period for either the through movement or the

'

protected left-turn movement to a two-way stop-controlled intersection,
S

tQ.....................Time duration of queue, s
TR.....................Total running time on all segments, in a defined urban street section, s
t .......................Running time, s

,

Base bus running time, minlmi
t,, .......................
t,, ....................... Bus running time losses, minlmi
TS ....................Available time-space, ft2-s
T, .....................Number of person-trips using Segment s
t, ......................1. Service time, s (17). 2. Pedestrian start-up time, s (1 1, 18).
TS, ...................Total time-space available for circulating pedestrians, ft2-s
TSE .....................Effective time-space, ft2-s
t,, ...................... Time to cover single-track section, s
TSw .................. Time-space occupied by turning vehicles, ft2-s
TT .....................Urban street field travel time, s
T,......................Platoon travel time from upstream signalized intersection to subject
two-way stop-controlled intersection, s

C.

t, .......................Total travel time, s
TT15..................Total travel time for all vehicles on the analysis segment during the

peak 15-min period, veh-h
TTx ...................Total travel time for Segment x , veh-h
TWLTL ................ Two-way left-turn lane
Tx........................Number of person-trips using Segment x
U ......................... Movement at an upstream intersection
u .......................Initial queue delay parameter
U, .....................Utility function valued for Option a
Uj......................Utility function valued for Option j
Utility.................Measure of the traveler's perceived value of an alternative
V ......................Hourly volume, vehh or vehlhnn
v . ......................1. Vehicular flow rate for peak 15-min period, vehh or veh/hnn.

2. Pedestrian unit flow rate, plminlft (I 8). 3. Pedestrian volume on the
subject roadway, pIl5-min (18). 4. Total bicycle flow rate, both
directions, bicyclesh (19). 5. Arrival flow rate at the downstream
intersection, vehh (26). 6. Demand rate for current time period (29).
v5 ..................... Anticipated approach flow rate in Lane 5 of the freeway, p c h
v,, ....................Flow rate entering Lanes 1 and 2 immediately upstream of the merge
influence area or at the beginning of the deceleration lane in the diverge
influence area, pch
V15....................Volume during the peak 15 min of the peak hour, vehll5-min
v15....................Peak 1Smin pedestrian flow rate, pIl5-min
v(a)......................Counted volume for Segment a
v'(a) ...................Estimated volume for Segment a
vA .....................Approach flow rate, vehh
v, .....................Approach flow rate at roundabouts, vehh
Vb .....................Bicycle hourly volume, bicyclesh
vb ........................1. Bicycle flow rate, bicyclesh (19). 2. Bus flow rate, busesh (27).
6-13
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vbic......................Approach bicycle volume, bicyclesh
vbicg....................Bicycle flow rate during the green interval for 1 h, bicyclesh
vbo ......................
Flow rate of bicycles in the opposing direction, bicyclesh
vb .......................Flow rate of bicycles in the subject direction, bicycleslh
V/C....................... Volume to capacity ratio
v, ........................Circulating flow rate at roundabouts, veh/h
VCL......................Critical lane flow rate, vehth
v .......................
Number of pedestrians waiting to cross the minor street during one

,

,

cycle, plcycle
v , , ......................The conflicting flow rate for Movement x, that is, the total flow rate

conflicting with Movement x, veh/h or p h
vD........................Total flow rate on the downstream adjacent ramp from the subject

ramp, p c h
vd ........................Passenger-car equivalent flow rate for the peak 15-min period in the

analysis direction, pch

vdo ......................Number of pedestrians waiting to cross the major street during one

cycle, plcycle
veh ...................... vehicle
vep ......................Flow rate in the separate lanes on minor street approach; used to

compute capacity for flared right-turn approach
Vf ........................Observed flow rate for the period when field data were obtained, veh/h

........................Maximum total flow rate approaching a merge or diverge area on the
freeway, p c h or pc/Mn
VFdeff ...................Effective approaching flow rate for a four-lane freeway segment, p c h
VFO ......................Maximum total flow rate departing from a merge or diverge area on the
freeway, p c h
vg ........................Unadjusted flow rate for the lane group, veh/h
vgl ......................Unadjusted flow rate on the single lane in the lane group with the
highest volume
VHD ....................Vehicle-hours of delay, h
VHT ....................Vehicle-hours of travel, veh-h
v .........................1. Adjusted flow rate for Lane Group i, vehh (10). 2. Incoming
pedestrian volume for the subject crosswalk, plcycle (18). 3. Flow rate
for Movement i under base conditions during peak 15 min, p c h (25).
4. Demand flow rate for Lane Group i, veh/h (26).
V,q .....................Total vehicles in queue for field control delay study
VMT ..................Vehicle-miles of travel, veh-mi
VMTI5 ...............Total travel on the analysis segment during the peak 15-min period,
veh-mi
VMTGO...............Total travel on the analysis segment during the peak hour, veh-mi
VMT, ................Total travel for Segment x, veh-mi
VL........................Left-turn movement volume, veh/h
vL ..................... 1. Lane group flow rate per lane, veh/h (16). 2. Minor left-turn flow
rate, vehh (17).
v, ......................Lane group flow rate including initial queue, veh/h
vLS....................Left-turn movement maximum sneakers, veh
VLT....................Left volume per lane, veh/h/ln
VLT ....................Adjusted left-turn flow rate, veh/h
v .....................Maximum flow rate, veh/h or veh/h/ln
Vn........................Desired speed for Vehicle n
vn(t).....................Speed of nth vehicle at time t
VW1 .................... Vehicle ahead of subject Vehicle n
vn ....................Total nonweaving flow in the weaving segment, p c h
VF

,

,

,
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Vo .....................Demand volume for the full peak hour in the opposing direction of

travel, vehh
(,

vo .....................1. Opposing flow rate for permitted left turns, vehlh (16). 2. Outgoing

pedestrian volume for the subject crosswalk, plcycle (18). 3. Flow rate
of bicycles in the opposing direction, bicyclesth (19). 4. Passenger-car
equivalent flow rate for the peak 15-min period in the opposing
direction of travel, pclh (20). 5. Sum of approach volumes on
nonsubject approaches, vehh (30).
vol ....................Larger of the two outer, or nonweaving, flows in the weaving segment,
P

C

~

vo2....................Smaller of the two outer, or nonweaving, flows in the weaving

segment, pc/h
vOA...................Average per lane demand related to flow in the outer lanes, p c M n
voe....................Effective opposing flow rate, vehh
vo ....................Adjusted opposing flow rate per lane per cycle, veh
vp ..................... 1. Pedestrian flow rate, pls (1 1). 2. Pedestrian unit flow rate, plminlft

,

C.

(18). 3. Peak 15-min passenger-car equivalent flow rate, p c M n (20,
2 1, 23,24,25).
vped.....................1. Unit flow rate, plminlft (1 1). 2. Conflicting pedestrian flow rate,
p/h (16).
vpedg...................Pedestrian flow rate during the green interval for 1 h, p/h
vp0.......................
Flow rate of pedestrians in the opposing direction, p/h
vprog....................Progressed flow rate from upstream signalized intersection to compute
the effect of upstream signals
vpS.......................Flow rate of pedestrians in the subject direction, p/h
VR .......................Right-turn movement volume, veh/h
VR .......................Volume ratio; the ratio of weaving to total flow in the weaving segment
vR........................Total ramp flow rate, pc/h
v .........................Volume of right turns at a specific intersection, vehh
VRI2 .....................Maximum total flow entering the ramp influence area, pc/h
VRT.....................Right-turn volume per lane, vehlhlln
v, ........................Flow rate of bicycles in the subject direction, bicycleslh
vsH......................Flow rate in the shared lanes; used to compute capacity for flared
right-turn approach
VSbP....................Stopped vehicles count for field control delay study
VT........................Through movement volume, vehh
VTH......................Through volume per lane, veh/h/ln
Vtot......................1. Total approach volume, vehh (10). 2. Total vehicles arriving for
field control delay study (16).
vht .......................Total number of circulating pedestrians in one cycle, plcycle
v, ........................Total flow rate on the adjacent upstream ramp from the subject ramp,

,

,

P

C

~

v ........................Total weaving flow in the weaving segment, pc/h
vWl ......................Larger of the two weaving flows in the weaving segment, pclh
v, ......................Smaller of the two weaving flows in the weaving segment, pc/h
v, ........................Flow rate for Movement x for vehicular flows and pedestrian flows,

vehth or p/h
W.........................1 . Average lane width, ft. 2. Effective width of sidewalk, ft (18).

2. West intersection (26).

w .........................Lane width, ft
WALK + FDW .....Effective pedestrian green time at a signalized intersection, s
WB ......................Westbound approach or movement
WDW...................Pedestrian Walk plus flashing Don't Walk, s
WE.......................Effective walkway width, ft
6-15
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Wnw.....................Weaving intensity factor for prediction of nonweaving speed
Wo....................... Sum of widths and shy distances from obstructions on the walkway, ft
WT...................... Total walkway width, ft
Ww.....................Weaving intensity factor for prediction of weaving speed

X .........................Volume to capacity ratio
x ..........................1. Mean arrival rate, vehlh (7). 2. Degree of utilization, or vhd/3600
(17).
x ........................The mean value of the observation
Xb........................Volume to capacity ratio of bicycle lanes (also termed degree of
saturation)
Xc ........................Critical volume to capacity ratio for the intersection
Xcm......................Critical volume to capacity ratio for planning procedure
xi .........................The ith observation of the value
xn(t)..................... Position of nth vehicle at time t
Xp,, ...................Permitted phase volume to capacity ratio for leading or lagging left-turn
movement with protected-plus-permitted phase
Xpmt....................Protected phase volume to capacity ratio for leading or lagging left-turn
movement with protected-plus-permitted phase
X ........................Degree of saturation at upstream intersection
Y .........................Yellow plus all-red change and clearance interval (intergreen), s
y ..........................Mean service rate, veh/h
Y, ........................Sum of flow ratios for critical lane groups
Yi ........................Change and clearance interval time, s
z ..........................Subject approach volume divided by 1000, veh/h/1000
Z, ........................The area under one tail of the normal curve beyond the acceptable
levels of probability that a queue will form at a bus stop (27), or failure
rate (29)
a ........................1. Platoon dispersion factor (17). 2. Constant to adjust degree of
conflict case probability to account for interdependence of headways
(17).
p ........................Dispersion factor, or (1 + a)-'
A .........................Minimum arrival (intrabunch) headway, s
At ........................ Time interval or duration of one time step
Av ........................ Amount of change in speed
6t/ 6x .................. First derivative of travel time with respect to volume to capacity ratio
Oij ........................Offset between through movements at Intersections i and j at
interchange ramp terminal, s
il ........................Parameter for computing green extension time, vehfs
A, ......................Arrival rate for approach or Lane x
6 ........................Maximum desirable error in the estimate of the mean
cp ........................Proportion of free (unbunched) vehicles

,

-
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I.

INTRODUCTION

Three basic variables-volume or flow rate, speed, and density+an be used to
describe traffic on any roadway. In this manual, volume or traffic flow is a parameter
common to both uninterrupted- and interrupted-flow facilities, but speed and density
apply primarily to uninterrupted flow. Some parameters related to flow rate, such as
spacing and headway, also are used for both types of facilities; other parameters, such as
saturation flow or gap, are specific to interrupted flow.

II. UNINTERRUPTED FLOW
VOLUME AND FLOW RATE
Volume and flow rate are two measures that quantify the amount of traffic passing a
point on a lane or roadway during a given time interval. These terms are defined as
follows:
Volume-the total number of vehicles that pass over a given point or section of a
lane or roadway during a given time interval; volumes can be expressed in terms of
annual, daily, hourly, or subhourly periods.
Flow rate-the equivalent hourly rate at which vehicles pass over a given point or
section of a lane or roadway during a given time interval of less than 1 h, usually 15 min.
Volume and flow are variables that quantify demand, that is, the number of vehicle
occupants or drivers (usually expressed as the number of vehicles) who desire to use a
given facility during a specific time period. Congestion can influence demand, and
observed volumes sometimes reflect capacity constraints rather than true demand.
The distinction between volume and flow rate is important. Volume is the number of
vehicles observed or predicted to pass a point during a time interval. Flow rate represents
the number of vehicles passing a point during a time interval less than 1 h, but expressed
as an equivalent hourly rate. A flow rate is the number of vehicles observed in a
subhourly period, divided by the time (in hours) of the observation. For example, a
volume of 100 vehicles observed in a 15-min period implies a flow rate of 100 veM0.25 h
or 400 vehlh.
Volume and flow rate can be illustrated by the volumes observed for four
consecutive 15-min periods. The four counts are 1,000, 1,200, 1,100, and 1,000. The
total volume for the hour is the sum of these counts, or 4,300 veh. The flow rate,
however, varies for each 19min period. During the 15-min period of maximum flow, the
flow rate is 1,200 veM0.25 h, or 4,800 veh/h. Note that 4,800 vehicles do not pass the
observation point during the study hour, but they do pass at that rate for 15 min.
Consideration of peak flow rates is important in capacity analysis. If the capacity of
the segment of highway studied is 4,500 veh/h, capacity would be exceeded during the
peak 15-min period of flow, when vehicles arrive at a rate of 4,800 vehlh, even though
volume is less than capacity during the full hour. This is a serious problem, because
dissipating a breakdown of capacity can extend congestion for up to several hours.
Peak flow rates and hourly volumes produce the peak-hour factor (PHF), the ratio of
total hourly volume to the peak flow rate within the hour, computed by Equation 7-1:
Hourly volume
PHF = Peak flow rate (within the hour)

Basic concepts for
unintermpted-flow facilities:
volume, flow rate, speed,
density, headway, and
capacity

Calculating a peak-hour factor

If 15-min periods are used, the PHF may be computed by Equation 7-2:
PHF =-

v
x

v ~ 5

-
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where
PHF
V
VI5

= peak-hour factor,
= hourly volume (vehh), and
= volume during the peak 15 min of the peak hour (veh/l5 min).

When the PHF is known, it can convert a peak-hour volume to a peak flow rate, as in
Equation 7-3:
v=-

v
PHF

where

v
V
PHF

= flow rate for a peak 15-min period (vehh),
= peak-hour volume (vehh), and
= peak-hour factor.

Equation 7-3 does not need to be used to estimate peak flow rates if traffic counts are
available; however, the chosen count interval must identify the maximum 15-min flow
period. The rate then can be computed directly as 4 times the maximum 15-min count.
When flow rates in terms of vehicles are known, a conversion to a flow rate in terms of
passenger car equivalents (pce) can be computed using the PHF and the heavy vehicle
factor.

SPEED

Speed parameters

Although traffic volumes provide a method of quantifying capacity values, speed (or
its reciprocal of travel time) is an important measure of the quality of the traffic service
provided to the motorist. It is an important measure of effectiveness defining levels of
service for many types of facilities, such as rural two-lane highways, urban streets,
freeway weaving segments, and others.
Speed is defined as a rate of motion expressed as distance per unit of time, generally
as miles per hour (milh). In characterizing the speed of a traffic stream, a representative
value must be used, because a broad distribution of individual speeds is observable in the
traffic stream. In this manual, average travel speed is used as the speed measure because
it is easily computed from observation of individual vehicles within the traffic stream and
is the most statistically relevant measure in relationships with other variables. Average
travel speed is computed by dividing the length of the highway, street section, or segment
under consideration by the average travel time of the vehicles traversing it. If travel times
tl, t2, tg, ..., t, (in hours) are measured for n vehicles traversing a segment of length L, the
average travel speed is computed using Equation 7-4.

I

',

where
S
L
ti
n
t,

= average travel speed (mi/h),
= length of the highway segment (mi),

= travel time of the ith vehicle to traverse the section (h),
= number of travel times observed, and
= I ti = average travel time over L (h).
n i=l

The travel times in this computation include stopped delays due to fixed interruptions or
traffic congestion. They are total travel times to traverse the defined roadway length.
Several different speed parameters can be applied to a traffic stream. These include
the following:
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Average running speed-A traffic stream measure based on the observation of
vehicle travel times traversing a section of highway of known length. It is the length of
the segment divided by the average running time of vehicles to traverse the segment.
Running time includes only time that vehicles are in motion.
Average travel speed-A traffic stream measure based on travel time observed on a
known length of highway. It is the length of the segment divided by the average travel
time of vehicles traversing the segment, including all stopped delay times. It is also a
space mean speed.
Space mean speed-A statistical term denoting an average speed based on the
average travel time of vehicles to traverse a segment of roadway. It is called a space
mean speed because the average travel time weights the average to the time each vehicle
spends in the defined roadway segment or space.
Time mean speed-The arithmetic average of speeds of vehicles observed passing a
point on a highway; also referred to as the average spot speed. The individual speeds of
vehicles passing a point are recorded and averaged arithmetically.
Free-flow speed-The average speed of vehicles on a given facility, measured under
low-volume conditions, when drivers tend to drive at their desired speed and are not
constrained by control delay.
For most of the procedures using speed as a measure of effectiveness in this manual,
average travel speed is the defining parameter. For uninterrupted-flow facilities not
operating at level of service (LOS) F, the average travel speed is equal to the average
running speed.
Exhibit 7-1 shows a typical relationship between time mean and space mean speeds.
Space mean speed is always less than time mean speed, but the difference decreases as
the absolute value of speed increases. Based on the statistical analysis of observed data,
this relationship is useful because time mean speeds often are easier to measure in the
field than space mean speeds.

Average running speed

Average travel speed

Space mean speed

Time mean speed

Free-flow speed

EXHIBIT 7-1. TYPICAL RELATIONSHIP BETWEEN TIME MEAN AND SPACE MEAN SPEED
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Source: Drake et al. (I).

C..;

It is possible to calculate both time mean and space mean speeds from a sample of
individual vehicle speeds. For example, three vehicles are recorded with speeds of 30,
40, and 50 milh. The time to traverse 1 mi is 2.0 min, 1.5 min, and 1.2 min, respectively.
The time mean speed is 40 mik, calculated as (30 + 40 + 50)/3. The space mean speed is
25.5 mith, calculated as (40)[3 + (2.0 + 1.5 + 1.2)].

-
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For capacity analysis, speeds are best measured by observing travel times over a
known length of highway. For uninterrupted-flow facilities operating in the range of
stable flow, the length may be as short as several hundred feet for ease of observation.
As measures of effectiveness, speed criteria must recognize driver expectations and
roadway function. For example, a driver expects a higher speed on a freeway than on an
urban street. Lower free-flow speeds are tolerable on a roadway with more severe
horizontal and vertical alignment, since drivers are not comfortable driving at high
speeds. LOS criteria reflect these expectations.

I

DENSITY

Density is the number of vehicles (or pedestrians) occupying a given length of a lane
or roadway at a particular instant. For the computations in this manual, density is
averaged over time and is usually expressed as vehicles per mile (veh/mi) or passenger
cars per mile (pclmi).
Direct measurement of density in the field is difficult, requiring a vantage point for
photographing, videotaping, or observing significant lengths of highway. Density can be
computed, however, from the average travel speed and flow rate, which are measured
more easily. Equation 7-5 is used for undersaturated traffic conditions.

Computing density

where

v
S
D

= flow,rate (veh/h),
= average travel speed (milh), and
= density (veh/mi).

A highway segment with a rate of flow of 1,000 vehh and an average travel speed of
50 m i h would have a density of

Density is a critical parameter for uninterrupted-flow facilities because it characterizes
the quality of traffic operations. It describes the proximity of vehicles to one another and
reflects the freedom to maneuver within the traffic stream.
Roadway occupancy is frequently used as a surrogate for density in control systems
because it is easier to measure. Occupancy in space is the proportion of roadway length
covered by vehicles, and occupancy in time identifies the proportion of time a roadway
cross section is occupied by vehicles.

I

HEADWAY AND SPACING

Spacing is the distance between successive vehicles in a traffic stream, measured
from the same point on each vehicle (e.g., front bumper, rear axle, etc.). Headway is the
time between successive vehicles as they pass a point on a lane or roadway, also
measured from the same point on each vehicle.
These characteristics are microscopic, since they relate to individual pairs of vehicles
within the traffic stream. Within any traffic stream, both the spacing and the headway of
individual vehicles are distributed over a range of values, generally related to the speed of
the traffic stream and prevailing conditions. In the aggregate, these microscopic
parameters relate to the macroscopic flow parameters of density and flow rate.
Spacing is a distance, measured in feet. It can be determined directly by measuring
the distance between common points on successive vehicles at a particular instant. This
generally requires complex aerial photographic techniques, so that spacing usually
derives from other direct measurements. Headway, in contrast, can be easily measured
with stopwatch observations as vehicles pass a point on the roadway.
Chapter 7 - Traffic Flow Parameters
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Relationships among density,
speed and flow rate, and
headway and spacing

The average vehicle spacing in a traffic stream is directly related to the density of the
traffic stream, as determined by Equation 7-6.
Density (veh/m~)=

5,280
spacing(ff I veh)

The relationship between average spacing and average headway in a traffic stream
depends on speed, as indicated in Equation 7-7.
Headway (+/veh)

s acin

Wveh)

= :pee: ;Ws)

This relationship also holds for individual headways and spacings between pairs of
vehicles. The speed is that of the second vehicle in a pair of vehicles. Flow rate is
related to the average headway of the traffic stream with Equation 7-8.
Flow rate

headway ( s l veh)

RELATIONSHIPS AMONG BASIC PARAMETERS
Equation 7-5 cites the basic relationship among the three parameters, describing an
uninterrupted traffic stream. Although the equation v = S * D algebraically allows for a
given flow rate to occur in an infinite number of combinations of speed and density, there
are additional relationships restricting the variety of flow conditions at a location.
Exhibit 7-2 shows a generalized representation of these relationships, which are the
basis for the capacity analysis of uninterrupted-flow facilities. The flow-density function
is placed directly below the speed-density relationship because of their common
horizontal scales, and the speed-flow function is placed next to the speed-density
relationship because of their common vertical scales. Speed is space mean speed.

EXHIBIT 7-2. GENERALIZED RELATIONSHIPS AMONG SPEED, DENSITY, AND FLOW RATE ON
UNINTERRUPTED-FLOW FACILITIES

'/

-

Illustration of speed-density,
flow-density, and speed-flow
relationships

Density (vehlmilln)

Flow (vehlhlln)

Legend

Oversaturated flow

Density (vehlmilln)
Source:Adapted from May (2).
The form of these functions depends on the prevailing traffic and roadway conditions
on the segment under study and on its length in determining density. Although the
diagrams in Exhibit 7-2 show continuous curves, it is unlikely that the full range of the

C..:
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functions would appear at any particular location. Survey data usually show
discontinuities, with part of these curves not present (2).
The curves of Exhibit 7-2 illustrate several significant points. First, a zero flow rate
occurs under two different conditions. One is when there are no vehicles on the facilitydensity is zero, and flow rate is zero. Speed is theoretical for this condition and would be
selected by the first dri.ver (presumably at a high value). This speed is represented by Sf
in the graphs.
The second is when density becomes so high that all vehicles must stop-the speed
is zero, and the flow rate is zero, because there is no movement and vehicles cannot pass
a point on the roadway. The density at which all movement stops is called jam density,
denoted by Dj in the diagrams.
Between these two extreme points, the dynamics of traffic flow produce a
maximizing effect. As flow increases from zero, density also increases, since more
vehicles are on the roadway. When this happens, speed declines because of the
interaction of vehicles. This decline is negligible at low and medium densities and flow
rates. As density increases, these generalized curves suggest that speed decreases
significantly before capacity is achieved. Capacity is reached when the product of
density and speed results in the maximum flow rate. This condition is shown as optimum
speed So (often called critical speed), optimum density Do (sometimes referred to as
critical density), and maximum flow v,.
The slope of any ray line drawn from the origin of the speed-flow curve to any point
on the curve represents density, based on Equation 7-5. Similarly, a ray line in the flowdensity graph represents speed. As examples, Exhibit 7-2 shows the average free-flow
speed and speed at capacity, as well as optimum and jam densities. The three diagrams
are redundant, since if any one relationship is known, the other two are uniquely defined.
The speed-density function is used mostly for theoretical work; the other two are used in
this manual to define LOS.
As shown in Exhibit 7-2, any flow rate other than capacity can occur under two
different conditions, one with a high speed and low density and the other with high
density and low speed. The high-density, low-speed side of the curves represents
oversaturated flow. Sudden changes can occur in the state of traffic (i.e., in speed,
density, and flow rate). LOS A though E are defined on the low-density, high-speed side
of the curves, with the maximum-flow boundary of LOS E placed at capacity; by
contrast, LOS F, which describes oversaturated and queue discharge traffic, is represented
by the high-density, low-speed part of the functions.

Basic concepts for ,. .
interrupted-flow fac111tles:
intersection control,
saturation flow rate, lost
time, and queuing

-
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Ill. INTERRUPTED FLOW
Interrupted flow is more complex than uninterrupted flow because of the time
dimension involved in allocating space to conflicting traffic streams. On an intenuptedflow facility, flow usually is dominated by points of fixed operation, such as traffic
signals and stop signs. These controls have different impacts on overall flow.
The operational state of traffic at an interrupted traffic-flow facility is defined by the
following measures:
Volume and flow rate,
Saturation flow and departure headways,
Control variables (stop or signal control),
Gaps available in the conflicting traffic streams, and
Delay.
The discussion of volume and flow rate in the first part of this chapter also is applicable
to interrupted-flow facilities. An important additional point is the screenline at which the
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traffic volume or flow rate is surveyed. Traditional intersection traffic counts yield only
the number of vehicles that have departed the intersection. The maximum flow is
therefore limited to the capacity of the facility. When demand exceeds capacity and a
queue is growing, it is advisable to survey traffic upstream, before the congestion.

SIGNAL CONTROL
The most significant source of fixed interruptions on an interrupted-flow facility is
the traffic signal. Traffic signals periodically halt flow in each movement or set of
movements. Movement on a given set of lanes is possible only for a portion of the total
time, because the signal prohibits movement during some periods. Only the time during
which the signal is effectively green is available for movement. For example, if one set
of lanes at a signalized intersection receives a 30-s effective green time out of a 90-s total
cycle, only 30190 or 113 of total time is available for movement on the subject lanes.
Thus, only 20 minutes of each hour are available for flow on the lanes. If the lanes can
accommodate a maximum flow rate of 1,500 veh/h with the signal green for a full hour,
they could accommodate a total rate of flow of only 500 veh/h, since only one-third of
each hour is available as green.
Because signal timings are subject to change, it is convenient to express capacities
and service flow rates for signalized intersections in terms of vehicles per hour (veh/h).
In the previous example, the maximum flow rate is 1,500 veh/h. This can be converted to
a real-time value by multiplying it by the ratio of effective green time to the cycle length
for the signal.
When the signal turns green, the dynamics of starting a stopped queue of vehicles
must be considered. Exhibit 7-3 shows a queue of vehicles stopped at a signal. When the
signal turns green, the queue begins to move. The headway between vehicles can be
observed as the vehicles cross the stop line of the intersection. The first headway would
be the elapsed time, in seconds, between the initiation of the green and the crossing of the
front wheels of the first vehicle over the stop line. The second headway would be the
elapsed time between the crossing of front wheels of the first and of the second vehicles
over the stop line. Subsequent headways are measured similarly.

Impact of signal control on
maximum flow rate

EXHIBIT 7-3. CONDITIONS AT TPAFFIC INTERRUPTION IN AN APPROACH LANE OF A
SIGNALIZED INTERSECTION

Vehicle in Queue

Departure in Headway

1
2
3
4

h+tl
h + t2
h+t3
h+t4
h
h

Stop line

The driver of the first vehicle in the queue must observe the signal change to green
and react to the change by releasing the brake and accelerating through the intersection.
The first headway will be comparatively long, as a result. The second vehicle in the
queue follows a similar process, except that the reaction and acceleration period can

Determining average
headway
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occur while the first vehicle is beginning to move. The second vehicle will be moving
faster than the first as it crosses the stop line, because it has length in which to accelerate.
Its headway will generally be less than that of the first vehicle. The third and fourth
vehicles follow a similar procedure, each achieving a slightly lower headway than the
preceding vehicle. After four vehicles, the effect of the start-up reaction and acceleration
has dissipated. Successive vehicles then move past the stop line at a steady speed until
the last vehicle in the original queue has passed. The headway for these vehicles will be
relatively constant.
In Exhibit 7-3, this constant average headway, denoted as h, is achieved after four
vehicles. The headways for the first four vehicles are, on the average, greater than h and
are expressed as h + ti, where ti is the incremental headway for the ith vehicle due to the
start-up reaction and acceleration. As i increases from 1 to 4, ti decreases.
Exhibit 7-4 shows a conceptual plot of headways. In this manual, for practical
reasons, the fifth vehicle following the beginning of a green is used as the starting point
for saturation flow measurements.
EXHIBIT 7-4. CONCEPT OF SATURATION FLOW RATE AND LOST TIME
h = saturation headway (s)
s = saturation flow rate = 3600/h (veh/h/ln)
ti = start-up lost time for ith vehicle
N

Il = total start-up lost time = x t,
i=l

9
1 2
3 4 5 6 7 8 9 10 11 12 13 14 15 16
Vehicle in Queue
The value h represents the saturation headway, estimated as the constant average
headway between vehicles after the fourth vehicle in the queue and continuing until the
last vehicle that was in the queue at the beginning of the green has cleared the
intersection. The saturation headway is the amount of time that a vehicle in the stopped
queue takes to pass through a signalized intersection on the green signal, assuming that
there is a continuous queue of vehicles moving through the intersection.
In this manual, the definition of saturation headway differs for interrupted-flow and
uninterrupted-flow facilities. For interrupted flow, headway represents the time between
the passage of the front axle of one vehicle and of the front axle of the next vehicle over a
given cross section of the roadway; for uninterrupted-flow facilities, the vehicle reference
points usually are the front bumpers of the vehicles.
STOP- OR YIELD-CONTROLLED INTERSECTIONS

The driver on a minor street or turning left from the major street of a two-way stopcontrolled intersection faces a specific task: selecting a gap in the priority flow through
which to execute the desired movement. The term gap refers to the space between the
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vehicles on the roadway that has the right-of-way at an unsignalized intersection. Gap
acceptance describes the completion of a vehicle's movement into a gap.
The capacity of a minor street approach depends on two factors:
The distribution of available gaps in the major-street traffic stream, and
The gap sizes required by minor-street drivers to execute their desired movements.
The distribution of available gaps in the major-street traffic stream depends on the
total volume on the street, its directional distribution, the number of lanes on the major
street, and the degree and type of platooning in the traffic stream. The gap sizes required
by the minor-street drivers depend on the type of maneuver (left, through, right), the
number of lanes on the major street, the speed of major-street traffic, sight distances, the
length of time the minor-street vehicle has been waiting, and driver characteristics
(eyesight, reaction time, age, etc.). The critical gap is the minimum time interval between
the front bumpers of two successive vehicles in the major traffic stream that will allow
the entry of one minor-street vehicle. When more than one minor-street vehicle uses one
major-street gap, the time headway between the two minor-street vehicles is called
follow-up time. In general, the follow-up time is shorter than the critical gap.
Roundabouts operate similarly to two-way stop-controlled intersections. In roundabouts,
however, entering drivers scan only one stream of traffic-the circulating stream-for an
acceptable gap.
At an all-way stop-controlled intersection, all drivers must come to a complete stop.
The decision to proceed is based in part on the rules of the road, which suggest that the
driver on the right has the right-of-way; it also is a function of the traffic condition on the
other approaches. The departure headway for the subject approach is defined as the time
between the departure of one vehicle and that of the next behind it. A departure headway
is considered a saturation headway if the second vehicle stops behind the first at the stop
line. If there is traffic on one approach only, vehicles can depart as rapidly as the drivers
can safely accelerate into and clear the intersection. If traffic is present on other
approaches, the saturation headway on the subject approach will increase, depending on
the degree of conflict between vehicles.
As at signalized intersections, the front axles of two consecutive vehicles are the
reference points for determining the saturation headways of the vehicles departing from
the stop line of two-way and all-way stop-controlled intersection approaches. In
measuring the unobstructed flow of vehicles on the major roadway at a two-way stopcontrolled intersection, the reference points normally are the front bumpers.

f'

F

t\

Critical gap and gap
acceptance

SPEED
For interrupted-flow conditions, delay rather than speed is the primary measure of
operations. However, speed measures similar to those for uninterrupted flow are helpful
in determining the added travel time due to deceleration, movement in queues, and
acceleration of vehicles passing through an intersection.

DELAY
Delay is a critical performance measure on interrupted-flow facilities. There are
several types of delay, but in this manual, control delay is the principal service measure
for evaluating LOS at signalized and unsignalized intersections. Although the definition
of control delay is the same for signalized and unsignalized intersections, its application,
including LOS threshold values, differs.
Control delay involves movements at slower speeds and stops on intersection
approaches, as vehicles move up in the queue or slow down upstream of an intersection.
Drivers frequently reduce speed when a downstre& signal is red or there is a queue at
the downstream intersection approach. Control delay requires the determination of a
realistic average speed for each roadway segment. Any estimate of the average travel
speed on urban streets implies the effects of control delay.
L

Control delay

.-
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At two-way stop-controlled and all-way stop-controlled intersections, control delay
is the total elapsed time from a vehicle joining the queue until its departure from the
stopped position at the head of the queue. The control delay also includes the time
required to decelerate to a stop and to accelerate to the free-flow speed.

SATURATION FLOW RATE AND LOST TIME

Computing saturation
flow rate and lost time

Saturation flow rate is defined as the flow rate per lane at which vehicles can pass
through a signalized intersection. By definition, it is computed by Equation 7-9:
s=-3600
h
(7-9)
where

s
h

= saturation flow rate (vehth), and
= saturation headway (s).

The saturation flow rate represents the number of vehicles per hour per lane that can
pass through a signalized intersection if the green signal was available for the full hour,
the flow of vehicles was never halted, and there were no large headways.
Each time a flow is stopped, it must start again, with the first four vehicles
experiencing the start-up reaction and acceleration headways shown in Exhibit 7-3. In
this exhibit, the first four vehicles in the queue encounter headways longer than the
saturation headway, h. The increments, ti, are called start-up lost times. The total startup lost time for the vehicles is the sum of the increments, computed using Equation 7-10.

where
I,

= total start-up lost time (s),

ti
N

= lost time for ith vehicle in queue (s), and
= last vehicle in queue.

Each stop of a stream of vehicles is another source of lost time. When one stream of
vehicles stops, safety requires some clearance time before a conflicting stream of traffic is
allowed to enter the intersection. This interval when no vehicles use the intersection is
called clearance lost time, 12.
In practice, signal cycles provide for this clearance through change intervals, which
can include yellow or all-red indications or both. Drivers generally cannot observe this
entire interval but can use the intersection during some portion of it. The clearance lost
time, 12, is the portion of this change interval not used by drivers.
The relationship between saturation flow rate and lost times is a critical one. For any
given lane or movement, vehicles use the intersection at the saturation flow rate for a
period equal to the available green time plus the change interval minus the start-up and
clearance lost times. Because lost time is experienced with each start and stop of a
movement, the total amount of time lost over an hour is related to the signal timing. For
instance, if a signal has a 60-s cycle length, it will start and stop each movement 60 times
per hour, and the total lost time per movement will be 60(1, + 12).
Lost time affects capacity and delay. It might appear that the capacity of an
intersection would increase with increased cycle length. But this is offset somewhat by
the observation that the saturation headway, h, can increase if the length of a continuous
green indication increases. Other intersection features, such as turning lanes, also can
offset the reduction in capacity due to short cycles. Longer cycle lengths increase the
number of vehicles in the queues and can cause the left-turn lane to overflow, reducing
capacity by blocking the through-lanes.

-
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As cycle length is increased, the control delay per vehicle also tends to increase,
assuming that capacity is adequate. Delay, however, is a complex variable affected by
many other variables besides cycle length.

QUEUING
When demand exceeds capacity at an approach to a signalized intersection at the start
of an effective green period, a queue forms (2). Because of the arrival of vehicles during
the red phases, some vehicles might not clear the intersection during the given green
phase. A queue also forms when arrivals wait at a service area. The service can be the
arrival of an accepted gap in a major-street traffic stream, the payment of tolls at a toll
booth or of parking fees at a parking garage, and so forth. Back of queue refers to the
number of vehicles queued at an approach to a signalized intersection due to the arrival
patterns of vehicles and to vehicles unable to clear the intersection during a given green
phase (i.e., overflow). Most queuing theory relates to undersaturated conditions.
To predict the characteristics of a queuing system mathematically, it is necessary to
specify the following system characteristics and parameters (3):
Arrival pattern characteristics, including the average rate of arrival and the
statistical distribution of time between arrivals;
Service facility characteristics, including service-time average rates and the
distribution and number of customers that can be served simultaneously or the number of
channels available; and
Queue discipline characteristics, such as the means of selecting which customer is
next.
In oversaturated queues, the arrival rate is higher than the service rate; in
undersaturated queues, the arrival rate is less than the service rate. The length of an
undersaturated queue can vary but will reach a steady state with the arrival of vehicles.
By contrast, the length of an oversaturated queue never will reach a steady state but will
increase with the arrival of vehicles.
An undersaturated queue at a signalized intersection is shown in Exhibit 7-5 (2). The
exhibit assumes queuing on one approach with two signal phases. In each cycle, the
arrival demand is less than the capacity of the approach; no vehicles wait longer than one
cycle; and there is no overflow from one cycle to the next. Exhibit 7-5(a) specifies the
arrival rate, v, in vehicles per hour and is constant for the study period. The service rate,
s, has two states: zero when the signal is effectively red and up to saturation flow rate
when the signal is effectively green. Note that the service rate is equal to the saturation
flow rate only when there is a queue.
Exhibit 7-5(b) diagrams cumulative vehicles over time. The horizontal line, v, in
Exhibit 7-5(a) becomes a solid sloping line in Exhibit 7-5(b), with the slope equal to the
flow rate. Thus the arrival rate goes through the origin and slopes up to the right with a
slope equal to the arrival rate. Transferring the service rate from Exhibit 7-5(a) to Exhibit
7-5(b) creates a different graph. During the red period, the service rate is zero, so the
service is shown as a horizontal line in the lower diagram. At the start of the green
period, a queue is present, and the service rate is equal to the saturation flow rate. This
forms a series of triangles, with the cumulative arrival line as the top side of each triangle
and the cumulative service line forming the other two sides.
Each triangle represents one cycle length and can be analyzed to calculate the time
duration of the queue. It starts at the beginning of the red period and continues until the
queue dissipates. Its value varies between the effective red time and the cycle length, and
it is computed using Equation 7-1 1.
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where
tQ

v

= time duration of queue (s),
= mean arrival rate (vehlh),
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s
r

= mean service rate (vehth), and
= effective red time (s).
EXHIBIT 7-5. QUEUING DIAGR4M FORSIGNALIZED INTERSECTION
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Assumptions of queue
length

The queue length is represented by the vertical distance through the triangle. At the
beginning of red, the queue length is zero and increases to its maximum value at the end
of the red period. Then the queue length decreases until the arrival line intersects the
service line, when the queue length equals zero. Three queue lengths can be derived
using the relationship shown in Exhibit 7-5: the maximum queue length, the average
queue length while queue is present, and the average queue length; these are shown in
Equations 7- 12,7- 13, and 7-14, respective1y.

where
QM
QQ
Q
v
r
C
tQ
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= maximum queue length (veh),
= average queue length while queue is present (veh),
= average queue length (veh),
= mean arrival rate (vehlh),
= effective red time (s),
= cycle length (s), and
= time duration of queue (s).
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The queuing characteristics can be modeled by varying the arrival rate, service rate,
and timing plan. In real-life situations, arrival rates and service rates are constantly
changing. These variations complicate the model, but the basic relationships do not
change. Queue length can be estimated for planning purposes by assuming a storage
density (the average density of vehicles in the queue) and then using the relationship
shown in Equation 7-15 (4). Note that demand must be greater than capacity to use this
relationship.

where
QL
T
v
c
N
ds

= queue length (mi),
= duration of analysis period (h),

= demand (vehh),
= capacity (vehh),
= number of lanes, and
= storage density (veh/mi/ln).

IV. REFERENCES

(-

f,

1. Drake, J. S., J. L. Schofer, and A. D. May, Jr. A Statistical Analysis of SpeedDensity Hypotheses. In Highway Research Record 154, TRB, National Research
Council, Washington, D.C., 1967, pp. 53-87.
2. May, A. D., Jr. Traffic Flow Fundamentals. Prentice-Hall, Englewood Cliffs,
N.J., 1990.
3. Gerlough, D., and M. Huber. Special Report 165: Traflc Flow Theory, A
Monograph. TRB, National Research Council, Washington, D.C., 1975.
4. Dowling, R. G., W. Kittelson, J. Zegeer, and A. Skabardonis. NCHRP Report
387: Planning Techniques to Estimate Speeds and Service Volumes for Planning
Applications. TRB, National Research Council, Washington, D.C., 1997.

-

Chapter 7 Traffic Flow Parameters
InterruptedFlow

Highway Capacify Manual 2000
CHAPTER 8

TRAFFIC CHARACTERISTICS
CONTENTS
VEHICLE AND HUMAN FACTORS .......................................................................... 8-1
Motor Vehicle Characteristics............................................................................. 8-1
Driver Characteristics ......................................................................................... 8-1
Pedestrian Characteristics ................................................................................. 8-2
Bicycle Characteristics ....................................................................................... 8-2
Bus and Light Rail Characteristics ..................................................................... 8-2
II. DEMAND AND VOLUME .......................................................................................... 8-2
Seasonal and Monthly Variations ....................................................................... 8-3
Daily Variations .................................................................................................. 8-4
Hourly Variations ................................................................................................ 8-4
Peak Hour and Analysis Hour ............................................................................ 8-6
Subhourly Variations in Flow .............................................................................. 8-9
Temporal Distributions ..................................................................................... 8-10
Spatial Distributions ......................................................................................... 8-11
Directional Distribution .............................................................................. 8-11
Lane Distribution ....................................................................................... 8-12
Ill. MEASURED AND OBSERVED VALUES ............................................................... 8-13
Volumes and Flow Rates ................................................................................. 8-17
Freeways................................................................................................. 8-17
Multilane Highways ................................................................................... 8-17
Rural Two.Way. Two-Lane Highways....................................................... 8-20
Urban Streets ............................................................................................ 8-21
Speed ............................................................................................................... 8-21
Trends .............................................. :........................................................ 8-21
Speed Variation by Time of Day ............................................................... 8-23
Headway Distributions and Random Flow ....................................................... 8-25
Saturation Flow and Lost Time at Signalized Intersections ............................. 8-26
Saturation Flow at Unsignalized Intersections ................................................. 8-28
Bus and Passenger Flows ............................................................................... 8-28
IV. REFERENCES ........................................................................................................ 8-30

I.

EXHIBITS
Motor Vehicle Weight and Power .............................................................. 8-1
Examples of Monthly Traffic Volume Variations for a Freeway .................8-3
Examples of Monthly Traffic Volume Variations for the Same
Interstate Highway (Rural and Urban Segments) ...................................... 8-4
Exhibit 8.4 . Examples of Daily Traffic Variation by Type of Route ............................... 8-5
Exhibit 8.5 . Daily Variation in Traffic by Vehicle Type for Right Lane of an
Urban Freeway .......................................................................................... 8-5
Exhibit 8.6 . Examples of Hourly Traffic Variations for Rural Routes ............................8-6
Exhibit 8.7 . Repeatability of Hourly Traffic Variations for Urban Streets ...................... 8-7
Exhibit 8.8 . Ranked Hourly Volumes ........................................................................... 8-8
Exhibit 8.9 . Typical K-Factors....................................................................................... 8.9
Exhibit 8-10. Relationship Between Short-Term and Hourly Flows .............................. 8-10
Exhibit 8-1 1. Directional Distribution Characteristics.................................................... 8-11

Exhibit 8.1
Exhibit 8.2
Exhibit 8.3

.

.
.

~pter8 .Traffic Characteristics

Highway Capacity Manual 2000
Exhibit 8.12 . Observed Values of K and D on Selected Freeways
and Expressways .................................................................................... 8-12
Exhibit 8.13 . Lane Distribution by Vehicle Type ........................................................... 8-13
Exhibit 8.14 . Motor Vehicle Registration ...................................................................... 8-14
Exhibit 8-15. Rural Interstate Travel by Vehicle Type .................................................. 8-15
Exhibit 8.16 . Annual Vehicle Miles of Travel ................................................................ 8-16
Exhibit 8.17 . Percent Distribution of Traffic by Vehicle Class ...................................... 8-16
Exhibit 8.18 . Maximum Annual Average Daily Traffic Reported on Selected
Interstate Routes (1990) .......................................................................... 8-18
Exhibit 8.19 . Reported Maximum Hourly One-Way Volumes on
Selected Freeways .................................................................................. 8-19
Exhibit 8.20 . Reported Maximum Lane Volumes on Selected Freeways .................... 8-20
Exhibit 8.21 . Reported Maximum One-Way Volumes for Selected
Multilane Highways ................................................................................. 8-20
Exhibit 8.22 . Reported Maximum Volumes on Selected Two-Lane
Rural Highways ....................................................................................... 8-21
Exhibit 8.23 . Reported Maximum Directional Volumes on Selected
Urban Streets .......................................................................................... 8-22
Exhibit 8.24 . Speed Trends on Rural Interstate Highways ........................................ 8-22
Exhibit 8.25 . National Spot Speed Trends for 55-milh Facilities ..................................8-23
Exhibit 8.26 . Speed and Volume Variations by Hour of Day (Weekdays) ..........,......... 8-24
Exhibit 8.27 . Speed and Volume Variations by Hour of Day (Saturdays) .................... 8-25
Exhibit 8.28 . Time Headway Distributionfor Long Island Expressway ........................ 8-26
Exhibit 8.29 . Observed Saturation Flow Rates at Signalized Intersections ................. 8-27
Exhibit 8.30 . Research Results on Queue Discharge Headways ................................ 8-28
Exhibit 8.31 . Observed Peak.Direction, Peak-Hour Passenger Volumes on U.S.
and Canadian Bus Transit Routes-1 995 Data ...................................... 8-29
Exhibit 8.32 . Observed U.S. and Canadian Light Rail Transit Passenger
Volumes, Peak Hour at the Peak Point for Selected Lines

Chapter 8- Traffic Characteristics

8-ii

\

i

Highway Capacity Manual 2000

I.

VEHICLE AND HUMAN FACTORS

Three major components affect driving: the vehicle, the roadwaylenvironment, and
the driver. In this chapter, vehicle and driver characteristics and how they are affected by
the environment and physical properties of the roadway are identified. The
characteristics and performance of motor vehicles play a major role in defining the
fundamentals of traffic flow and capacity. Human behavior also contributes to the
characteristics of traffic flow on a facility.

MOTOR VEHICLE CHARACTERISTICS
This section summarizes the operating characteristics of motor vehicles that should
be considered in analyzing a facility. The major considerations are vehicle types and
dimensions, turning radii and offtracking, resistance to motion, power requirements,
acceleration performance, and deceleration performance. Motor vehicles include
passenger cars, trucks, vans, buses, recreational vehicles, and motorcycles. These
vehicles have unique weight, length, size, and operational characteristics. The forces that
must be overcome by motor vehicles if they are to move are rolling, air, grade, curve, and
inertial resistance. The weight/power ratios are useful for indicating the overall
performance in overcoming these forces. Exhibit 8-1 summarizes typical motor vehicle
weight and power for different vehicle types.

Characteristics of various
roadway users

EXHIBIT 8-1. MOTORVEHICLE WEIGHT AND POWER
Motor Vehicles

Empty Weight with
Driver (Ib)
3,400
4,200
10,000
25,000

Passenger car
Large pickup truck
Two-axle, six-tire truck
Tractor-semitrailer
Source: Traffic Engineering Handbook (1).

Nominal Power (hp)
105
175
175
325

Weight-to-Power Ratio
(IbIhp)
32.4
24.0
57.1
76.9

Vehicle acceleration and deceleration rates are factors in designing traffic signal
timing, computing fuel economy and travel time values, and estimating how normal
traffic flow is resumed after a breakdown. Vehicle acceleration rates of passenger cars
accelerating after a stop range between 3 and 13 ft/s2, while passenger car deceleration
rates range between 7 and 26 ft/s2 (I).

DRIVER CHARACTERISTICS
Driving is a complex task involving a variety of skills. The most important of these
skills involve taking in and processing information and making quick decisions based on
this information. Driver tasks are categorized into three main elements: control,
guidance, and navigation. Control involves the driver's interaction with the vehicle in
terms of speed and direction (accelerating, braking, and steering). Guidance refers to
maintaining a safe path and keeping the vehicle in the proper lane. Navigation means
planning and executing a trip.
The perception and processing of information are important driver characteristics.
About 90 percent of the information a driver receives is visual. A significant component
in the successful processing and use of information is the speed with which this
processing is done. One of the parameters that is used to quantify the speed of processing
information is perception-reaction time, which represents how quickly a driver can
respond to an emergency situation. The parameter called sight distance is directly
associated with reaction time. There are three types of sight distance: stopping, passing,
and decision. This parameter is used to determine geometric features of transportation
facilities.
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Other factors like nighttime driving, fatigue, driving under the influence of alcohol
and drugs, elderly drivers, and police enforcement contribute to driver behavior on a
transportation facility. All these factors can affect the operational parameters of speed,
delay, and density.

PEDESTRIAN CHARACTERISTICS
Pedestrian speed is probably the most important characteristic of a pedestrian facility
that is affected by individual pedestrian behavior and habit. Among several factors that
influence walking speed are density, gender, size of platoon, percentage of elderly
population, handicapped pedestrian population, and child pedestrian population. An
average walking speed of 40-ftls is appropriate for typical groups of pedestrians. The
amount of space required by a queued or standing pedestrian is 8.0 ft2. At signalized
intersections pedestrian crossings must be assigned an amount of effective green time
based on average walking speed.

BICYCLE CHARACTERISTICS
The bicycle and the bicyclist have very different characteristics and exhibit different
operation than do drivers of motor vehicles. The typical speed of bicycles is about
15 milh. Among other factors that affect bicycles are the type of bicycle, the bike path
surface type, weather conditions, the grade of the path, and the mix of other
nonmotorized users oh the bike path.

BUS AND LIGHT RAIL CHARACTERISTICS
Bus and light rail capacity are affected by vehicle type, loading area performance,
and dwell time of the bus or light rail vehicle. Each bus requires a certain amount of
service time at stops that varies with the number of boarding and alighting passengers,
door configuration, and fare collection method. The minimum safe spacing between
buses in motion and the number of loading areas available at any stop also influence the
total number of buses and persons that a given facility can carry.
The total passenger flow rate varies with bus capacity and the trade-off between
seated capacity and standees. The largest number of seats and lowest number of standees
should occur on longer suburban bus routes or on intercity bus routes where higher levels
of comfort are essential. A typical 40-ft urban transit bus can normally seat 43
passengers and carry up to 37 standees if the aisle circulation space is filled. Similarly, a
60-ft articulated bus can carry 65 seated passengers and 55 standees. However, bus
operator policy often limits the number of standees to levels below this theoretical
capacity.

II. DEMAND AND VOLUME
In this manual, demand is the principal measure of the amount of traffic using a
given facility. Thus, the term demand relates to vehicles arriving, while the term volume
relates to vehicles discharging.
Traffic demand varies by month of the year, day of the week, hour of the day, and
subhourly interval within the hour. These variations are important if highways are to
effectively serve peak demands without breakdown. The effects of a breakdown may
extend far beyond the time during which demand exceeds capacity and may take up to
several hours to dissipate. Thus, highways minimally adequate to handle a peak-hour
demand may be subject to breakdown if flow rates within the peak hour exceed capacity.
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Seasonal peaks in traffic demand are also of importance, particularly for recreational
facilities. Highways serving beach resort areas may be virtually unused during much of
the year, only to be subject to oversaturated conditions during peak summer periods.

SEASONAL AND MONTHLY VARIATIONS
Seasonal fluctuations in traffic demand reflect the social and economic activity of the
area being served by the highway. Exhibit 8-2 shows monthly variation patterns
observed in Minnesota. Several significant characteristics are apparent:
Monthly variations are more severe on rural routes than on urban routes,
Monthly variations are more severe on rural routes serving primarily recreational
traffic than on rural routes serving primarily busiriess traffic, and
Daily traffic patterns vary by month of year most severely for recreational routes.
EXHIBIT 8-2. EXAMPLES OF MONTHLY TR4FFIC VOLUME VARIATIONS FOR A FREEWAY
Routes with Si~lnificantRecreational Traffic

'"

Volume variations by month
and type of day
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Source: Minnesota Department of Transportation.

These observations lead to the conclusion that commuter and business-oriented travel
occurs in more uniform patterns and that recreational traffic creates the greatest variation
in volume patterns.
The data for Exhibit 8-3 were collected on the same Interstate route. One segment is
within 1 mi of the central business district of a large metropolitan area. The other
segment is within 50 mi of the first but serves a combination of recreational and intercity
business travel. The wide variation in seasonal patterns for the two segments underscores
the effect of trip purpose and may also reflect capacity restrictions on the urban section.
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EXHIBIT 8-3. EXAMPLES OF MONTHLY TRAFFIC VOLUME VARIATIONS FOR THE SAME INTERSTATE
HIGHWAY (RURAL AND URBAN SEGMENTS)
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DAILY VARIATIONS
Time of peak demand
will vary according to
highway type

Volume variations by day of the week are also related to the type of highway on
which observations are made. Exhibit 8-4 shows that weekend volumes are lower than
weekday volumes for highways serving predominantly business travel, such as urban
freeways. In comparison, peak traffic occurs on weekends on main rural and recreational
highways. Furthermore, the magnitude of daily variation is highest for recreational
access routes and lowest for urban commuter routes.
Exhibit 8-5 shows the variation in traffic by vehicle type for the shoulder lane of an
urban freeway. Although the values shown in Exhibits 8-4 and 8-5 are typical of patterns
that may be observed, they are not meant to substitute for local studies and analyses. The
average daily traffic averaged over a full year is referred to as the annual average daily
traffic, or AADT, and is often used in forecasting and planning.
HOURLY VARIATIONS
Typical hourly variation patterns are shown in Exhibit 8-6, where the patterns are
related to highway type and day of the week. The typical morning and evening peak
hours are evident for urban commuter routes on weekdays. The evening peak is generally
somewhat more intense than the morning peak, as shown in Exhibit 8-6. On weekends,
urban routes show a peak that is less intense and more spread out, occumng in early to
midafternoon.
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EXHIBIT

8-4. EXAMPLES OF DAILY TRAFFIC VARIATION BY TYPE OF ROUTE
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.............. Main rural route 1-35, Southern Minnesota, M O T 10,823, 4 lanes, 1980.
- - - - Recreational access route MN 169, North-Central Lake Region, M O T 3,863. 2 lanes, 1981.
Suburban freeway, four freeways in Minneapolis-St Paul, MOTS75,000-130,000, 6-8 lanes, 1982.
Average day.
Source: Minnesota Department of Transportation.
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EXHIBIT 8-5. DAILY VARIATION IN TR4FFIC BY VEHICLE TYPE FOR RIGHT LANE
OF AN URBAN FREEWAY
Variation by day of week and
route type for various types of
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Data were collected on 1-494,4 lanes, in Minneapolis-St Paul.
Source: Minnesota Department of Transportation.
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EXHIBIT 8-6. EXAMPLES OF HOURLY TRAFFIC VARIATIONS FOR RUR4L ROUTES
Intercity Route

Traffic variation during
the day by day of week
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Source: Transpodation and Tramc Engineering Handbook (3).

Recreational routes also have single daily peaks. Saturday peaks on such routes tend
to occur in the late morning or early afternoon (as travelers go to their recreational
destination) and in late afternoon or early evening on Sundays (as they return home).
The repeatability of hourly variations is of great importance. The stability of
peak-hour demand affects the feasibility of using such values in design and operational
analysis of highways and other transportation facilities. Exhibit 8-7 shows data obtained
in metropolitan Toronto. The area between the dotted lines indicates the range within
which one can expect 95 percent of the observations to fall. Whereas the variations by
hour of the day are typical for urban areas, the relatively narrow and parallel fluctuations
among the days of the study indicate the repeatability of the basic pattern. The
observations shown were obtained from detectors measuring traffic in one direction only,
as evidenced by the single peak hour shown for either morning or afternoon.
It is again noted that the data of Exhibits 8-6 and 8-7 are typical of observations that
can be made. The patterns illustrated, however, vary in response to local travel habits and
environments, and these examples should not be used as a substitute for locally obtained
data.
PEAK HOUR AND ANALYSIS HOUR
Capacity and other traffic analyses focus on the peak hour of traffic volume, because
it represents the most critical period for operations and has the highest capacity
requirements. The peak-hour volume, however, is not a constant value from day to day
or from season to season.

-
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EXHIBIT 8-7. REPEATABILITY OF HOURLY TRAFFIC VARIATIONS FOR URBAN STREETS
Repeatability of hourly
patterns
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If the highest hourly volumes for a given location were listed in descending order, a
large variation in the data would be observed, depending on the type of facility. Rural
and recreational routes often show a wide variation in peak-hour volumes. Several
extremely high volumes occur on a few selected weekends or in other peak periods, and
traffic during the rest of the year is at much lower volumes, even during the peak hour.
Urban streets, on the other hand, show less variation in peak-hour traffic. Most users are
daily commuters or frequent users, and occasional and special event traffic are at a
minimum. Furthermore, many urban routes are filled to capacity during each peak hour,
and variation is therefore severely constrained.
Exhibit 8-8 shows hourly volume relationships measured on a variety of highway
types in Minnesota. Recreational facilities show the widest variation in peak-hour traffic.
Their values range from 30 percent of AADT in the highest hour of the year to about 15.3
percent of AADT in the 200th-highest hour of the year and 8.3 percent in the 1,000thhighest hour of the year. Main rural facilities also display a wide variation. The highest
hour comprises 17.9 percent of the AADT, decreasing to 10 percent in the 100th-highest

Concept of peak hour and
analysis hour
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hour and 6.9 percent in the 1,000th-highest hour. Urban radial and circumferential
facilities show far less variation. The range in percent of AADT covers a narrow band,
from approximately 11.5 percent for the highest hour to 7 to 8 percent for the 1,000thhighest hour. Exhibit 8-8 is based on all hours, not just peak hours of each day, and
shows only the highest 1,100 hours of the year.
EXHIBIT 8-8. RANKED HOIJRLY VOLUMES

-- --

- Recreation Access Route MN 169
Main Rural Route 1-35

- - - - Urban Circumferential Freeway 1-494
............. Urban Radial Freeway I-35E

Hour Rank
Source: Minnesota Department of Transportation.
Selection of a peak
demand usually implies
that a small portion of the
demand during a year
will not be adequately
served
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The selection of an appropriate hour for planning, design, and operational purposes is
a compromise between providing an adequate level of service (LOS) for every (or almost
every) hour of the year and economic efficiency. Customary practice in the United States
is to base rural highway design on an hour between the 30th- and the 100th-highest hour
of the year. This range generally encompasses the knee of the curve (the area in which
the slope of the curve changes from sharp to flat). For rural highways, the knee has often
been assumed to occur at the 30th-highest hour, which is often used as the basis for
estimates of design-hour volume. For urban roadways, a design hour for the repetitive
weekday peak periods is common.
Past studies (5,6) have emphasized the difficulty in locating a distinct knee on hourly
volume curves. These curves illustrate the point that arbitrary selection of an analysis
hour between the 30th- and the 100th-highesthours is not a rigid criterion and indicate
the need for local data on which to base informed judgments.
The selection of analysis hour must consider the impact on design and operations of
higher-volume hours that are not accommodated. The recreational access route curve of
Exhibit 8-8 shows that the highest hours of the year have more than twice the volume of
the 100th hour, whereas the highest hours of an urban radial route are only about 15
percent higher than the volume in the 100th hour. Use of a design criterion set at the
100th hour would create substantial congestion on a recreational access route during the
highest-volume hours but would have less effect on an urban facility. Another
consideration is the LOS objective. A route designed to operate at LOS B can absorb
larger amounts of additional traffic than a route designed to operate at LOS D during
those hours of the year with higher volumes than the design hour. As a general guide, the
most repetitive peak volumes may be used for the design of new or upgraded facilities.
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The LOS during higher-volume periods should then be tested as to the acceptability of the
resulting traffic conditions.
The proportion of AADT occurring in the analysis hour is referred to as the K-factor,
expressed as a decimal fraction:
The K-factor generally decreases as the AADT on a highway increases;
The reduction rate for high K-factors is faster than that for lower values;
The K-factor decreases as development density increases; and
The highest K-factors generally occur on recreational facilities, followed by rural,
suburban, and urban facilities, in descending order.
The K-factor should be determined, if possible, from local data for similar facilities
with similar demand characteristics. Exhibit 8-9 presents an example of K-factors
developed for Florida (7).

K-factor defined

EXHIBIT 8-9. TYPICAL K-FACTDRS
Area Tvoe
Urbanized
Urban
Transitioning/Urban
Rural Developed
Rural Undeveloped

K-Factor
0.091
0.093
0.093
0.095
0.100

Source: Florida Department of Transportation (7).
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The area types in Exhibit 8-9 are defined as follows:
Urbanized areas are those designated by the U.S. Bureau of the Census.
Urban areas are places with a population of at least 5,000 not already included in
an urbanized area.
Transitioning areas are the areas outside of, or urbanized areas expected to be
included in, an urbanized area within 20 years.
Rural areas are whatever is not urbanized, urban, or transitioning.
SUBHOURLY VARIATIONS IN FLOW
Volume forecasts for long-range planning studies are frequently expressed in terms
of AADT (vehicles per day), subsequently reduced to hourly volumes. The analysis of
LOS is based on peak rates of flow occurring within the peak hour. Most of the
procedures in this manual are based on peak 15-min flow rates. Exhibit 8-10 shows the
substantial short-term fluctuation in flow rate that can occur during an hour.
In Exhibit 8-10 the maximum 5-min rate of flow is 2,232 vehk, whereas the
maximum rate of flow for a 15-min period is 1,980 vehlh. The full hour volume is only
1,622 v e m . A design for a peak 5-min flow rate would result in substantial excess
capacity during the rest of the peak hour. A design for the peak-hour volume would
result in oversaturated conditions for a substantial portion of the hour.
Consideration of these peaks is important. Congestion due to inadequate capacity
occumng for only a few minutes can take substantial time to dissipate because of the
dynamics of breakdown flow. Fifteen-min flow rates have been selected as the basis for
most procedures of this manual. The relationship between the peak 15-min flow rate and
the full hourly volume is given by the peak-hour factor (PHF). Whether the design hour
is measured, established from the analysis of peaking patterns, or based on modeled
demand, the PHF is applied to determine design-hour flow rates.
PHFs in urban areas generally range between 0.80 and 0.98. Lower values signify
greater variability of flow within the subject hour, and higher values signify less flow
variation. PHFs over 0.95 are often indicative of high traffic volumes, sometimes with
capacity constraints on flow during the peak hour.

Variation in traffic within the
hour

-
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TEMPORAL DISTRIBUTIONS
The proportion of total daily traffic that occurs in the peak hour is defined by the
K-factor. For many rural and urban highways, this factor falls between 0.09 and 0.10.
For highway sections with high peak periods and relatively low off-peak flows, the
K-factor may exceed 0.1 0. Conversely, for highways that demonstrate consistent and
heavy flows for many hours of the day, K-factors lower than 0.09 are often observed.
EXHIBIT 8-10. RELATIONSHIP BETWEEN SHORT-TERM AND HOURLY FLOWS

1

Peak Hourly Volume
(Based on 15-min Time Periods)

Time Period
Source: Minnesota Departmentof Transportation.
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SPATIAL DlSTRlBUTlONS
Traffic volume varies in space as well as time. The two critical spatial characteristics
in capacity analysis are directional distribution and volume distribution by lane. Volume
may also vary longitudinally along various segments of a facility, but this does not
explicitly affect capacity analysis computation because each facility segment serving
different traffic demands is analyzed separately.

Directional Distribution
During any particular hour, traffic volume may be greater in one direction than in the
other. An urban radial route, serving strong directional demands into the city in the
morning and out at night, may display as much as a 2: 1 imbalance in directional flows.
Recreational and rural routes may also be subject to significant directional imbalances,
which must be considered in analyses. Exhibit 8-1 1 gives the directional distribution on
various highway types in Minnesota.

Concept of directional
distribution

EXHIBIT 8-1 1. DIRECTIONAL DISTRIBUTION CHARACTERISTICS

Highest Hour of the Year
1st
10th
50th
100th

'-

Percentage of Traffic in Peak Direction
Type of Facility
Urban Circumferential
Urban Radial
53
66
53
66
53
65
65
50

Rural
57
53
55
52

Source: Minnesota Department of Transportation.

Directional distribution is an important factor in highway capacity analysis. This is
particularly true for two-lane rural highways. Capacity and level of service vary
substantially on the basis of directional distribution because of the interactive nature of
directional flows on such facilities. Procedures for two-lane highways include explicit
consideration of directional distribution.
Whereas there is no explicit consideration of directional distribution in the analysis
of multilane facilities, the distribution has a dramatic effect on both design and LOS. As
indicated in Exhibit 8-1 1, up to two-thirds of the peak-hour traffic on urban radial routes
has been observed to be moving in one direction. Unfortunately, this peak occurs in one
direction during the morning and in the other in the evening. Thus, both directions of the
facility must be adequate for the peak directional flow. This characteristic has led to the
use of reversible lanes on some urban streets.
Directional distribution is not a static characteristic. It changes from year to year and
by hour of the day, day of the week, and season. Development in the vicinity of highway
facilities often induces traffic growth that changes the existing directional distribution.
The proportion of traffic moving in the peak direction of travel during peak hours is
denoted as D. The K-factor, the proportion of AADT occurring in the analysis hour, was
discussed previously. These two factors are used to estimate the peak-hour traffic volume
in the peak direction using Equation 8- 1:
DDHV=AADT'K'D

(8-1)

where
DDHV
AADT
K
D

= directional design-hour volume (veh/h),
= annual average daily traffic (vehlday),
= proportion of AADT occurring in the peak hour, and
= proportion of peak-hour traffic in the peak direction.

Chapter 8 - Traffic Characteristics
Demand and Volume

Highway Capacity Manual 2000
The product of the factors K and D is given for a number of facilities in Exhibit 8-12.
The product gives the proportion of AADT occurring in the maximum direction of the
peak hour.
EXHIBIT 8-12. OBSERVED VALUES OF K AND D ON SELECTED FREEWAYS AND EXPRESSWAYS

Facility

Year
Count
Taken

Number
of Lanes

1-20 E. of CBD at Moreland Ave.
1-20 at Martin Luther King Jr. Drive
1-75 N. of CBD at University Ave.
1-75 N. of CBD (N. of 1-85)
1-85 N. of 1-75 at Monroe Dr.
1-93 N. of 1-495
SE Expressway at Southampton St.
1-95 E. of Rt 128 N. of Middlesex
1-25 S. of 1-70
1-70, Colorado Blvd. to Dahlia
U.S. 6 W. of Federal Blvd.
1-96 Jeffers Freeway at Warren
Lodge at E. Grant Blvd.
1-10 E. of Taylor S t
1-10 E. of McCarty
1-610 at Ship Channel
N.-S. Freeway at Wisconsin
N.-S. Freeway at Greenfield
E.-W. Freeway at 26th St
Zoo Freeway at Wisconsin
Airport Freeway at 68th
Holland Tunnel

1984
1984
1984
1984
1984
1984
1982
1984
1984
1984
1985
1980
1981
1985
1985
1985
1984
1984
1984
1984
1984
1982

8
8
8
8
8
6
6
8
8
6
6
8
6
10
8
10
8
8
6
6
6
4

Volumes in Peak
Direction
Vehicles % 2-Way
Annual
AADT
Avg. Daily (1-Way)
Traffic
(K * D)
(2-Wa~)
7.8
99.900
7794
91,200
5198a
5.7a
146,050
8179
5.6a
6.Za
5135
82.830
95,300
7.1
6765
76,500
6.8
5200
143,300
4.8
6860
125,050
5.8
7282
7500
175,000
4.3
4650
114,000
4.1
5835
112,000
5.2
6270
67,600
9.3
111.450
4.2
5660
7600
151,000
5.0
7530
6.8
110,200
5540
103,200
5.4
4.5
5730
118,080
5.8
6380
110,050
4.7
121,150
5700
4.3
110,730
4760
4.9
3940
81,020
3.7
2700
73,200

1-60 Oakland Bay Bridge

1984

10

223.000

8898

4.0

1780

1-66 Theodore Roosevelt Bridge
Anacostia Freeway at Howard Rd.

1984
1984

6
6

86,200
121.700

7413a
6085a

8.6a
5.0a

2471a
2028a

City and 1990
Urbanized Area
Population
Atlanta, GA
2,157,806

Boston, MA
2,775.370
Denver, CO
1,517,977
Detroit, MI
3,697,529
Houston, TX
2,901,851
Milwaukee, WI
1,226,293

New York, NY
16,044,012
San Francisco,
CA 3,629,516
Washington.
D.C. 3,363,061

Avg.
Volume
Per Lane
(veh/h/ln)
1948
129ga
2045a
1284a
1641
1733
2286
1823
1875
1550
1945
1568
1558
1520
1882
1108
1342
1595
1900
1581
1313
1350

Note:
a. Values are based on K * D value for 1975.
Source: Levinson (8).

If average annual daily traffic is not known, it can be estimated from average
weekday traffic using Equation 8-2 derived from the Highway Performance Monitoring
System (HPMS) (9).
AWDT
AADT==

(8-2)

where
AADT
A WDT

= annual average daily traffic (vehlday), and
= average weekday daily traffic (vehlday).

Lane Distribution
Concept of lane
distribution

Chapter 8 - Traffic Characteristics
Demand and Volume
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in lane use varies widely. The volume distribution by lane depends on traffic regulations,
traffic composition, speed and volume, the number and location of access points, the
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origin-destination patterns of drivers, the development environment, and local driver
habits.
Because of these factors, there are no typical lane distributions. Data indicate that
the peak lane on a six-lane freeway, for example, may be the shoulder, middle, or median
lane, depending on local conditions.
Exhibit 8-13 gives daily lane distribution data for various vehicle types on selected
freeways. The data are illustrative and are not intended to represent typical values.

i

EXHIBIT 8-13. LANE DISTRIBUTION BY VEHICLE TYPE
Highway
Lodge Freeway, Detroit

1-95, Connecticut Turnpike
1-4, Orlando, Florida

I
I

Vehicle Type
Lighta
Single-Unit Trucks
Combinations
All Vehicles
Lighta
~lr~ehicles
All Vehicles

Lane I

29.2
30.8
88.5
30.9
34.6
37.1
29.9

Percent Distribution By Lanep
Lane 2
Lane 3

38.4
61.5
2.9
37.8
40.9
40.4
31.7

32.4
7.7
8.6
31.3
24.5
22.5
38.4

Notes:
a. Passenger cars, panel trucks, and pickup trucks.
b. Lane I = shoulder lane; lanes numbered from shoulder to median.
Source: Huber and Tracy (lo);Florida Department of Transportation, 1993.

The trend indicated in Exhibit 8-13 is reasonably consistent throughout North
America. Heavier vehicles tend toward the right-hand lanes, partially because they may
operate at lower speeds than other vehicles and partially because of regulations
prohibiting them from using leftmost lanes.

Ill. MEASURED AND OBSERVED VALUES

(\ .;'>'

The methodologies in this manual are based on calibrated national average traffic
characteristics observed over a range of facilities. Observations of these characteristics at
specific locations will vary somewhat from national averages because of unique features
of the local driving environment.
The number of motor vehicles in the United States has been steadily increasing, with
over 200 million registered vehicles in 1996. The increase during the 10-yearperiod
from 1986 was more than 17 percent (Exhibit 8-14). The number of passenger cars
decreased during that period by 0.3 million, and the number of trucks grew by almost 30
million, with most of them in the light truck category. The number of motorcycles
decreased from 5.2 million to 3.9 million.
On the rural Interstate system, automobiles and light trucks and buses account for 77
percent of average daily traffic volumes, with heavy trucks and buses representing the
remainder (Exhibit 8-15). Annual travel on the roadways of the United States reached an
estimated 2.5 trillion vehicle-mi, or about three times the level reported in 1960, as shown
in Exhibit 8-16. Travel grew about 47 percent during the 1960s, another 38 percent in the
1970s, and another 41 percent in the 1980s. Travel in urban areas accounted for 1.5
trillion vehicle-mi in 1996, or 61 percent of the total, compared with 44 percent in 1960.
The amount of travel in urban areas increased by almost 45 percent in the 1980s, faster
than in rural regions, where growth was still very significant at 27 percent.
Exhibit 8-17 lists percentages of traffic distribution based on (a) vehicle
classification data collected by states and compiled by the Federal Highway
Administration and (b) information from the Bureau of the Census' Truck Inventory and

The levels and characteristics
of traffic demand are
constantly changing

-"
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Use Survey (TIUS) on the use of light trucks (11). The percentages in Exhibit 8-17 are
daily values with peak-hour conditions being half or less than half of the numbers.
EXHIBIT 8-14. MOTOR VEHICLE REGISTRATION

300

0

/

0
1970

I
1975

I

I

1980

1985

1990

1996

Year
Vehicle T v ~ e
Automobiles
Buses
Trucks
P&C Light Trucksa
P&C Truck Tractorsa
Other Single-Unit Trucks and Publicly Owned Trucks
Total

Percent Change 1986 to 1996
-0.2
16.7
68.3
75.0
27.3
26.9
17.5
-25.0

Notes:
a. Private and commercial.
b. Motorcycles not included in total.
Source: Our Nation's Highways, Selected Facts and Figures, Federal Highway Administration, 1996.

-
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EXHIBIT 8-15. RURAL INTERSTATE TRAVEL BY VEHICLE TYPE
Distribution of average daily traffic on the rural Interstate
system as a percent of total

'

O

0

0

0Automobiles, buses, and light trucksa
Heavy single-unit trucksb
Combination trucks, 3 or 4 axles
Combination trucks, 5 or more axles

0

Notes:
a. All 2-axle, 4-tire trucks. Includes pickup trucks, panel trucks, vans, and other vehicles (campers, motor homes, etc.)
b. All vehicles on a single frame having either 2 axles and 6 tires or 3 or more axles (including camping and recreational
vehicles and motor homes).
Source: Our Nation's Highways, Selected Facts and Figures, Federal Highway Administration, 1996.
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I

EXHIBIT 8-16. ANNUAL VEHICLE MILES OF TRAVEL
2.5

I

1

Year
Source: Our Nation's Highways, Selected Facts and Figures, Federal Highway Administration,1996.

EXHIBIT 8-17. PERCENT DISTRIBUTION OF TRAFFIC BY VEHICLE CLASS
Functional
Class

Noncommercial
Vehicles (%)

I

Commercial Vehicles
Four-Tire
Single-Unit
Combination
(%)
(% )
(%)
Rural

Total
(%)

lnterstate
Other principal
arterials
Minor arterial,
collector and local
Average - rural
Urban
Interstate
Other freeways
and expressways
Other principal
arterials
Minor arterials
Collectors
Local
Average - urban

88.2
90.5

5.5
5.5

1.8
1.7

4.5
2.3

100
100

89.5

6.6

1.7

2.2

100

90.4
90.3
91.0
89.8

6.4
6.4
6.4
6.2

1.7
1.8
1.8
1.7

1.5
1.5
0.8
2.3

100
100
100
100

Source: Quick Response Freight Manual ( 11).
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VOLUMES AND FLOW RATES
Capacity is defined in terms of the maximum flow rate that can be accommodated by
a given traffic facility under prevailing conditions. The determination of capacity
involves the observation of highways of various types operating under high-volume
conditions.
The direct observation of capacity is difficult to achieve for several reasons. The
recording of a high, or even a maximum, volume or flow rate for a given facility does not
ensure that a higher flow could not be accommodated at another time. Furthermore,
capacity is sometimes not a stable operating condition.
The highest reported volumes and flow rates on facilities throughout the United
States and Canada are identified in the following sections. The observations may or may
not represent the absolute capacities of the subject highways and reflect prevailing
conditions at the locations in question. These observations are a sample of high volumes
recorded by state and local highway agencies and do not suggest that there are no other
facilities experiencing similar, or even higher, volumes. In some cases, auxiliary lanes
may be present, resulting in lower actual flows per lane than shown in the figures.
The data were collected from the literature and from surveys conducted by the
Committee on Highway Capacity and Quality of Service of the Transportation Research
Board and by the Federal Highway Administration over a number of years.

Freeways
The reported average annual daily traffic volumes on selected Interstate highways are
given in Exhibit 8-18. Most of these high-volume freeways are found in the largest
metropolitan areas. Daily traffic volumes on these heavily used highways exceed
200,000 vehlday. Exhibit 8-19 contains a sample of the maximum reported hourly oneway volumes and the average volumes per lane on rural and urban freeways in the United
States. Most volumes in this table exceed 2,000 veh/h/ln, with several freeways featuring
average lane volumes of more than 2,400 veh/h/ln. The highest reported lane volumes on
selected freeways are given in Exhibit 8-20.
Freeway capacity analysis procedures of this manual use a rate of flow of 2,400
pcklln for freeways with free-flow speeds of 70 to 75 milh and 2,300 pc/h/ln for
freeways with free-flow speeds of 65 mi/h as the capacity under base conditions. Exhibit
8-19 contains observations of values higher than this standard, but these are the
maximums reported on a given freeway and are not expected to be achieved on most
other freeway segments.

Multilane Highways
The observation of multilane rural highways operating under capacity conditions is
difficult, because such operations rarely occur. Exhibit 8-21, however, contains some
data for four-lane, six-lane, and eight-lane highways in suburban settings operating with
uninterrupted-flow conditions.
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EXHIBIT 8-19. REPORTED MAXIMUM HOURLY ONE-WAY VOLUMES ON SELECTED FREEWAYS
Total Volume
Location
Avg. Vol. Per Lane
(vewh)
(veh/h/l n)
CLane Freeways
1-66. Fairfax, Virainia
530 1
2650
u.s..~I,~ansastity,Missouri
5256
2628
1-59, Birmingham, Alabama
4802
2401
I-35W, Minneapolis, Minnesota
4690
2345
1-225, Denver, Colorado
4672
2336
1-287, Morris Co., New Jersey
4624
2312
1-295, Washington, D.C.
4480
2240
4458
1-235, Des Moines, Iowa
2229
1-71, Louisville, Kentucky
4446
2223
1-55, Jackson, Mississippi
4436
2218
1-35, Kansas City, Kansas
4398
2199
CA 4, Contra Costa County, California
4342
2171
4240
1-45, Houston, Texas
2120
1-64, Charleston, West Virginia
4152
2077
U.S. 4/NH 16, Newington, New Hampshire
4083
2041
1-564, Norfolk, Virginia
3962
1982
Northern State Parkway, New York
3840
1920
1-93, Windham, New Hampshire
3804
1902
&Lane Freeways
1-495, Montgomery Co., Maryland
7495
2498
U.S. 6, Denver, Colorado
7378
2459
1-5, Portland, Oregon
2396
7188
I-35W, Minneapolis, Minnesota
6909
2303
CA 17, San Jose, California
2262
6786
Texas 121, Bedford, Texas
2224
6673
I-35E, Dallas, Texas
2203
6611
Garden State Parkway, New Jersey
6608
2203
1-5 Seattle-Everett, Washington
2177
6533
1-15, Salt Lake City, Utah
6357
21 19
1-24, Nashville, Tennessee
6280
2093
NJ 3, Secaucus, New Jersey
6251
2083
1-287, Somerset Co., New Jersey
6151
2050
1-290, Hillside, Illinois
6149
2047
1-90, Northwest Tollway, Illinois
6120
2040
1-80, Omaha, Nebraska
61 13
2038
1-40, Nashville, Tennessee
6104
2035
Southern State Parkway, New York
5610
1870
%Lane Freeways
1-635, Dallas, Texas
2272
9090
2228
8911
Garden State Parkway, New Jersey
1-495, Montgomery Co., Maryland
2198
8793
1-25, Denver, Colorado
2175
8702
1-495, Fairfax, Virginia
2152
8610
1-405, Los Angeles, California
2090
8360
1-5, Seattle, Washington
8295
2073
U.S. 50, Sacramento, California
2071
8284
U.S. 59, Houston, Texas
2067
8268
I-35W, Minneapolis, Minnesota
2042
8168
1-80, W. Paterson, New Jersey
1712
6851
1-71, Columbus, Ohio
6682
1670
Tunnels
1-279, Fort Pitt Tunnel, Pittsburgh, Pennsylvania (4-lane)
4278
2139
1-376, Squirrel Hill Tunnel, Pittsburgh, Pennsylvania (4-lane)
3922
1961
1-895, Harbor Tunnel, Baltimore, Maryland (4-lane)
3166
1584
SR lA, Callahan Tunnel, Boston, Massachusetts (2-lane, half of
3059
1530
one-way pair)
1-95, F o t McHenly Tunnel, Baltimore, Maryland (8-lane)
5840
1460
Source: HCQS Survey, Federal Highway Administration.
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EXHIBIT 8-20. REPORTED MAXIMUM LANE VOLUMES ON SELECTED FREEWAYS
Location

I

Avg. Volume Per Lane (vehlhlln)
4-Lane Freewavs

1-70, Wheeling, West Virginia
1-55, Jackson, Mississippi
1-235. Des Moines. Iowa

Volume In Peak Lane (vehlhlln)
2552
2542
2466

2218
2229
6-Lane Freeways
2035
2177
2093
8-Lane Freeways
2073

1-40, Nashville, Tennessee
1-5, Seattle, Washington
1-24. Nashville, Tennessee
1-5, Seattle, Washington
1-70, Columbus, Ohio
1-71. Columbus. Ohio

I

1

1670

2664
2630
2500
2596
2298
2088

I

Source: HCQSSurvey and Federal Highway Administration.

EXHIBIT 8-21. REPORTED MAXIMUM ONE-WAY VOLUMES FOR SELECTED MULTILANE HIGHWAYS
Location
U.S. 101, Sonoma County, California
Utah 201, Salt Lake City, Utah
SR 17, Bergen County, New Jersey
U.S. 301, Prince Georges County,
Maryland

I

U.S. 46, Passaic County, New Jersey
SR 3, Passaic County, New Jersey
U.S. 1, Essex County, Massachusetts
Almaden Expressway, San Jose,
California

I

Total Volume IveWh)
4-Lane Highways
4124
3989
3776
3304
6-Lane Highways
5596
5348
4776
8-Lane Hiahwavs
5428

I Ava. Volume Per Lane Ivehlhlln)
2062
1995
1888
1652

1865
1783
1592

I

1357

Source: HCQSSurvey, Federal Highway Administralion.

I

Rural Two-Way, Two-Lane Highways
Two-lane, two-way rural highways in the United States and Canada rarely operate at
volumes approaching capacity, and thus the observation of capacity operations for such
highways in the field is difficult.
A sampling of high-volume observations is given in Exhibit 8-22, but it is
emphasized that none may be taken to represent capacity for the facilities shown.
Observations on two-lane, two-way rural highways in Europe have been reported at far
higher volumes. Volumes of more than 2,700 veh/h have been observed in Denmark,
more than 2,800 in France, more than 3,000 in Japan, and more than 2,450 in Norway.
Some of these volumes have contained significant numbers of trucks, some as high as 30
percent of the traffic stream (12).
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EXHIBIT 8-22. REPORTED MAXIMUM VOLUMES ON SELECTED TWO-LANE RUR4L HIGHWAYS
I

Location

.

Total Volume
(vehlh)
Hlghways
3107

1

Madera-Olsen Rd., Simi Valley, California
Madera-Olsen Rd., Simi Valley, California
Hwy. 1, Banff, Alberta, Canada
Hwy. 351115, Kirby, Ontario, Canada
Wasatch Blvd., Salt Lake City, Utah
Hwy. 35, Kirby, Ontario, Canada
U.S. 50, Lake Tahoe, California
NJ 50, Cape May Co., New Jersey
Hwy. 1, Banff-Yoho, Alberta-British Columbia, Canada
Hwy. 4, Contra Costa, California
Bridgesnunnels
U.S. 158, Nags Head, North Carolina
Midtown Tunnel, NorfolklPortsmouth, Virginia
Sagamore Bridge, Hudson, New Hampshire
TH 15, St. Cloud, Minnesota
Underwood Bridge, Hampton, New Hampshire
Staley Viaduct, Decatur, Illinois
Source: HCQS Sunrey and Federal Highway Administration.

3195
2920
2701
2242
1960
1919

1

Peak Dir.
Off-Peak Dir.
Volume (vehlh) Volume (vehlh)
1651

1827

1093

1146
1041
971

1096
919
948

Urban Streets
Since flow on urban streets is uninterrupted only on segments between intersections,
the interpretation of high-volume observations is not as straightforward as for
uninterrupted-flow facilities. Signal timing plays a major role in the capacity of such
facilities, limiting the portion of time that is available for movement along the urban
street at critical intersections. The volumes reported in Exhibit 8-23 are shown with the
green to cycle time ratios in effect for the subject segments. Flow rates in vehicles per
hour are estimated by taking the reported volumes and dividing by the reported green to
cycle ratio. The prevailing conditions on urban streets may vary greatly, and such factors
as curb parking, transit buses, lane widths, upstream intersections, and other factors may
substantially affect operations and observed volumes.
Note that the comparison of maximum flow rates in vehicles per hour per lane varies
widely. These observations did not include such factors as left- and right-turn lanes,
which may enhance the capacity of the intersection approach, nor were other prevailing
conditions cited. Capacity of the urban street is generally limited by the capacity of
signalized intersections, with segment characteristics seldom playing a major role in the
determination of capacity.

SPEED
Trends
Nationwide speed trends though 1994 are shown in Exhibit 8-24 for Interstate rural
highways. In 1973-1974, in response to a severe fuel shortage, the 55-mi/h national
speed limit was introduced, and a sharp decline in speeds was observed. Exhibit 8-25
confirms the increasing speed trends on highways in the United States. All of the
highways referenced in Exhibit 8-25 had a 55-mik speed limit when the data were
reported.
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EXHIBIT 8-25. NATIONAL SPOT SPEED TRENDS FOR55-mi/h FACILITIES
Average Speed
85th Percentile
Fiscal Year
Median Speed
Percent > 55 milh
(milh)
(milh)
Speed (milh)
Urban lnterstate Highways
1985
1987
1989
1991

57.2
58.0
58.9
58.8

57.4
58.0
59.0
58.8

64.0
64.8
66.1
66.1

64.1
67.4
71.3
69.8

66.1
66.5
67.2
67.2

75.4
73.7
76.8
75.5

61.7
62.8
63.1
63.1

50.5
54.3
56.0
54.5

60.5

42.1

Rural lnterstate Highways
1985
1987
1989
1991

59.5
59.7
60.1
59.9

1985
1987
1989
1991

54.9
55.9
56.2
56.4

59.4
59.7
60.3
59.4

Rural Streets
55.2
56.1
56.4
56.3

Urban Principal Streets
1985

53.5

53.6

Note:
All highways have 55-milh speed limit.
Source: Highway Statistics, Federal Highway Administration, 1992.
?

(.

.

Aside from the general interest in the speed limit issue, these speed trends affect the
procedures presented in this manual. Uninterrupted-flow procedures incorporate national
average speed-flow and speed-density trends. The exact shape of these curves and the
calibration of speeds (especially at the free-flow end of the relationships) reflect current
trends. Curves used in this manual allow for average speeds of up to 75 m i h in response
to the observed increase in driver-selected speeds under free-flow conditions.

Speed Variation by Time of Day
Exhibits 8-26 and 8-27 show variations of speed with time of day, along with hourly
volume variations, over a 24-h period for I-35W in Minneapolis. Exhibit 8-26 shows the
weekday pattern, whereas Exhibit 8-27 shows a similar distribution for Saturdays.
In these exhibits note that speed remains relatively constant despite significant
changes in volume. In Exhibit 8-26, speed shows a marked response to volume increases
only when the volume exceeds approximately 1,600 vehlhnn. This trend is illustrated
later and is an important characteristic in the procedures of this manual. If speed does not
vary with flow rate over a broad range of flows, it becomes difficult to use speed as the
sole measure for defining level of service. This important characteristic is the major
reason why such measures as density have been introduced as primary measures of
effectiveness for uninterrupted-flow facilities, with speed playing a seconda~yrole.

I
Speed is not significantly
affected by volume over a
wide range of demand
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EXHIBIT 8-27. SPEED AND VOLUME VARIATIONS BY HOUR OF DAY (SATURDAYS)
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12
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Source: Minnesota Department of Transportation.

HEADWAY DISTRIBUTIONS AND RANDOM FLOW
The average headway in a lane is the reciprocal of the flow rate. Thus, at a flow of
1,200 vehlhlln, the average headway is 3,60011,200 or 3 s. Vehicles do not, however,
travel at constant headways. Vehicles tend to travel in groups, or platoons, with varying
headways between successive vehicles. An example of the distribution of headways
observed on the Long Island Expressway is shown in Exhibit 8-28. Lane 3 has the most
uniform headway distribution, as evidenced by the range of values and the high frequency
of the modal value, which is the peak of the distribution curve. The distribution of Lane
2 is similar to that of Lane 3, with slightly greater scatter (range from 0.5 to 9.0 s). Lane
1 shows a much different pattern: it is more dispersed, with headways ranging from 0.5 to
12.0 s, and the frequency of the modal value is only about one-third of that for the other
lanes. This indicates that flow rate in the shoulder lane is usually lower than flow rates in
the adjacent lanes when the total flows are moderate to high on the facility.
Exhibit 8-28 shows relatively few headways less than 1.0 s. A vehicle traveling at 60
mi/h (88 ftls) would have a spacing of 88 ft with a 1.O-s headway, and only 44 ft with a
0 . 5 s headway. This effectively reduces the space between vehicles (rear bumper to front
bumper) to only 25 to 30 ft. This spacing (also called gap) would be extremely difficult
to maintain.

-
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EXHIBIT 8-28. TlME HEADWAY DISTRIBUTION FOR LONG ISLAND EXPRESSWAY
-
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Lane 1 Right Lane

............... Lane 2
- - - - Lane 3

0

I
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15
Time Headway (s)

I

20

Source: Berly and Gandhi (13).

Drivers react to this intervehicle spacing, which they perceive directly, rather than to
measures of headway. The latter include the length of the vehicle, which became smaller
for passenger cars in the vehicle mix of the 1980s. In the 1990s, a larger vehicle mix is
observed due to the popularity of sport utility vehicles. If drivers maintain essentially the
same intervehicle spacing and car lengths continue to increase, some decreases in
capacity could conceivably result.
If traffic flow were truly random, small headways (less than 1.0 s) could theoretically
occur. Several mathematical models have been developed that recognize the absence of
small headways in most traffic streams (14).

SATURATION FLOW AND LOST TlME AT SIGNALIZED INTERSECTIONS
Saturation flow rates
have been increasing
with time
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The basic concepts of saturation headway, saturation flow rate, and start-up and
change interval lost times were introduced elsewhere in this chapter. Exhibit 8-29
summarizes the results of representative past and recent studies. The table indicates that
saturation headways have been shortening in the last decade, and consequently saturation
flow rates have been increasing. This trend has been observed by both practicing
professionals and researchers (28). In the table, saturation headway ranges from a low of
1.8 s to a high of 2.4 s, corresponding to a range of saturation flow rates of 2,000 to 1,500
pc/h/l n .
Exhibit 8-30 shows vehicle headway by position in the queue resulting from several
past studies. It shows that, in most studies, the saturation headway does not become
established until the sixth or seventh vehicle in the queue, indicating that the first five or
six vehicles experience some start-up lost time. In discussing the results of Exhibit 8-30
(28), it was noted that the variation in discharge headways of the first several vehicles
depended on the choice of a screenline for measuring headways rather than any real
difference in the observed headways. Stop lines or curb lines have been used in
combination with the front bumper, front or rear axles, or rear bumper. Caution is
therefore advisable in comparing values of discharge headways from different studies.
This manual uses the stop line as the screenline and the front wheels (or axle) as the
measurement benchmark. Some other national practices apply different definitions or
measurement techniques of saturation flow (15, 28-32). For that reason, the values
quoted in international literature are not quite comparable (30, 31). The Canadian survey
technique (31), however, allows the estimation of saturation flow rates for situations with
queues as short as four to five vehicles. Saturation flow rates cited in various sources
may also be influenced by the choice of vehicle positions and by the definition of lost
time (16).
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EXHIBIT 8-29. OBSERVED SATURATION FLOW R4TES AT SIGNALIZED INTERSECTIONS
City or State
Start-Up Saturation Saturation
Date of
Lost
Flow Rate Headway
Measurement Starting With
Study
Queue Position Number Time fs) f~c/h/lnl Is)
Los Angeles, Santa
Monica, California
4 Int.
Ames, Iowa
Nationwide
Lexington, Kentucky
Lawrence, Kansas
Austin, Dallas, Houston
8h
3 Int.
Chicago, Houston, Los
7 Int.
Angeles
~olston(peak)

1 1

Houston (off peak)
Los Angeles (peak)
Los Angeles (off peak)

Chicago
California, New York,
Texas (single lane)
California, Illinois, New
York, Texas (multilane)
College Station, Texas
Dallas

Florida

30 h
2 Int.
34 h
2 Int.
34 h
2 Int.
6.25 h
10 Int.
5 Int.

7 Int.
30 h
2 Int.
25 h
4 Int.
16 Int.

4

5

1.31

1905

1.89

1910

1.88

1840

1.96

Sources: References 15-27.

Although most studies of intersection discharge headways have focused on the
observation of the first 10 to 12 vehicles, there is some indication that the saturation
headway may increase somewhat when green time becomes quite long. This effect
implies that green phases longer than 40 or 50 s may not be proportionally as efficient as
shorter phases (31).
Research (33) has shown the significance of prevailing conditions of lane width,
parking, transit interference, pedestrian interference, turning movements, flow
composition, signal progression, and other factors, all of which influence saturation flow
values. For base conditions, including 12-ft lanes, all through vehicles, all passenger
cars, no parking, no transit interference, and low pedestrian volumes, the procedures of
Chapter 16 recommend a saturation flow rate of 1,900pcMn, corresponding to a
saturation flow headway of 1.9 s.
Start-up lost times were also measured during the studies identified in Exhibit 8-29
and other research projects (34) for a variety of conditions, including city size
(population), location within the city, signal timing, speed limit, and other factors.
Typical observed values range from 1.0 s to about 2.0 s. The variation in the data in
Exhibit 8-29 and the importance of prevailing conditions suggest that local data collection
be performed to determine saturation flow rates and lost times, which can lead to more
accurate computations.

Saturation flow rates may
decrease with long green
times
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EXHIBIT 8-30. RESEARCH RESULTS ON QUEUE DISCHARGE HEADWAYS
4-

----

Greenshields, front at curb line
Edmonton (am)
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I
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I
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Queue Position
Source: Teply and Jones (28).

SATURATION FLOW AT UNSIGNALIZED INTERSECTIONS
Saturation flow at a stop line on all-way stop-controlled intersections depends on the
presence of vehicles on other approaches. When no traffic is present on other intersection
approaches, the saturation flow rate on a single-lane approach is reported at 1,100 vehlh
(35). For an intersection with four evenly loaded approaches and base conditions, 2,000
vehlh is reported (35).
BUS AND PASSENGER FLOWS
Exclusive busway
volumes

Bus malls
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The highest bus volumes experienced in a transit corridor in North America, 735
buses per hour through the Lincoln Tunnel and on the Port Authority Midtown Bus
Terminal access ramps in the New York metropolitan area, are achieved on exclusive
rights-of-way where buses make no stops (and where an 800-berth bus terminal is
provided to receive these and other buses) (36). Where bus stops or layovers are
involved, reported bus volumes are much lower. Exhibit 8-31 shows bus flow experience
for North American cities.
When intermediate stops are made, bus volumes rarely exceed 120 buses per hour.
However, volumes of 180 to 200 buses per hour are feasible where buses may use two or
more lanes to allow bus passing. An example is Hillside Avenue in New York City.
Two parallel bus lanes in the same direction, such as along Madison Avenue in New
York, and the 5th and 6th Avenue Transit Mall in Portland, Oregon, also achieve this
flow rate. Up to 45 buses one-way in a single lane in 15 min (a flow rate of 180 buses per
hour) were observed on Chicago's State Street Mall; however, this flow rate was
achieved by advance marshaling of buses into platoons of three buses and by auxiliary
rear-door fare collection during the evening peak hours to expedite passenger loading.
Several downtown streets where there are two or three boarding positions per stop
and where passenger boarding is not concentrated at a single stop carry bus volumes of
80 to 100 buses per hour. This frequency corresponds to about 5,000 to 7,500 passengers
per hour, depending on passenger loads.

I

'\
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EXHIBIT 8-31. OBSERVED PEAK-DIRECTION, PEAK-HOUR PASSENGER VOLUMES ON U.S. AND CANADIAN
BUS TRANSIT ROUTES-1995 DATA

!

Location
New Jersey
New York City
New York City
New York City
Northern Virginia
San Francisco
Ottawa
Pittsburgh
Portland, OR
Newark

Facility

Peak-Hour, PeakDirection Buses

Peak-Hour, Peak- Average Passengers
Direction Passenaers
oer Bus

Lincoln Tunnel
Madison Avenue
Long Island Expy.
Gowanus Expy.
Shirley Highway
Bay Bridge
West Transitway
East Busway
6th Avenue
Broad Street

Note:
a. No stops.
Source: Levinson and S t Jacques (36).

/
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These bus volumes provide initial capacity ranges that are suitable for general
planning purposes. They compare with maximum streetcar volumes on city streets in the
1920s, which approached 150 cars per track per hour, under conditions of extensive
queuing and platoon loading at heavy stops (37). However, the streetcars had two
operators and large rear platforms where boarding passengers could assemble. Peak-hour
bus flows observed at 13 major bus terminals in the United States and Canada range from
2.5 buses per berth at the George Washington Bridge Terminal in New York to 19 buses
per berth at the Eglinton Station, Toronto.
The high berth productivity in Toronto reflects the special design of the terminal
(with multiple positions in each berthing area), the wide doors on the buses using the
terminal, and other factors. The relatively low productivity at the New York terminals
reflects the substantial number of intercity buses using the terminals (which occupy
berths for longer periods of time) and the single entrance doors provided on many
suburban buses. This experience suggests an average of 8 to 10 buses per berth per hour
for commuter operations. Intercity berths typically can accommodate one or two buses
per hour.
The operating experience for typical light rail transit and streetcar lines in the United
States and Canada is given in Exhibit 8-32. This exhibit lists typical peak-hour, peakdirection passenger volumes, service frequencies, and train lengths for principal U.S. and
Canadian light rail transit lines.

Historic streetcar volumes

Buses occupy loading areas
at bus termrnals for much
longer periods of time than
they occupy loading areas at
on-street bus stops
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EXHIBIT 8-32. OBSERVEDU.S. AND CANADIAN LIGHT RAIL TRANSIT PASSENGER VOLUMES, PEAK HOUR
AT THE PEAK POINT FOR SELECTED LINES (1993-1 996 DATA)
Location (May be Trunk Trainslh
Avg. Headway PassIPeak Hour Passlft of
with Several Routes)
Car Length
City
(s)
Direction
South Line
2.07
Calgary
1.43
Denver
Central
Edmonton
1.22
Northeast LRT
Los Angeles
Blue Line
1.65
1.62
Boston
Green Line Subwaya
1.40
Newark
City Subway
1.O1
Philadelphia
Norristown
1.52
Philadelphia
Subway-Surfacea
San Francisco
1.46
Muni Metroa
1.49
Sacramento LRT
Sacramento
Queen at Broadwaya
1.86
Toronto
Eastside MAX
1.55
Portland. OR

I

1

Note:
a. Trunks with multiple-berth stations.
In a single hour a route may have different lengths of trains andlor trains with cars of different lengths or seating configurations.
Data represent the average car. In calculating the passengers per foot of car lenglh, the car length is reduced by 9% to allow for
space lost to driver cabs, stairwells, and other equipment
Source: Parkinson and Fisher (38).
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I.

INTRODUCTION

In this chapter, a brief overview of the analytical procedures in this manual, their
organization into chapters, and guidance on their general application are provided.
The analytical procedures in this manual can be used for a number of applications
covering a broad range of facility types. The facility types are distributed among five
categories: urban streets, pedestrian and bicycle facilities, highways, freeways, and
transit.
In Chapters 10 through 14, for each of the five categories, general concepts are
presented, required inputs for each methodology are identified, reasonable
approximations for specific parameters are suggested for use if local data are not
available, and example service volume tables are provided. The Part I1 chapters also
contain special procedures used to supplement the planning applications defined in the
Part III chapters.

Chapters 10-14 of Part I1
present general concepts

II. OVERVIEW OF ANALYTICAL PROCEDURES

i

Part Ill, Chapters 15-27,
presents methodologies

For the analytical methods defined in Part III, the calculations of average speed,
density, and delay will provide insight into the level of service for what is considered a
steady-state condition. This means that the outputs provided by the computational
methods are considered representative for the length or area of the analysis and for the
duration of the analysis period. Thus, the Highway Capacity Manual (HCM) methods are
generally not appropriate (unless the analyst performs a special intervention) for the
evaluation of inclement weather conditions, accidents or construction activities, queues
that are building over both time and space, or the possible effects of vehicle guidance or
driver guidance systems typical of intelligent transportation systems. However, some
guidelines are identified in Chapter 22 to address these conditions.
The Part IU methods have been designed to be sensitive to roadway, traffic, and
control characteristics of the facility. However, the methods cannot predict the effects of
changes in the posted speed limit, the level of police enforcement, safety features, driver
education, or vehicle performance.
A ground transportation system is composed of six modal and facility type
subsystems located in a defined study area or corridor. The six subsystems are freeway,
urban street, rural highway, transit, pedestrian, and bicycle. Each transportation
subsystem is composed of two or more individual facilities. The facilities within each
subsystem are all of a single type (freeway, urban street, rural highway) or mode (transit,
pedestrian, bicycle). Each facility is in turn made up of segments and points. For
example, a freeway contains basic, weaving, and ramp mergeldiverge segments. An
urban street contains street segments and intersections (points).
A segment is a length of facility where demand and capacity are relatively constant.
Each segment begins and ends at a point. Segments are generally directional; for
example, each stretch of two-way street is composed of two one-way segments. The
exception to this is two-lane highways, where each segment is bidirectional but can be
split into two directional segments for analysis. A point is a very short length of facility
where demand or capacity changes abruptly from conditions on the upstream or
downstream segment.
Analysis of the transportation system proceeds from estimates of travel times and
delays at the segment and point levels using the methods described in Part ILI. Segment
and point delays and travel times are converted to total person hours of delay or travel
time and then summed to obtain facility estimates.

A facility is composed of
segments and points

-
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Part IV, Chapters 28-30,
presents corridor and
areawide analyses
Part V contains
information on simulation
and other models

For analyses that combine facility types or that address a corridor or expanded area,
the analyst must consult Part IV. Part V contains useful information on applications of
simulation and other models to complement the use of HCM 2000 methodologies.
Exhibit 9-1 illustrates the content, by chapter, of the analytical sections of this
manual. Outputs from computations based on the methodologies are also indicated.
Most of the analytical processes require estimates of hourly demand in one direction.
The section on equivalency of hourly and daily volumes provides guidance on
determining directional hourly volumes from average daily traffic volumes. The
analytical procedures in Part 111 (Chapters 15 through 27) require information on the
geometric design, control, and demand for the facility being analyzed. The following
sections provide some brief guidance on the development of local default values for input
data that are difficult to obtain. Generic default values that may be used for specific
facility analyses in the absence of local values are provided in Chapters 10 through 14.
Some of the analytical procedures can be quite complex. Analysts may wish to
develop tables of maximum service volumes for typical highway facilities in their area.
The tables may be used in planning studies to roughly size a facility when resources do
not permit more detailed analyses. Guidance on the development of local service volume
tables is provided in Appendix B. Examples of service volume tables are given in
Chapters 10 through 14.

I

Ill. PRECISION AND ACCURACY OF THE MANUAL
The presentation of numerical values and calculations in this manual is based on a
long history of evolving methodologies for assessing capacity and quality of service. The
first HCM was produced in 1950. It was followed by a series of manuals, the last update
being the 1997 HCM. A large number of researchers and research projects in the past 50
years have contributed to the methodologies presented in this, the 2000 edition. To
provide a better understanding of the framework in which this edition was developed, the
accuracy and precision of numerical values are discussed.
The terms accuracy and precision are independent but complementary concepts.
Accuracy relates to achieving a correct answer, while precision relates to the size of the
estimation range of the parameter in question. As an example of accuracy, consider a
method that is applied to estimate a performance measure. If the performance measure is
delay, an accurate method would provide an estimate closely approximating the actual
delay that occurs under field conditions. The precision of such an estimate is the range
that would be acceptable from an analyst's perspective in providing an accurate estimate.
Such a range might be expressed as the central value for the estimated delay plus or
minus several seconds. In general, the inputs used for the methodologies in this manual
are from field observations or estimates of future conditions. In either case, and
particularly for future conditions, the inputs can only be expected to be accurate to within
5 or 10 percent of the true value. Thus, the computations performed cannot be expected
to be extremely accurate, and the final results must be considered as estimates that are
accurate and precise only within the limits of the input values used.
To provide numerical values and computational results that are relatively easy to use
and that indicate the presumed accuracy and precision, a framework of guidelines was
established during preparation of this manual. In the following sections, an explanation
of this framework is given.

i

PRECISION AND ACCURACY FRAMEWORK
The user of the HCM should be aware of the limitations of the accuracy and
precision of the methodologies in the manual. Such awareness will help the user to
Chapter 9 - Analytical Procedures Overview
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interpret the results of an analysis and to use the results to make a decision on design or
operation of a transportation facility.
Many of the models in the HCM are based on theoretically derived relationships,
which include assumptions and contain parameters that must be calibrated on the basis of
field data. Other models in the HCM are primarily statistical. Both types require data
collected at a sampling of sites. The degree to which the models reflect reality is often
stated in terms of the accuracy and precision of the model. Accuracy and precision are
terms used to express the probable error associated with an estimate.
Frequently, after a model is developed, it is validated by comparing the estimates
from the model with values measured in the field from an independent set of sites. A
regression line fitted to the plot of points for field-measured versus model-estimated
values will result in a line with a slope different from 45 degrees. The difference can be
considered the relative accuracy of the model. The dispersion of the points around the
regression line can be considered the precision of the model. The measure of dispersion
with which many analysts are familiar is the R~ value. These statistics, based on field
and predicted data, indicate the limitations of the models in predicting with great
precision and accuracy.
Few of the models in the HCM have well-documented measures of accuracy and
precision. Typically, when research is completed and statistical relationships are
reported, the Committee on Highway Capacity and Quality of Service will exercise its
judgment in modifying the results.
Prediction error from other sources may also result when the user applies the HCM.
For example, the accuracy of results may be reduced by the use of default values for one
or more of the parameters in the models. In addition, there are limitations on the
accuracy and precision of traffic inputs used in these models. Traffic measurements and
predictions, including magnitude and mix of traffic, have inherent limitations on
accuracy.
The limitations on the accuracy and validity of predictions of performance measures
should be recognized in applying the results of an analysis. For instance, small
differences between the values of performance measures for alternative designs should
not always be assumed to be real (statistically significant) differences. Furthermore, if
the predicted value for a measure of effectiveness is near, but below, a critical threshold,
there is some probability that it will in fact be higher than predicted and exceed the
critical threshold. The HCM user should recognize, therefore, that judgment is required
in applying the results of analyses. One basis for that judgment is a good understanding
of the structure and basis of the models used in this manual.

Several factors result in
limitation on the accuracy and
precision of HCM analysis

Constraint of Prior Research Results
Research precision and
accuracy

The methodologies in this manual have been developed by a number of researchers
working on many research projects. Few of these projects have presented results with
accompanying statements on precision and accuracy. Rather, most of the methods have
involved the use of mean or average values for parameters. Results have been presented
in a variety of forms with regard to the use of tables, graphs, and interpolated values. The
number of digits to the right of the decimal point in factors, calculated values of
performance measures, and threshold values used to define level of service has also
varied. In general, it was considered prudent to follow the presented results and the
significant figures used in prior research rather than to change the recommended values
arbitrarily. Whenever possible, the tabulated factors and adjustments and the final
calculated values of performance measures used in the reported research were maintained
for the methods in this manual.

-
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Calculation Precision Versus Display Precision
Precision in calculation
differs from recision in
presenting h a 1 results

The extensive use of personal computers has allowed calculations of capacity and
level of service to be carried to a large number of digits to the right of the decimal point.
Because of this ease of calculation, there is a need to state clearly that the final result of
calculations done manually and canied to the suggested number of significant figures
might be slightly different from the result of calculations performed on a computer. This
difference has been explicitly recognized in this manual. For example, lists of factors are
often displayed with three or four digits to the right of the decimal point to more closely
adhere to the calculation protocol inherent in computers.

Implied Precision from Displayed Results
The typical interpretation given to a value such as 2.0 is that the value is in a
precision range of two significant figures and that results from calculations should be
rounded to this level of precision. Occasionally, particularly in the running text of the
manual, editorial flexibility allows a zero to be dropped from the number of digits. In
most cases, however, the number of the digits to the right of the decimal point does imply
that a factor or numerical value has been calculated to that level of precision.

Directives from TRB Committee
Prior to publication of this manual, the Committee on Highway Capacity and Quality
of Service (A3A10) developed guidelines for the presentation of results. The guidelines
were presented in mid-1997 in the form of advice to the preparers of this manual. Several
recommendations were included and were particularly aimed at the exhibits and values
shown and used in Chapter 16, Signalized Intersections. This advice was considered,
along with the factors mentioned above, in developing the HCM.

Specific Components for Presentation Guideline
Conventions for display
of results in the HCM

The overall objective of the guideline is to present tabular values and calculated
results in a consistent manner throughout the manual. Another objective is to use a
number of significant digits that is reasonable and indicates to the analyst that the results
are not extremely precise but take on the precision and accuracy associated with the input
variables. As stated earlier, such accuracies for traffic volume counts and measurement
of geometric conditions seldom are better than a central value plus or minus 5 percent.
Prediction to a future time frame presents even greater differences between the assumed
input values and what will actually occur at that time horizon. The guideline for this
manual recognizes that rounding intermediate results in a series of calculations for a
given method is not appropriate and can be more confusing than worthwhile. The third
objective of the guideline is that prior research results, advice, and recommendations of
the Committee on Highway Capacity and Quality of Service and the standard practice of
the profession in these calculations are to be respected.

Input Values
Following is a list of representative (not exhaustive) input variables and the
suggested number of digits for each.
Volume (whole number);
Grade (whole number);
Lane width (one decimal place);
Percentage of heavy vehicles (whole number);
Peak-hour factor (two decimal places);
Arrival type (category, 1 to 6);
Pedestrian volume (whole number);
Bicycle volume (whole number);
Parking maneuvers (whole number);
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Bus stopping (whole number);
Green, yellow, all-red, and cycle times (one decimal place);
Lost timelphase (whole number); and
Minimum pedestrian time (one decimal place).

Adjustment Factors
Factors interpolated from tabular material can use one more decimal place than
presented in the table. Factors generated from equations can be taken to three decimal
places.
Example Service Volume Tables
In rounding volumes for service volume tables, a precision of no greater than the
nearest 10 vehicles or passenger cars should be used. Rounding to the nearest 50 or 100
(three significant digits) is strongly recommended if threshold values determining specific
levels of service are not affected.

Free-Flow Speed
For base free-flow speeds, show the value to the nearest 1 rnih. For free-flow
speeds that have been adjusted for various conditions and are thus considered an
intermediate calculation, show speed to the nearest 0.1 mih.

Speeds
For threshold values that define levels of service, show speed to the nearest 1 mih.
For intermediate calculations of speed, use one decimal place.

Volume to Capacity Ratios

i'

Show vlc ratios with two decimal places.

Delay
In computing delay, show results with one decimal place. In presenting delay as a
threshold value in level-of-service tables, show a whole number.
Pedestrian Space
To conform with recommended research results, show pedestrian space values with
one decimal place.

Occurrences and Events
For all event-based items, use values to a whole number. These items include
parking maneuvers, bus stops, events along a pedestrian or bicycle path, and number of
cycles in a given time period.

General Factors
In performing all calculations on a computer, the full precision available should be
used. Intermediate calculation outputs should be displayed to three significant digits
throughout. For the measure that defines level of service, the number of significant digits
presented should exceed by one the number of significant digits shown in the level-ofservice table.
Displayed Results

j-

For the example problems of Part LII, manual calculations were performed. Once the
value of an intermediate calculation is entered into a worksheet, that rounded value is
used for all remaining calculations. As the computations progress, the analyst may round
the values to indicate that the precision of the final results is less than implied by the
intermediate calculations. The analyst can refer to the example problems of Chapters 16

-
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and 21 for specific examples of rounding and display of calculations and results for
interrupted- and uninterrupted-flow facilities, respectively.

AVERAGE VALUES
Concept of an average
value

Three concepts are implicit in all of the material presented in this manual, and they
should be understood by HCM users. Unless otherwise noted or defined, numerical
values are mean values for the given parameter. Thus, a measure of speed or delay is the
mean value for the population of vehicles (or persons) being analyzed. Similarly, a lane
width for two or more lanes is the mean (average) width of the lanes. The word
"average" or "mean" is only occasionally carried along in the text or exhibits to reinforce
this otherwise implicit fact.
The terms demand and volume tend to be used interchangeably in this manual for
undersaturated flow conditions. For oversaturated conditions, when demand is greater
than capacity, demand is the appropriate term. Several chapters in Part 111, including
Chapter 16, "Signalized Intersections," and Chapter 22, "Freeway Facilities," address the
condition of demand being greater than capacity.
Another significant concept implicit in these materials is that the level-of-service
threshold values, the adjustment factors used in the computations, and the calculated
values of performance measures are assumed to represent conditions that have a
reasonable expectation of being observed regularly in North America rather than the most
extreme that might be encountered.

SENSITIVITY TO INPUT VARIABLES
Impact of input quality on
results

The analyst should recognize that the quality of the results depends on the quality of
the input data. Default values will produce less accurate results than field-measured data.
Generic default values suggested in this manual will produce less accurate results than
locally developed default values.

IV. HOURLY AND DAILY VOLUME EQUIVALENCIES

Calculation of analysis
period flow

Capacity and other traffic analyses frequently focus on the peak hour of traffic for
the peak direction because it represents high capacity requirements. Because planning
applications frequently deal with annual average daily traffic (AADT), three important
factors (K, D, and PHF) are needed to provide a means to convert between daily and
hourly directional volumes. These factors are discussed in greater detail in Chapter 8,
and their general application is presented below.
Most of the procedures in this manual are based on peak 15-min flow rates. Because
traffic does not flow evenly over an hour, subhourly peaking should be accounted for
when the analysis is in terms other than 15-min flows. The relationship between the peak
15-min flow rate and the full hourly volume is given by the peak-hour factor (PHF). To
convert peak 15-min flow rates to hourly volumes, the flow rate is multiplied by the PHF.
For vehicle traffic, the proportion of AADT occurring in the analysis hour is referred
to as the K-factor. As presented in Chapter 8, the K-factor is highly dependent on the
analysis hour selected, the specific characteristics of the roadway, and the location of the
roadway. In converting hourly volumes to daily volumes, the hourly volume is divided
by the K-factor. During any particular hour, traffic volume will likely be greater in one
direction than in the other. Directional distribution (D) is an important factor in capacity
and quality of service analysis. To convert hourly directional volumes to daily volumes,
the hourly directional volumes are divided by the D-factor. For planning and design
applications, AADT is typically given. To convert the AADT to an equivalent hourly
volume, the AADT is multiplied by both the K-factor and the D-factor.
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Most of the analytical procedures use the peak 15-min flow rate. This rate is
obtained by dividing the hourly volume by the PHF. Service volume results, expressed in
15-min flow rates, must be multiplied by the PHF to obtain the equivalent hourly volume.
This has been done, where appropriate, for the example service volume tables in Chapters
10 through 14, so that all volumes shown are equivalent hourly volumes. Exhibit 9-2
gives default values for K, D, and PHF that may be used in the absence of local field data.
EXHIBIT 9-2. TYPICAL DEFAULT VALUES FOR PH F, K, AND D
Area
Urban
0.92

Factor
PHF

Rural
0.88

V. USE OF DEFAULT VALUES
Planning applications of the computation methods are described in Part III.
Guidance for estimating input values and selecting default values for planning
applications is given in Part I1 (Chapters 10 through 14). The analyst should observe the
following suggestions when generating inputs to the analytical procedures.
If the input variable can be observed in the field, measure it in the field.
In performing a planning application for a facility not yet built, measure a similar
facility in the area that has conditions similar to those of the proposed facility.
If neither of the first two sources is available, rely on local policy or typical
locallstate values.
If none of the above sources is available, default values provided in Part I1
(Chapters 10 through 14) of this manual may be used.
The development of local default values is discussed in Appendix A.

VI.

Alternative if no field data can
be obtained

SERVICE VOLUME TABLES

The methods in this manual are frequently applied to identify the operating level of
service given a demand volume of traffic. Conversely, the analyst often desires to know
the maximum service volume for a facility operating with a specific level of service.
Service volume tables can be prepared to facilitate this type of analysis. Such tables use
locally generated default values (or, alternatively, defaults suggested in this manual) for
most or all of the required inputs. The analyst performs a series of computations to fill in
the tabular values. Caution should be used in applying service volume tables because of
the assumptions made in generating the tables. Footnotes to the service volume tables
describe the assumptions used to generate the values. Appendix B explains the steps
involved. Note that service volume tables for various facility types are included in
Chapters 10 through 14. Other examples of service volume tables can be found in
Florida's Level of Service Handbook (1).

Service volume tables are .
valid on1 under the condrtrons
for whicrthey were developed
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APPENDIX A. DEVELOPING LOCAL DEFAULTS
How to establish default
values for local
conditions

The best method for determining local default values for traffic parameters is to
measure a sample of facilities in the field. If this is not feasible, an informal survey of
local highway operating agencies can be conducted to determine their standard design
practices for new facilities and the condition of the facilities currently in place.
Facilities can be stratified by area type and facility type to ensure reliable default values.
The choice of categories is a local decision. Exhibit A9-1 provides an example
framework for stratifying defaults.
EXHI'BII' A9-1. EXAMPLE DEFAULTSTR4TIFICATION SCHEME

Area Type

Interstate
Freeway

Other
Freeway

Facility Type
State
Non-State
Highway
Highway

Principal
Arterials

Minor
Arterials1
Collectors

Central business district
Suburban
Rural
.
/

t

The default value for each category is the arithmetic mean of the observations. The
variation in the observed value for each category should be compared with the difference
in the means for each category. Analysis of variance techniques can be used to determine
whether categories should be consolidated. Note that the stratification framework can be
used for roadway, traffic, and control parameters.
The sample size required for each category is determined by the desired accuracy in
the resulting input estimate and the variation in the observed values. Equation A9-1,
adapted from a statistics textbook (I),gives the minimum sample size that will allow the
analyst to compute the mean and estimate the margin of error in the estimated mean with
90 percent or better confidence.

where
n

5
s

= minimum number of observations to meet accuracy goal for mean;
= maximum desirable error in the estimate of the mean (at the desired
confidence level); and
= estimated standard deviation for the sample, computed using Equation
A9-2.

where

-xi
x
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For sample sizes less than 5, the equation will provide less than 90 percent
confidence in the margin of error. A higher confidence level can be obtained by
substituting 2t(s2)for 4(s2) in the equation, where t is the Student's t-statistic for the
desired confidence level.
In practice, one does not know whether an adequate sample size has been obtained
until after the data have been collected and the sample variance has been computed.
However, the analyst can use prior experience to estimate the likely standard deviation.
To demonstrate the use of Equation A9-1, assume that a local base saturation flow
rate is desired. Fifteen observations of prevailing saturation flow rates (see Appendix H
of Chapter 16 for methodology) have been collected at four local intersections. The
standard deviation of the sample is 45. It has been determined that the maximum
desirable estimated error in the mean is 5 percent. Are more than the initial 15
observations needed, and if so, how many are required in total?
s = 45
5=5

',

Therefore, 15 observations are not enough. At least 324 observations are needed.

REFERENCE
1. Wonnacott, T. H., and R. J. Wonnacott. Introductory Statisticsfor Business and
Economics. John Wiley and Sons, New York, 1990.
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APPENDIX B. DEVELOPING SERVICE VOLUME TABLES
Service volume tables can be generated by facility type and area type by using the
estimated values and appropriate software to back-solve for the maximum volumes for
each level of service. The procedure is as follows:
1. Determine all nonvolume input values to be used in developing the service
volume table. Develop categories of facilities and area types and select input values (e.g.,
PHF, percentage of heavy vehicles, urban area, suburban area) to be used. Repeat the
following steps for each facility and area category.
2. Identify the range in the number of lanes to be tested.
3. Identify the desired level of service (LOS) measure of effectiveness values for
LOS A through E from the chapters of Part I11 (for example, a density of 11 pc/mi/ln is
the maximum density for LOS A for a basic freeway segment).
4. Select the first category of facility type, area type, and the number of lanes for
which to compute the maximum service volumes.
5. Start the search for the maximum service volume for the LOS A threshold
according to the appropriate methodology.
6. Compute the LOS measure (i.e., delay, speed, or density) for the first iteration
volume (lower volume than the LOS A threshold) (label this Vol 1).
7. If the result exceeds the LOS A threshold value, then LOS A is unachievable.
Go to the next higher LOS threshold (for LOS B) and repeat Steps 5,6, and 7 until an
achievable LOS is found. Then go on to the next steps.
8. Select a second iteration volume (label this Vol2).
9. Compute the LOS measure (delay, speed, or density).
10. If the resulting LOS measure is lower than the LOS threshold, repeat Steps 1 and
2 with a volume twice the original estimate. Repeat until the volume is found to be
greater than the desired LOS threshold.

A methodology for developing
service volume tables
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11. Use the bisection method (or another more efficient numerical method) to
progressively narrow the uncertainty in the service volume until it is within the desired
bounds. The following steps describe the bisection method ( I ) .
12. Compute the volume halfway between Vol 1 and Vol2. Label this volume
Vol 3.
13. Compute the LOS measure (delay, speed, or density) for Vol3.
14. If the LOS result for Vo13 is higher than the desired LOS threshold, drop Vol 1
and relabel Vol 3 as the new Vol 1.
15. If the LOS result for Vol 3 is lower than the desired LOS threshold, drop Vol 2
and relabel Vol 3 as the new Vol2.
16. Is the range between Vol 1 and Vo12 acceptable? If so, stop and use the average
of Vol I and Vol 2 as the service volume estimate. If not, repeat Steps 12 through 16.

REFERENCE
1 . Courage, K. G., and J. Z.-Y. Luh. Computation of Signalized Intersection Service
Volumes Using the 1985 Highway Capacity Manual. In Transportation Research
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I.

INTRODUCTION

In this chapter, capacity and quality of service concepts for urban streets are
introduced. The term "urban streets," as used in this manual, refers to urban arterials and
collectors, including those in downtown areas. Methodologies found in Chapter 15
(Urban Streets), Chapter 16 (Signalized Intersections), and Chapter 17 (Unsignalized
Intersections) can be used in conjunction with this chapter.

II. URBAN STREETS

(-

In the hierarchy of street transportation facilities, urban streets (including arterials
and collectors) are ranked between local streets and multilane suburban and rural
highways. The difference is determined principally by street function, control conditions,
and the character and intensity of roadside development.
Arterial streets are roads that primarily serve longer through trips. However,
providing access to abutting commercial and residential land uses is also an important
function of arterials. Collector streets provide both land access and traffic circulation
within residential, commercial, and industrial areas. Their access function is more
important than that of arterials, and unlike arterials their operation is not always
dominated by traffic signals.
Downtown streets are signalized facilities that often resemble arterials. They not
only move through traffic but also provide access to local businesses for passenger cars,
transit buses, and trucks. Turning movements at downtown intersections are often greater
than 20 percent of total traffic volume because downtown flow typically involves a
substantial amount of circulatory traffic.
Pedestrian conflicts and lane obstructions created by stopping or standing taxicabs,
buses, trucks, and parking vehicles that cause turbulence in the traffic flow are typical of
downtown streets. Downtown street function may change with the time of day; some
downtown streets are converted to arterial-type operation during peak traffic hours.
Multilane suburban and rural highways differ.from urban streets in the following
ways: roadside development is not as intense, density of traffic access points is not as
high, and signalized intersections are more than 2 mi apart. These conditions result in a
smaller number of traffic conflicts, smoother flow, and dissipation of the platoon
structure associated with traffic flow on an arterial or collector with traffic signals.
The urban streets methodology described in this chapter and in Chapter 15 can be
used to assess the mobility function of the urban street. The degree of mobility provided
is assessed in terms of travel speed for the through-traffic stream. A street's access
function is not assessed by this methodology. The level of access provided by a street
should also be considered in evaluating its performance, especially if the street is
intended to provide such access. Oftentimes, factors that favor mobility reflect minimal
levels of access and vice versa.
The functional classification of an urban street is the type of traffic service the street
provides. Within the functional classification, the arterial is further classified by its
design category. Illustrations 10-1 through 10-4 show typical examples of four design
categories that are described in the following sections.

Functional class defined
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ILLUSTRATION
10-1. Typical high-speed design.

ILLUSTRATION
10-2. Typical suburban design.

ILLUSTRATION
10-3. Typical intermediate design.
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ILLUSTRATION
10-4. Typical urban design.

FLOW CHARACTERISTICS
The speed of vehicles on urban streets is influenced by three main factors: street
environment, interaction among vehicles, and traffic control. As a result, these factors
also affect quality of service.
The street environment includes the geometric characteristics of the facility, the
character of roadside activity, and adjacent land uses. Thus, the environment reflects the
number and width of lanes, type of median, driveway/access-pointdensity, spacing
between signalized intersections, existence of parking, level of pedestrian activity, and
speed limit.
The interaction among vehicles is determined by traffic density, the proportion of
trucks and buses, and turning movements. This interaction affects the operation of
vehicles at intersections and, to a lesser extent, between signals.
Traffic control (including signals and signs) forces a portion of all vehicles to slow or
stop. The delays and speed changes caused by traffic control devices reduce vehicle
speeds; however, such controls are needed to establish right-of-way.

Free-Flow Speed
The street environment affects the driver's speed choice. When vehicle interaction
and traffic control are not factors, the speed chosen by the average driver is referred to as
the free-flow speed (FFS). FFS is the average speed of the traffic stream when traffic
volumes are sufficiently low that drivers are not influenced by the presence of other
vehicles and when intersection traffic control (i.e., signal or sign) is not present or is
sufficiently distant as to have no effect on speed choice. As a consequence, FFS is
typically observed along midblock portions of the urban street segment.

Running Speed
A driver can seldom travel at the FFS. Most of the time, the presence of other
vehicles restricts the speed of a vehicle in motion because of differences in speeds among
drivers or because downstream vehicles are accelerating from a stop and have not yet
reached FFS. As a result, vehicle speeds tend to be lower than the FFS during moderate
to high-volume conditions.
One speed characteristic that captures the effect of interaction among vehicles is the
average running speed. This speed is computed as the length of the segment divided by
the average running time. The running time is the time taken to traverse the street
segment, less any stop-time delay.

10-3

I

-

Chapter 10 Urban Street Concepts
Urban Streets

Highway Capacity Manual 2000
Travel Speed
The presence of traffic control on a street segment tends to reduce vehicle speeds
below the average running speed. A speed characteristic that captures the effect of traffic
control is average travel speed. This speed is computed as the length of segment divided
by the average travel time. The travel time is the time taken to traverse the street
segment, inclusive of any stop-time delay.

i

Time-Space Trajectory
Exhibit 10-1 shows simplified time-space trajectories of representative vehicles
along one lane of an urban street. The slope of each line reflects the corresponding
vehicle speed at a given time. Steeper slopes represent higher speeds; horizontal slopes
represent stopped vehicles.
EXHIBIT 10-1. TYPICAL SPEED PROFII-ES OF VEHICLES ON URBAN STREETS

Time scale -

1
elcy-\

+ - - G r e e n interval*~ed

interval-1
length

*

Vehicles 1 and 2 turned onto the street from side streets, while the other vehicles
were discharged from the upstream signal. Vehicles 1, 2, and 3 arrived at the
downstream signal during the red interval and had to stop. Vehicle 4 could have arrived
at the stop line on the green but had to stop because it was blocked by Vehicle 3, which
was not yet in motion.
Vehicles 5 , 6 , and 7 did not stop but had to reduce their speeds because they were
affected by the stoppages caused by the signal. Vehicle 8 was slowed by Vehicle 7. The
speeds of Vehicles 9 and 10 were not affected by the presence of other vehicles or the
downstream traffic control.

LEVELS OF SERVICE
The average travel speed for through vehicles along an urban street is the
determinant of the operating level of service (LOS). The travel speed along a segment,
section, or entire length of an urban street is dependent on the running speed between
Chapter 10 - Urban Street Concepts
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signalized intersections and the amount of control delay incurred at signalized
(

(-

intersections.
Urban street LOS is based on average through-vehicle travel speed for the segment,
section, or entire urban street under consideration. The following general statements
characterize LOS along urban streets. Refer to Exhibit 15-2 for speed ranges for each
LOS.
LOS A describes primarily free-flow operations at average travel speeds, usually
about 90 percent of the FFS for the given street class. Vehicles are completely
unimpeded in their ability to maneuver within the traffic stream. Control delay at
signalized intersections is minimal.
LOS B describes reasonably unimpeded operations at average travel speeds, usually
about 70 percent of the FFS for the street class. The ability to maneuver within the traffic
stream is only slightly restricted, and control delays at signalized intersections are not
significant.
LOS C describes stable operations; however, ability to maneuver and change lanes in
midblock locations may be more restricted than at LOS B, and longer queues, adverse
signal coordination, or both may contribute to lower average travel speeds of about 50
percent of the FFS for the sweet class.
LOS D borders on a range in which small increases in flow may cause substantial
increases in delay and decreases in travel speed. LOS D may be due to adverse signal
progression, inappropriate signal timing, high volumes, or a combination of these factors.
Average travel speeds are about 40 percent of FFS.
LOS E is characterized by significant delays and average travel speeds of 33 percent
or less of the FFS. Such operations are caused by a combination of adverse progression,
high signal density, high volumes, extensive delays at critical intersections, and
inappropriate signal timing.
LOS F is characterized by urban street flow at extremely low speeds, typically onethird to one-fourth of the FFS. Intersection congestion is likely at critical signalized
locations, with high delays, high volumes, and extensive queuing.

LOS is based on average
through-vehicle travel speed
for the urban street segment

REQUIRED INPUT DATA AND ESTIMATED VALUES
Estimating speed, delay, and LOS for an urban street or an intersection requires
geometric data and demand data. Signal control data will be discussed in the signalized
intersections section. Exhibit 10-2 gives default values for input parameters in the
absence of local data.

Urban street class
Length
Free-flow weed

EXHIBIT 10-2. REQUIRED INPUT DATA FOR URBAN STREETS
Item
Default
Geometric Data
I
Exhibits 10-3, 10-4
Exhibit 10-5

lntersection Control Data
Signal density
Intersection delay

Exhibit 10-6
See Section Ill of this chapter

The analyst should note that taking field measurements for use as inputs to an
analysis is the most reliable way to generate parameter values. Default values should be
considered only when this is not feasible.
.-.

Urban Street Class

The urban street classification system is somewhat different from that used by the
(.--/American
Association of State Highway and Transportation Officials (AASHTO) (I).

-
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AASHTO's functional classes are based on travel volume, mileage, and the characteristic
of service the urban street is intended to provide. The analysis method in this manual
makes use of the AASHTO distinction between principal arterial and minor arterial. But
a second classification step is used herein to determine the appropriate design category
for the arterial. The design category depends on the posted speed limit, signal density,
drivewaylaccess-pointdensity, and other design features. The third step is to determine
the appropriate urban street class on the basis of a combination of functional category and
design category. Exhibits 10-3 and 10-4 are useful for establishing urban street class.
Four urban street classes are defined in this manual. The classes are designated by
number (i.e., I, 11, 111, and IV) and reflect unique combinations of street function and
design, as shown in Exhibit 10-3. The functional component is separated into two
categories: principal arterial and minor arterial. The design component is separated into
four categories: high-speed, suburban, intermediate, and urban. The characteristics
associated with each category are described in the remainder of this section. Exhibit 10-4
summarizes these characteristics.

\

EXHIBIT 10-3. URBAN STREET CLASS BASED ON FUNCTIONAL AND DESIGN CATEGORIES
Design Category
High-speed
Suburban
Intermediate
Urban

Functional Category
Minor Arterial
Principal Arterial
I
NIA
I1
II
II
Ill or IV
Ill or IV
IV

EXHIBIT 10-4. FUNCTIONAL AND DESIGN CATEGORIES
Criterion
Mobility function
Access function
Points connected
Predominant trips
served

Criterion
Drivewaylaccess
density
Arterial type

Parking
Separate left-turn
lanes
Signalslmi
Speed limit
Pedestrian activity
Roadside
develo~ment

Functional Category
Principal Arterial
Minor Arterial
Very important
Important
Very minor
Substantial
Freeways, important activity centers, major Principal arterials
traffic generators
Relatively long trips between major points Trips of moderate length within relatively
and through-trips entering, leaving, and
small geographical areas
passing through the city
Design Category
Suburban
High-speed
Urban
Intermediate
Very low density
Low density
High density
Moderate density
Multilane divided;
undivided or
two-lane with
shoulders
No
Yes

Multilane divided;
undivided or
two-lane with
shoulders
No
Yes

Some
Usually

0.5-2
45-55 milh
Very little
Low density

1-5
40-45 milh
Little
Low to medium
densitv

4-1 0
6-1 2
30-40 milh
25-35 milh
Some
Usually
Medium to
High density
moderate densitv

\.

Multilane divided or Undivided one-way,
two-way, two or
undivided; onemore lanes
way, two-lane
Significant
Some

A principal arterial serves major through movements between important centers of
activity in a metropolitan area and a substantial portion of trips entering and leaving the
area. It also connects freeways with major traffic generators. In smaller cities
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(population under 50,000), its importance is derived from the service provided to traffic
passing through the urban area. Service to abutting land is subordinate to the function of
moving through traffic.
A minor arterial connects and augments the principal arterial system. Although its
main function is traffic mobility, it performs this function at a lower level and places
more emphasis on land access than does the principal arterial. A system of minor
arterials serves trips of moderate length and distributes travel to geographical areas
smaller than those served by the principal arterial.
The urban street is further classified by its design category. Exhibit 10-3 shows
urban street classes based on functional and design categories.
High-speed design represents an urban street with a very low driveway/access-point
density, separate left-turn lanes, and no parking. It may be multilane divided or
undivided or a two-lane facility with shoulders. Signals are infrequent and spaced at long
distances. Roadside development is low density, and the speed limit is typically 45 to 55
rnih. This design category includes many urban streets in suburban settings.
Suburban design represents a street with a low driveway/access-pointdensity,
separate left-turn lanes, and no parking. It may be multilane divided or undivided or a
two-lane facility with shoulders. Signals are spaced for good progressive movement (up
to five signals per mile). Roadside development is low to medium density, and speed
limits are usually 40 to 45 mih.
Intermediate design represents an urban street with a moderate drivewaylaccess-point
density. It may be a multilane divided, an undivided one-way, or a two-lane facility. It
may have some separate or continuous left-turn lanes and some portions where parking is
permitted. It has a higher density of roadside development than the typical suburban
design and usually has four to ten signals per mile. Speed limits are typically 30 to 40
mih.
Urban design represents an urban street with a high driveway/access-point density. It
frequently is an undivided one-way or two-way facility with two or more lanes. Parking
is usually permitted. Generally, there are few separate left-turn lanes, and some
pedestrian interference is present. It commonly has six to twelve signals per mile.
Roadside development is dense with commercial uses. Speed limits range from 25 to 35
mith.
In addition to the above definitions, Exhibit 10-4 can be used as an aid in the
determination of functional and design categories. Once the functional and design
categories have been determined, the urban street classification may be established by
referring to Exhibit 10-3.
In practice, there are sometimes ambiguities in determining the proper categories.
The measurement or estimation of the free-flow speed is a great aid in this determination,
because each urban street class has a characteristic range of free-flow speeds, as shown in
Chapter 15.

i

High-speed design defined

Suburban design defined

Intermediate design defined

Urban design defined

Length
The portion of the urban street being analyzed should be at least 1 mi long in a
downtown area and 2 mi long elsewhere for the LOS speed criteria to be meaningful.
Study lengths shorter than 1 mi should be analyzed as individual intersections and the
LOS assessed according to individual intersection criteria.

Free-Flow Speed

i-

The free-flow speed is used to determine the urban street class and to estimate the
segment running time. If FFS cannot be measured in the field, the analyst should attempt
to take measurements on a similar facility in the same area or should resort to established
local policies. Lacking any of these options, the analyst might rely on the posted speed
limit (or some value around that limit) or on default values in this manual.

Measure free-flow speed as
far as possible from nearest
signal or stop-controlled
intersection and at flows < 200
veh/h/ln

\.-.-
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Free-flow speed on an urban street is the speed that a vehicle travels under lowvolume conditions when all the signals on the urban street are green for the entire trip.
Thus, all delay at signalized intersections, even under low flow conditions, is excluded
from the computation of urban street FFS. The best location to measure urban street FFS
is midblock and as far as possible from the nearest signalized or stop-controlled
intersection. This measurement should be made under low flow conditions (less than 200
veh/Mn). Exhibit 10-5 gives default FFS by urban street class for use in the absence of
local data.

I

',

EXHIBIT 10-5. FREE-FLOW SPEED BY URBAN STREETCLASS
Urban Street Class
I
II
Ill
IV

Default (milh)
50
40
35
30

Signal Density
Signal density defined

Signal density is the number of signalized intersections in the study portion of the
urban street divided by its length. If signalized intersections are used to define both the
beginning and the ending points of the study portion of the urban street, then the number
of signals in the study portion should be reduced by one in computing the signal density.
Exhibit 10-6 gives defaults by urban street class ?hat may be used in the absence of local
data.
EXHIBIT 10-6. SIGNAL DENSITY BY URBAN STREET CLASS
Urban Street Class
I
II
Ill
IV

Default (signalslmi)
0.8
3
6
10

Peak-Hour Factor
In the absence of field measurements of peak-hour factor (PHF), approximations can
be used. For congested conditions, 0.92 is a reasonable approximation for PHF. For
conditions in which there is fairly uniform flow throughout the peak hour but a
recognizable peak does occur, 0.88 is a reasonable estimate for PHF.

Length of Analysis Period
The analytical procedures for estimating speed for an urban street depend on the
estimation of delay for the signalized and unsignalized intersections on the street. The
delay equations for signalized and unsignalized intersections are most accurate when the
demand is less than capacity for the selected analysis period. If the demand exceeds
capacity, the intersection delay equations will estimate the delay for all vehicles arriving
during the analysis period but will not determine the effect of the excess demand (the
residual queue for the next period) on the vehicles arriving during the next analysis
period.
The typical analysis period is 15 min. However, if demand creates a residual queue
for the 15-min analysis period (i.e., vlc greater than 1.00), the analyst should consider the
use of multiple analysis periods or a single longer analysis period to improve the delay
estimate.
Chapter 10 - Urban Street Concepts
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If a multiple-period analysis is selected, the analyst must carry over the residual
queue from one period to the next as discussed in Chapter 16, Appendix F (Extension of
Signal Delay Models to Incorporate the Effect of an Initial Queue). The analyst will have
to modify or adapt these procedures in the case of unsignalized intersections. Speed,
delay, and LOS can then be computed for each analysis period. The analyst must
determine how to report these results, since averaging LOS across multiple analysis
periods may obscure some of the results.
If a single longer analysis period is selected (such as 1 h), the analyst should use
caution in performing the analysis and interpreting the results. The peak-hour factor
(which normally is used to compute the peak 15-min flow rate from a 1-h volume) may
have to be modified to provide the appropriate flow rate for the longer analysis period.
The analyst must also recognize that LOS criteria for urban streets, signalized
intersections, and unsignalized intersections were developed for a 15-min analysis period.
Conditions that persist for longer periods (presumably with worse peak conditions within
those periods) may no longer meet the 15-min LOS criteria provided in this manual.

SERVICE VOLUME TABLE
Exhibit 10-7 is an example service volume table for the four urban street classes.
This table is useful for estimates of how many vehicles an urban street can carry at a
given level of service, for a particular class and number of lanes (per direction). It is
most accurate when the defaults shown in Exhibit 10-7 are applicable. If conditions on a
given street vary considerably from those used to create this table, the tabular values are
not appropriate.

L

\

Ill. SIGNALIZED INTERSECTIONS
The capacity of an urban street is related primarily to the signal timing and the
geometric characteristics of the facility as well as to the composition of traffic on the
facility. Geometrics are a fixed characteristic of a facility. Thus, while traffic
composition may vary somewhat over time, the capacity of a facility is generally a stable
value that can be significantly improved only by initiating geometric improvements.
At signalized intersections, the additional element of time allocation is introduced
into the concept of capacity. A traffic signal essentially allocates time among conflicting
traffic movements that seek to use the same space. The way in which time is allocated
significantly affects the operation and the capacity of the intersection and its approaches.
In analyzing a signalized intersection, the physical unit of analysis is the lane group.
A lane group consists of one or more lanes on an intersection approach. The outputs
from application of the method in this manual are reported on the basis of each lane
group.

Lane group defined

SIGNALIZED INTERSECTION FLOW CHARACTERISTICS
For a given lane group at a signalized intersection, three signal indications are
displayed: green, yellow, and red. The red indication may include a short period during
which all indications are red, referred to as an all-red interval, which with the yellow
indication forms the change and clearance interval between two green phases.
Exhibit 10-8 provides a reference for much of the discussion in this section. It
presents some fundamental attributes of flow at signalized intersections. The diagram
represents a simple situation of a one-way approach to a signalized intersection having
two phases in the cycle.
~.

>J
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EXHIBIT 10-7. EXAMPI-E SERVICE VOLUMES FOR URBAN STREETS
(SEE FOOTNOTES FOR ASSUMED VALUES)
This table contains
approximate values. It is
meant for illustrative
purposes only. The
values are highly
dependent on the
assumptions used. It
should not be used for
operational analyses or
final design. This table
was derived using
assumed values listed in
the footnote.

Service Volumes (vehlh)
Lanes

A

c

B

D

E

1020
2030
3050
4060

1140
2280
3430
4570

Class I
1
2
3
4

N/A
N/A
N/A
N/A

860
1720
2580
3450

930
1860
2780
3710

Class II

Class Ill

Class IV

Notes
NIA - not achievable given assumptions below.
This table was derived from the conditions listed in the following table.

Signal density (siglmi)
Free-flow speed (milh)
.
.
Cycle length (s)
Effective green ratio
Adj. sat. flow rate
Arrival type
Unit extension (s)
Initial queue
Other delay
Peak-hour factor
% lefts, % rights
Lefl-turn bay
Lane utilization factor

C h a p t e r 10 - Urban S t r e e t C o n c e p t s
S i g n a l i z e d Intersections

Class
I
II
111
IV
0.8
1
3
5
10
50
40
35
30
110
90
70
80
0.45
0.45
0.45
0.45
1850
1800
1750
1700
3
4
4
5
3
3
3
3
0
0
0
0
0
0
0
0
0.92
0.92
0.92
0.92
10
10
10
10
Yes
Yes
Yes
Yes
According to ixhibit 10-23, Default Lane Utilization Factors
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EXHIBIT 10-8. FUNDAMENTAL ATrRlBUTES OF FLOW AT SIGNALIZED lNTERSECTlONS
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The exhibit is divided into three parts. The first part shows a time-space plot of
vehicles on the northbound approach to the intersection. The intervals for the signal
cycle are indicated in the diagram. The second part repeats the timing intervals and labels
the various time intervals of interest with the symbols used throughout this chapter. The
third part is an idealized plot of flow rate passing the stop line, indicating how saturation
flow is defined. Further definitions of these variables and other basic terms are provided
in Exhibit 10-9.
The signal cycle for a given lane group has two simplified components: effective
green and effective red. Effective green time is the time that may be used by vehicles on
the subject lane group at the saturation flow rate. Effective red time is defined as the
cycle length minus the effective green time.
It is important that the relationship between the actual green, yellow, and red times
shown on signal faces and the effective green and red times be understood. Each time a
movement is started and stopped, two lost times are experienced. At the beginning of
movement, the first several vehicles in the queue experience start-up losses that result in
movement at less than the saturation flow rate (Exhibit 10-8). At the end of a movement,
a portion of the change and clearance interval (yellow and all-red) is not used for
vehicular movement.

C

Effective green defined
Effective red defined

'
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among actual green, lost time, extension of effective green, and effective green is shown
in Exhibit 10-10. When 1, = 2 and e = 2 (typical), then tL = Yi.

EXHIBIT 10-10. RELATIONSHIPAMONG ACTUAL GREEN, LOST-TIME ELEMENTS, EXTENSION OF
EFFECTIVE GREEN, AND EFFECTIVE GREEN
Yi-Ri-

As shown in Exhibit 10-10, the lost time for the movement is deducted from the
beginning of the actual green phase. Thus, a small portion of Gibecomes part of the
effective red, ri. This portion is equal to the lost time for the movement, tL. Because all
of the lost time for the movement is deducted at the beginning of the green, effective
green can be assumed to run through the end of the yellow-plus-all-red change and
clearance interval, Yi. Thus, for any given movement, effective green time is computed
by Equation 10-2 and effective red time by Equation 10-3.
g i = G i + Yi-tL

(1 0-2)

The simplified concept of applying all of the lost time at the beginning of a
movement makes it easier to analyze more complex signalization involving
protected-plus-permitted left-turn phasing. As a general rule, a lost time, tL, is applied
each time a movement is started. Thus, where a given movement starts in a protected
phase and continues through a permitted phase (or vice versa), only one lost time is
deducted. No lost time is assumed to occur at the boundary between the permitted and
protected phases for continuing movements.
Exhibit 10-11 diagrams a more complex situation involving a protected-pluspermitted and permitted-plus-protected compound left-turn phasing, a classic lead-lag
phasing scheme in which left turns are protected in Phase l a [eastbound (EB)] and Phase
l c [westbound (WB)] and permitted during the common Phase 1b. The question of how
many lost times are included in such a phase sequence is important. Using the general
rule that the entire lost time for a movement is applied at the time the movement begins,
the following may be determined:
In Phase la, the EB through and left-turn movements begin. Thus, a lost time is
applied to both movements.
In Phase 1b, the EB through and left-turn movements continue. No lost times are
assigned to the continuing movements in this phase. The WB through and left-turn
movements begin in this phase, and a lost time is applied to these movements.
In Phase lc, only the WB through and left turns continue. Because these
movements did not start in this phase, no lost time is applied here. Further, because no
movements begin in Phase lc, no lost time is applied to any movement in Phase lc.

A lost time is applied each
time a movement is started

-
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In Phase 2, northbound (NB) and southbound (SB) movements begin, and a lost
time is applied.
EXHIBIT 10-1 1. LOST TIME APPLICATION FOR COMPOUND LEFT-TURN PHASING
Phase la

,
I
t

-7-

Phase 1b

Phase lc

Phase 2

t
- - - - - -0

+

+Indicates lost time applied
Total lost time is the sum
of lost time for the path
through the critical
movements

The total lost time in the signal cycle, L, is also important. This is the total lost time
involved in the critical path through the signal cycle. Determining the critical path and
finding L are discussed in Chapter 16.

TRAFFIC SIGNAL CHARACTERISTICS
Modem traffic signals allocate time in a variety of ways, from the simplest
two-phase pretimed mode to the most complex multiphase actuated mode.
There are three types of traffic signal controllers:
Pretimed, in which a sequence of phases is displayed in repetitive order. Each
phase has a fixed green time and change and clearance interval that are repeated in each
cycle to produce a constant cycle length.
Fully actuated, in which the timing on all of the approaches to an intersection is
influenced by vehicle detectors. Each phase is subject to a minimum and maximum
green time, and some phases may be skipped if no demand is detected. The cycle length
for fully actuated control varies from cycle to cycle.
Semiactuated, in which some approaches (typically on the minor street) have
detectors and some of the approaches (typically on the major street) have no detectors.
While these equipment-based definitions have persisted in traffic engineering
terminology, the evolution of traffic control technology has complicated their function
from the analyst's perspective. For purposes of capacity and level-of-service analysis, it
is no longer sufficient to use the controller type as a global descriptor of the intersection
operation. Instead, an expanded set of these definitions must be applied individually to
each lane group.
Each traffic movement may be served by a phase that is either actuated or
nonactuated. Signal phases may be coordinated with neighboring signals on the same
route, or they may function in an isolated mode without influence from other signals.
Nonactuated phases generally operate with fixed minimum green times, which may be
extended by reassigning unused green time from actuated phases with low demand, if
such phases exist.
Actuated phases are subject to being shortened on cycles with low demand. On
cycles with no demand, they may be skipped entirely, or they may be displayed for their
minimum duration. With systems in which the nonactuated phases are coordinated, the
actuated phases are also subject to early termination (force off) to accommodate the
progression design for the system.
Not only the allocation of green time but also the manner in which turning
movements are accommodated within the phase sequence significantly affects capacity
and operations at a signalized intersection. Signal phasing can provide for protected,
permitted, or not opposed turning movements.

-
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A permitted turning movement is made through a conflicting pedestrian or bicycle
flow or opposing vehicle flow. Thus, a left-turn movement concurrent with the opposing
through movement is considered to be permitted, as is a right-turn movement concurrent
with pedestrian crossings in a conflicting crosswalk. Protected turns are those made
without these conflicts, such as turns made during an exclusive left-turn phase or a
right-turn phase during which conflicting pedestrian movements are prohibited.
Permitted turns experience the friction of selecting and passing through gaps in a
conflicting vehicle or pedestrian flow. Thus, a single permitted turn often consumes
more of the available green time than a single protected turn. Either permitted or
protected turning phases may be more efficient in a given situation, depending on the
turning and opposing volumes, intersection geometry, and other factors.
Turning movements that are not opposed do not receive a dedicated left-turn phase
(i.e., a green arrow), but because of the nature of the intersection, they are never in
conflict with through traffic. This condition occurs on one-way streets, at T-intersections,
and with signal phasing plans that provide complete separation between all movements in
opposite directions (i.e., split-phase operation). Such movements must be treated
differently in some cases because they can be accommodated in shared lanes without
impeding the through traffic. Left turns that are not opposed at any time should be
distinguished from those that may be unopposed during part of the signal cycle and
opposed during another part. Left turns that are opposed during any part of the sequence
will impede through traffic in shared lanes.

Permitted turning movement

Protected turning movement

SATURATION FLOW RATE

(

Saturation flow rate is a basic parameter used to derive capacity. It is defined in
Exhibits 10-8 and 10-9. It is essentially determined on the basis of the minimum
headway that the lane group can sustain across the stop line as the vehicles depart the
intersection. Saturation flow rate is computed for each of the lane groups established for
the analysis. A saturation flow rate for prevailing conditions can be determined directly
from field measurement and can be used as the rate for the site without adjustment. If a
default value is selected for base saturation flow rate, it must be adjusted for a variety of
factors that reflect geometric, traffic, and environmental conditions specific to the site
under study.

SIGNALIZED INTERSECTION CAPACITY
Capacity at intersections is defined for each lane group. The lane group capacity is
the maximum hourly rate at which vehicles can reasonably be expected to pass through
the intersection under prevailing traffic, roadway, and signalization conditions. The flow
rate is generally measured or projected for a 15-min period, and capacity is stated in
vehicles per hour (vehrh).
Traffic conditions include volumes on each approach, the distribution of vehicles by
movement (left, through, and right), the vehicle type distribution within each movement,
the location and use of bus stops within the intersection area, pedestrian crossing flows,
and parking movements on approaches to the intersection. Roadway conditions include
the basic geornetrics of the intersection, including the number and width of lanes, grades,
and lane use allocations (including parking lanes). Signalization conditions include a full
definition of the signal phasing, timing, and type of control, and an evaluation of signal
progression for each lane group. The analysis of capacity at signalized intersections
(Chapter 16) focuses on the computation of saturation flow rates, capacities, vlc ratios,
and level of service for lane groups.

Lane group capacity defined

LEVEL OF SERVICE
Level of service for signalized intersections is defined in terms of control delay,
which is a measure of driver discomfort, frustration, fuel consumption, and increased
travel time. The delay experienced by a motorist is made up of a number of factors that

Control delay is the service
measure that defines LOS
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Back of queue defined

Cycle failure occurs
when a given green
phase does not serve
queued vehicles, and
overflows occur

relate to control, geornetrics, traffic, and incidents. Total delay is the difference between
the travel time actually experienced and the reference travel time that would result during
base conditions: in the absence of traffic control, geometric delay, any incidents, and any
other vehicles. Specifically, LOS criteria for traffic signals are stated in terms of the
average control delay per vehicle, typically for a 15-min analysis period. Delay is a
complex measure and depends on a number of variables, including the quality of
progression, the cycle length, the green ratio, and the vlc ratio for the lane group.
The critical vlc ratio is an approximate indicator of the overall sufficiency of an
intersection. The critical vlc ratio depends on the conflicting critical lane flow rates and
the signal phasing. The computation of the critical vlc ratio is described in detail in
Appendix A and in Chapter 16.
The average back of queue is another performance measure that is used to analyze a
signalized intersection. The back of queue is the number of vehicles that are queued
depending on arrival patterns of vehicles and vehicles that do not clear the intersection
during a given green phase. The computation of average back of queue is explained in
Appendix G of Chapter 16.
Levels o&service are defined to represent reasonable ranges in control delay.
LOS A describes operations with low control delay, up to 10 slveh. This LOS occurs
when progression is extremely favorable and most vehicles arrive during the green phase.
Many vehicles do not stop at all. Short cycle lengths may tend to contribute to low delay
values.
LOS B describes operations with control delay greater than 10 and up to 20 slveh.
This level generally occurs with good progression, short cycle lengths, or both. More
vehicles stop than with LOS A, causing higher levels of delay.
LOS C describes operations with control delay greater than 20 and up to 35 slveh.
These higher delays may result from only fair progression, longer cycle lengths, or both.
Individual cycle failures may begin to appear at this level. Cycle failure occurs when a
given green phase does not serve queued vehicles, and overflows occur. The number of
vehicles stopping is significant at this level, though many still pass through the
intersection without stopping.
LOS D describes operations with control delay greater than 35 and up to 55 slveh.
At LOS D, the influence of congestion becomes more noticeable. Longer delays may
result from some combination of unfavorable progression, long cycle lengths, and high
VICratios. Many vehicles stop, and the proportion of vehicles not stopping declines.
Individual cycle failures are noticeable.
LOS E describes operations with control delay greater than 55 and up to 80 slveh.
These high delay values generally indicate poor progression, long cycle lengths, and high
VICratios. Individual cycle failures are frequent.
LOS F describes operations with control delay in excess of 80 slveh. This level,
considered unacceptable to most drivers, often occurs with oversaturation, that is, when
arrival flow rates exceed the capacity of lane groups. It may also occur at high vlc ratios
with many individual cycle failures. Poor progression and long cycle lengths may also
contribute significantly to high delay levels.
Delays in the range of LOS F (unacceptable) can occur while the vlc ratio is below
1.O. Very high delays can occur at such vlc ratios when some combination of the
following conditions exists: the cycle length is long, the lane group in question is
disadvantaged by the signal timing (has a long red time), and the signal progression for
the subject movements is poor. The reverse is also possible (for a limited duration): a
saturated lane group (i.e., vlc ratio greater than 1.0) may have low delays if the cycle
length is short or the signal progression is favorable, or both.
Thus, the designation LOS F does not automatically imply that the intersection,
approach, or lane group is over capacity, nor does an LOS better than E automatically
imply that unused capacity is available.
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The method in this chapter and Chapter 16 requires the analysis of both capacity and
LOS conditions to fully evaluate the operation of a signalized intersection.

REQUIRED INPUT DATA AND ESTIMATED VALUES
Exhibit 10-12 gives default values for input parameters in the absence of local data.
If intersection saturation flow is to be estimated as well, then additional saturation flow
adjustment data are required. The analyst should note that taking field measurements for
use as inputs to an analysis is the most reliable means of generating parameter values.
Default values should be considered only when this is not feasible.
EXHIBIT 10-12. REQUIRED DATA FOR SIGNALIZED INTERSECTIONS
Default

Item
Geometric Data

Exhibit 10-13

Exclusive turn lanes
Demand Data
Intersection turning movements
PHF
Length of analysis period

0.92
0.25 h
Intersection Data

Control type
Cycle
Lost time

<-

Exhibit 10-16
Exhibit 10-17

!/C
Arrival type (AT)
Unit extension time (UE)
Actuated control adjustment factor (k)
Upstream filtering adjustment factor (I)
Adjusted saturation flow rate

3 uncoord~nated,4 coordinated
3.0 s
0.40 (planning)
1.OO
Exhibit 10-19
Saturation Flow Data

Base saturation flow rate
Lane widths
Heavy vehicles
Grades
Parking maneuvers
Local bus
Pedestrians
Area type
Lane utilization

1900 pclhlln
12 ft
2%
0%
Exhibit 10-20
Exhibit 10-21
Exhibit 10-22
Exhibit 10-23

Lane Additions and Drops at Intersections
Short through-lane additions on the approaches to an intersection and short throughlane drops exiting the intersection may not function as full through lanes. The analyst
should take this into consideration in determining the equivalent number of through lanes
for the approach and in selecting the lane utilization factor for the approach.

Exclusive Turn Lanes
This section summarizes suggestions for establishing the geometric design of an
intersection when it has not been defined by existing conditions or by state or local
practice (3). These suggestions may also be applied when analysis indicates intersection
deficiencies that are to be corrected by changes in geometric design. However, nothing in
this section should be construed as constituting a strict guideline or standard. This
material should not be used in place of applicable state and local standards, guidelines,
Chapter 10 - Urban Street Concepts
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policies, or practice. Rather it is presented here to indicate general possibilities for
improvement of signalized intersections.

Exclusive Left-Turn Lanes
The presence of exclusive left-turn lanes is determined by the volume of left-turn
traffic, opposing volumes, and safety considerations (4). For analyses of future
conditions requiring assumptions about lane configurations, Exhibit 10-13 shows
relationships between left-turn volumes and the probable need for left-turn lanes in the
absence of local data (5).
EXHIBIT 10-13. TURN VOLUMES PROBABLY REQUIRING EXCLUSIVE LEFT-TURN LANES AT SIGNALIZED
INTERSECTIONS
Turn Lane
Single exclusive left-turn lane
Double exclusive left-turn lanes

Minimum Turn Volume fvehth)

Exclusive left-turn lanes are also required when an exclusive left-turn phase is
warranted at a signalized intersection. In the absence of forecast turn volumes, the
analyst should assume that exclusive left-turn lanes will be the standard design for all
future intersections, except possibly in the central business district (CBD) (if severe rightof-way constraints exist), on a one-way street, or where the operating jurisdiction does
not typically construct such lanes.

Exclusive Right-Turn Lanes
Although right turns are generally made more efficiently than left turns, exclusive
right-turn lanes are often provided for many of the same reasons that left-turn lanes are
used. Right turns may face a conflicting pedestrian or bicycle flow, but they do not face a
conflicting vehicular flow. In general, an exclusive right-turn lane should be considered
if the right-turn volume exceeds 300 veh/h and the adjacent mainline volume exceeds 300
veh/Mn.

Number of Lanes
The number of lanes required on an approach depends on a variety of factors,
including the signal design. In general, enough main roadway lanes should be provided
to prevent the total of the through plus right-turn volume (plus left-turn volume, if
present) from exceeding 450 veh/h/ln. This is a very general suggestion. Higher volumes
can be accommodated on major approaches if a substantial portion of available green
time can be allocated to the subject approach. If the number of lanes is unknown, the
foregoing value is a reasonable starting point for analysis.

Other Features
If lane widths are unknown, the 12-ft standard lane width should be assumed unless
known restrictions prevent such width. Parking conditions consistent with local practice
should be assumed. If no information exists, no curb parking and no local buses should
be assumed for analysis purposes.
The storage bay length of exclusive turn lanes should be sufficient to handle the
turning traffic without reducing the safety or capacity of the approach. A method for
estimating the required length of the storage bay is presented in Appendix G of Chapter
16.
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Intersection Turning Movements
Intersection turning movements are used in the analysis of signalized intersections on
urban streets. If signal timing is not known, then the turning movements may also be
used to estimate the effective green ratios (g/C) and cycle length for each intersection.

Default Values in Absence of Turning Movement Data
An urban street analysis can be performed in the absence of intersection turning
movement data if the analyst can obtain directional volume counts for the urban street
and estimate the average percentage of turning vehicles on the street approaches at the
intersections. Peak-hour volumes by direction can be estimated from average daily traffic
(ADT). The estimated percentage of turns is used to reduce the total urban street
approach volume at intersections where exclusive turn lanes are provided. The
percentage of turns made from exclusive lanes at an intersection is subject to local
conditions. In the complete absence of local information, default values of 10 percent to
represent right turns and 10 percent for left turns as a percentage of the total approach
traffic are suggested.
If some of the intersections have exclusive lanes and some do not, the delay at each
intersection along the urban street should be computed and summed to obtain the
intersection delay for the section. If this is not feasible, the analyst can divide the
intersections into two categories: intersections with exclusive lanes and intersections
without exclusive lanes. The delay can be computed for each category of intersection,
multiplied by the number of intersections in that category, and summed to obtain
intersection delay on the urban street.

See Chapter 9 for means of
estimating peak demands
from ADT

Turning Movement Estimation

(,

Peak-hour turning movement counts or forecasts are the best source of information
on turning movements. In the absence of such information, turning movements can be
estimated from approach and departure volumes for each leg of the intersection.
Each approach to the intersection is considered an origin. Each departure leg is a
destination as shown in Exhibit 10-14. The problem then becomes one of estimating the
origin-destination (0-D) table given the entering and exiting volume on each leg of the
intersection.
EXHIBIT 10-14. ORIGIN-DESTINATION LABELS FOR INTERSECTION TURNING MOVEMENTS

-
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This estimation procedure is derived from research (6). The procedure assumes that
the number of vehicles going from one leg to another is directly proportional to the total
volume entering the one leg and the total volume exiting on the other leg. This
assumption may not be valid when other factors or geometric situations are present, such
as a nearby freeway on-ramp, which may attract a much higher than normal trip volume.
Equation 10-4 is used to estimate the turning movement 0-D matrix:

1

where

9Ti

= number of trips going from origin leg i to destination leg j,

= number of trips originating at origin i, and
= number of trips leaving at destination j.

U-turns (Ti = j) trips are assigned a value of zero unless the analyst is aware of a
reason for U-turns to be a significant number. Note that Equation 10-4 does not ensure
that the final estimates of total trips exiting each leg of the intersection will match the
initial value. An iterative procedure can be used to increase or reduce the Tij as necessary
to ensure that the sum of the Tij is close to the initial demand estimates for each entering
and departing leg of the intersection. This procedure is known as a matrix balancing
process (7).
The steps of the iterative procedure use Equations 10-5, 10-6, 10-7, and 10-8.
Step 1. Compute the ratio of desired to actual exiting volume for each departure leg.

\

where
Rj =

T;, =

5,

=

ratio of desired to actual exiting volume for exit leg j,
desired exiting volume for exit leg j, and
current estimate of volume going from origin i to destination j.

Step 2. Multiply all Tij for that exit leg by ratio Rj. Repeat for each exit leg.
Step 3. Compute ratio of desired to actual entering volumes for each entering leg i.

where
Ri

5

5

= ratio'of desired to actual entering volume for entry leg i,
= desired entering volume for entry leg i, and
= current estimate of volume going from origin i to destination j.

Step 4. Multiply all Tij for that entry leg by ratio Ri. Repeat for each entry leg.
Step 5. Determine whether the user-specified number of iterations has been
exhausted or the user-specified closure criterion is met for all entry and exit legs.
diffi = T i - ETii for entry legs
(10-7)
i
I

diffj = T i

- E To for exit legs

(10-8)

i

Step 6. If any of the computed differences is greater than the closure criterion (a
closure criterion of 10 veh/h is suggested) and the iteration limit has not been exceeded,
then go back to Step 1.
-

-

-
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Peak-Hour Factor
Refer to the peak-hour factor discussion in this chapter under Section II, Urban
Streets, Required Input Data and Estimated Values.

Length of Analysis Period
Refer to the length of analysis period discussion in this chapter under Section 11,
Urban Streets, Required Input Data and Estimated Values.

Intersection Control Type
The intersection control type for an existing facility is known, by definition. In the
case of future facilities, the likely intersection control types can be forecast using Exhibit
10-15 and the forecast two-way peak-hour volumes on the major and minor streets. Note
that this exhibit is based on a set of specific assumptions, which are identified in a
footnote.
EXHIBIT 111-15. INTERSECTION CONTROL TYPE AND PEAK-HOUR VOLUMES
(SEE FOOTNOTE FOR ASSUMED VALUES)

Traffic signal controla

Major Street Peak-Hour Two-Way Volume (vehlh)
Notes
a. Roundabouts may be appropriate within portion of these ranges.
Source: Adapted from Trafic Control Devices Handbook (8, pp. 4-18) - peak-direction, 8-h warrants converted to two-way
peak-hour volumes assuming ADT equals twice the 8-h volume and peak hour is 10 percent of daily. Two-way volumes
assumed to be 150 percent of peak-direction volume.

Cycle Length
Greater accuracy can be achieved when using the computational methodology if the
cycle length for each intersection along the urban street is known or can be calculated on
the basis of intersection-specific data. In the absence of a known cycle length or
intersection-specific data, the cycle lengths for signalized intersections along an urban
street can be estimated using the default values in Exhibit 10-16.
EXHIBIT 10-16. DEFAULT CYCLE LENGTHS BY AREATYPE

C..
-

Area Type
CBD
Other

Default (s)
70
100

-
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If the results of the urban street or intersection analysis indicate that the critical
volumelcapacity ratios for one or more intersections will be greater than 1.00, then the
analyst should perform an overall review of geornetrics, signal timing, and signal phasing
and should consider increasing the cycle length until the vlc I 1.00. Special analysis
procedures for actuated signals are given in Appendix B of Chapter 16. A simpler
approach is also presented in Appendix A of this chapter.

1.,

Lost Time and Estimation of Signal Phasing
The total lost time in the signal cycle can be obtained from Exhibit 10-17 on the
basis of whether left turns are protected or permitted for the major street and the minor
street.
EXHIBIT 10-17. DEFAULT LOST TIME PERCYCLE BY LEFT PHASE TYPE
Maior Street
Protected
Protected
Permitted
Permitted

Minor Street
Protected
Permitted
Protected
Permitted

I

Number of Phases
4
3
3
2

I

L (sl
16
12
12
8

Note:
Protected and permitted refer to left turns.

Criteria for consideration
of roviding a protected
lef!turn phase

Unopposed left turns (left turns made from a one-way street or from the unopposed
leg of a T-intersection) are treated as permitted, while protected-plus-permittedleft turns
can be treated as protected when using Exhibit 10-17. Exhibit 10-17 shows that 4 s of
lost time occurs between phases of the signal. Note that the term "phase" is used here as
it is defined in this manual and should not be confused with the term "NEMA phase,"
which is used in traffic-actuated control to refer to the green time for a single movement.
Thus, an eight-phase NEMA controller (which has protected left turns for all four
approaches) has four phases.
The actual left-turn treatment should be used, if known, in determining the lost time.
If this is unknown, the choice should be made using local policies or practices. Many
agencies use the product of the left-turn and opposing through traffic volumes as an
indicator of the need for protected phasing. The following criteria and thresholds may be
used to determine whether a left turn is likely to need a protected left-turn phase.
Left turns should be considered for protected phases if any of the following criteria is
met:
More than one turning lane is provided,
The left turn has a demand in excess of 240 vehlh over 1 h, or
The cross product of left-turn demand and the opposing through demand for 1 h
exceeds 50,000 for one opposing through lane, 90,000 for two opposing through lanes, or
110,000 for three or more opposing through lanes.
Note that these thresholds should only be used for planning applications. For design
and operational purposes many other factors should be considered, including accident
experience, field observations, and conditions that may exist outside of the analysis
period. The Trafic Control Devices Handbook (8,pp. 4-18) has more information on
left-turn phase warrants.
Unprotected left turns from exclusive lanes receive no explicit assignment of green
time because they are assumed to be accommodated by green time for the concurrent
through movement.
Split phase operation provides complete separation between movements in opposing
directions by allowing all movements from only one approach to proceed at the same
time. This alternative can be assumed for planning purposes only if
A pair of opposing approaches is physically offset by more than 65 ft,
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A protected left-turn phase must be provided to two opposing single-lane
approaches, or
Both opposing left turns are protected and one of the left turns is accommodated
with an exclusive lane plus an optional lane for through and left-turning traffic.

Effective Green Ratio
It is best to use the actual effective green time ratio (g/C) for each movement. In the
case of semiactuated and fully actuated signals, the g/C ratios are measured in the field
and averaged over several signal cycles during the analysis period. The next best method
is to estimate the glC ratio from intersection turning movements, as described in
Appendix A and Appendix B of Chapter 16.
A through g/C for each intersection is desirable; however, for planning purposes, a
weighted g/C may be appropriate. The weighted g/C of an urban street is the average of
the critical intersection through g/C and the average of all the other g/C1sfor the urban
street. For example, if there are four signals with a through g/C of 0.50and one signal
with a through g/C of 0.40,the weighted average g/C for the urban street is 0.45.The
weighted g/C takes into account the adverse effect of the critical intersection and the
overall quality of flow for the urban street. An overall default of 0.45may be used for the
major street through movement, but it should be recognized that appropriate ratios can
vary depending on characteristics of the urban street.

Arrival Type
The quality of progression is used to determine the arrival type as shown in Exhibit
10-18.The arrival type is used to adjust the computed delay for traffic at each signal. If
the arrival type is unknown, a default value of 3 is used for uncoordinated movements
and a default value of 4 is used for coordinated movements. Exhibit 15-4provides a
more precise means of determining the arrival type when the proportion of vehicles
arriving on green is known.

Progression
Qualih,

Very poor
Unfavorable

Random arrivals

Favorable
Highly favorable
Exceptional

Weighted g/C for urban street

I

EXHIBIT 10-18. PROGRESSION QUALITY AND ARRIVAL TYPE
Conditions Under Which Arrival Type Is Likely To Occur
Arrival
Type
1
Occurs for coordinated operation on two-way street where one direction of travel
does not receive good progression. Signals are spaced less than 1,600ft apart.
A less extreme version of Arrival Type 1. Signals spaced at or more than 1,600ft
but less than 3,200ft apart.
Isolated signals spaced at or more than 3,200 ft apart (whether or not
coordinated).
Occurs for coordinated operation, often only in one direction on a two-way street.
Signals are typically between 1,600ft and 3,200 ft apart.
Occurs for coordinated operation. More likely to occur with signals less than
1,600ft apart.
6
Typical of one-way streets in dense networks and central business districts.
Signal spacing is typically under 800 ft.

Progression Adjustment Factor
Exhibit 16-12in Chapter 16 provides guidance on selecting the progression
adjustment factor (PF) on the basis of arrival type. The PF = I .OOfor Arrival Type 3.
The PF for Arrival Type 4 is 0.84,when g/C is equal to 0.45.

I
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Incremental Delay Adjustment

The incremental delay adjustment (or actuated control adjustment factor), k, is set to
0.50 for pretimed signal control. The same value is used for the nonactuated movements
at an intersection with actuated control or semiactuated control.
For the actuated movements, the factor can vary from 0.04 to 0.50, depending on the
unit extension for each vehicle actuation and the volumelcapacity ratio (X) for the
movement. The value of the adjustment factor increases as the volumelcapacity ratio
increases. Exhibit 15-6 provides guidance on the selection of k given the unit extension
and the degree of saturation. In the absence of this information, the analyst may use a
value of 0.40 fork, which corresponds to a unit extension of 3 s and a volumelcapacity
ratio between 0.85 and 0.90. For operational analyses in Chapter 16, the value of k
should be based on the computed vlc ratio.
Upstream FilteringIMetering Adjustment Factor

The incremental delay adjustment term (I) accounts for the effects of upstream
signals metering arrivals at the study intersection. If the nearest upstream signal is 0.6 mi
or more away from the subject movement at the study intersection, then I is set to 1.0.
Otherwise, I varies froin 0.92 to 0.09, decreasing with increasing degree of saturation for
the upstream signal. In the absence of this information, the analyst may use a value of
1.O, which applies to isolated intersections, for I.
Base Saturation Flow Rate
The default base
saturation flow rate is
1,900 pc/hnn

This manual uses a default base saturation flow rate of 1,900 pcMn. This value ma!
be increased or decreased on the basis of local field measurements. Approaches with
lower approach speeds (less than 30 m f i ) often have lower base saturation flow rates, on
the order of 1,800 pc/h/ln. Approaches with higher approach speeds (greater than 50
m f i ) may have base saturation flow rates higher than 1,900 pcMn.
Adjusted Saturation Flow Rates

The adjusted saturation flow rate per lane is used to compute the delay to through
movements at each intersection due to signal control. Initial estimates of the adjusted
saturation flow rate for through lanes can be obtained from Exhibit 10-19.
EXHIBIT 10-19. ADJUSTED SATIJRATION FLOW RATE BY AREA TYPE
Area Type
CBD
Other

Default Value (vehlhlln)
1700
1800

Range (vehlhlln)
1600-1800
1700-1 950

These adjusted saturation flow rates can also be used for intersection analyses.
However, if local data are available on the specific geometry and demand conditions on
each approach of an intersection, then the adjusted saturation flow rates can be estimated
more accurately. Chapter 15 provides a more accurate method for computing adjusted
saturation flow rates when additional data are available.
Lane Widths

The typical lane width is 12 ft. Urban street lane widths can be as narrow as 10 ft.
The lane closest to a raised median may be extra wide to allow for some shy distance
between vehicles and the median. The rightmost lane may be several meters wider than
the standard. Lanes wider than 20 ft should be evaluated to determine whether drivers
use the lane as two lanes or as a single wide lane. Drivers making right turns from a widc
through lane next to the curb may often form a second queue next to the through vehicles
In this case, the wide through lanes might be analyzed as two lanes: a standard-width
through lane plus a narrow exclusive right-turn lane.

-
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The lane width used for the analysis excludes.parking lanes (occupied by parked
vehicles). Bicycle lanes that are striped to allow right-turning vehicles to enter them for
the last several meters before the intersection may be included in the overall lane width of
the curb lane.

Heavy Vehicles
The local highway performance management system can be used to obtain local
information on the percentage of heavy vehicles by facility and area type. The
breakdown between recreational vehicles, trucks, and buses is not used in the
computation of adjusted saturation flow rates at signalized intersections. In the absence
of local data, a default value of 2 percent heavy vehicles (including all types) may be
used for urban streets.

Grades
The approach grade becomes important only when it is significantly steeper than 4
percent. The maximum grades encountered on urban streets typically range from 6 to 11
percent but can reach 31 percent in extreme situations, such as in San Francisco,
California. The analyst, in the absence of specific local data, may use 0 percent for
essentially flat approaches, 3 percent for moderate grades, and 6 percent for relatively
steep grades.

Parking Maneuvers
The number of parking maneuvers per hour is best measured in the field. In the
absence of such data, it can be estimated from the'nuoiber of parking spaces within 250 ft
of the stop line and the average turnover rate for each space. The number of spaces
within 250 ft of the stop line is estimated assuming 25 ft per space. Each turnover (one
car leaving and one car arriving) generates two parking maneuvers. Exhibit 10-20 gives
default values for maneuvers per hour, based on 80 percent occupancy of the spaces.
These default values may be used in the absence of local data.
EXHIBIT 10-20. PARKING MANEUVER DEFAULTS
Street Type

Number of Spaces in 250 ft

Parking Time Limit (h)

Two-way

10

One-way

20

1
2
1
2

Turnover Rate
per Hour
1
0.5
1
0.5

Maneuver;
per Hour
16

a
32
16

Note:
Assumed parking space occupancy of 80 percent

Local Buses
The number of buses per hour stopping at bus stops within 250 ft of the stop line can
be estimated from bus schedules for existing conditions. In the absence of such data, the
default values in Exhibit 10-21 may be used for intersections where buses are expected to
stop.
EXHIBIT 10-21. BUS FREQUENCY DEFAULTS
Area Type
CBD
Other

Average Bus Headway (rnin)
5
30

Buses Stoppinglh
12
2

-
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Pedestrians
Field counts are the best source of information on pedestrian flows. In the absence
of counts the defaults listed in Exhibit 10-22 may be used. The analyst should recognize
the tendency of field observers to underestimate pedestrian flows when casually
observing intersection operations. Relatively infrequent appearances of pedestrians at the
intersection, such as one pedestrian per cycle or one pedestrian per minute, can add up to
fairly significant hourly pedestrian flows of 60 p h .

i

EXHIBIT 10-22. DEFAULTS FOR PEDESTRIAN FLOWS
Area Type
CBD
Other

Pedestrian Volume (p/h)
400
50

Area Type
Only two area types are recognized for signalized intersection analysis: CBD and
other. The base saturation flow rate for an intersection is reduced 10 percent for CBD
conditions compared with other areas. This adjustment is in addition to the saturation
flow reductions for the higher number of parking maneuvers, pedestrians, and bus stops
typical of CBDs.

Lane Utilization
The assumed lane utilization can be based on default values unless field data are
available or the analyst is aware of special conditions (such as short lane drops or a
downstream freeway on-ramp) that might cause drivers to distribute themselves unevenly
across the available lanes on the approach. As demand approaches capacity, the analyst
may use lane utilization factors closer to 1.O, which would indicate a more uniform use of
the available lanes and'less opportunity for drivers to freely select their lane. Exhibit
10-23 summarizes lane utilization adjustment factors for different lane group movements
and numbers of lanes.

(\

EXHIBIT 10-23. DEFAULT LANE UTILIZATIONADJUSTMENT FACTORS
Lane Group Movements
Through or shared

Exclusive left turn
Exclusive right turn

No. of Lanes in Lane
Group
1
2
3a
1
2a
1
2a

Traftic in Most Heavily
Traveled Lane (%)
100.0
52.5
36.7
100.0
51.5
100.0
56.5

Lane Utilization
Adjustment Factor (f,,,)
1.000
0.952
0.908
1.OOO
0.971
1.OOO
0.885

Note:
a. If lane group has more lanes than shown in this exhibit, it is recommended that surveys be made or the smallest fLushown
for that type of lane group be used.

SERVICE VOLUME TABLE
Exhibit 10-24 shows the example service volumes (vehh) that can be accommodated
by a given LOS and number of through lanes to provide the desired LOS on an approach
(assuming that all other approaches have the same hourly volume). The values are based
on assumptions given in a footnote to the exhibit.
I

\
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EXHIBIT 10-24. EXAMPLE SERVICE VOLUMES FORSIGNALIZED INTERSECTION
(SEE FOOTNOTE FOR ASSUMED VALUES)
Through Lanes

A

B

1
2
3

NIA
NIA
NIA

130
200
NIA

LOS
C
Service Volumes (vehlh)
350
860
1230

D
530
1090
1510

E
590
1220
1680

Notes
NIA - not achievable given assumptions listed below.
This table is derived from the following assumptions.
a. Entries are total hourly volumes for subject approach including turns.
b. All approaches of intersection have the same demand as the subject approach.
c. Left turns equal to 10% of approach demand. Right turns equal to 10% of approach demand.
d. Phasing is protected lefts with exclusive left-turn lane in addition to through lanes.
e. All approaches are two-way streets.
f. Peak-hour factor = 0.92.
g. Saturation flow for each approach is computed assuming the following defaults: lane width = 12 fl, percent heavy vehicles =
2%, grades = 0%, parking = 8/h, bus = 2/h, pedestrians= 50/h, area type = CBD, lane utilization = 1.05 for 2 lane, 1.10 for 3
lanes, base saturation flow rate = 1900 pdhlln. These assumptions result in adjusted saturation flow rates of 1770 forthe leftturn lanes and 1560 vehlhlln for the through lanes.
h. Lost time is 16 s.
i. No upstream signal (1 = 1.0).
j. Pretimed signal (k = 0.50).
k. Arrival type = 3.
I. Analysis period (T) = 0.25 h.
m. Initial queue = 0.
n. Signal timing set to maximize service volumes subject to pedestrian clearance time requirements, minimum phase lengths,
and maximum signal length of 150 s.
o. Cycle lengths are as follows.
LOS C
Through Lanes
LOS B
LOS E
LOS A
LOS D
60 s
110s
150 s
MIA
60 s
1
80 s
150 s
110s
N/A
70 s
2
80 s
NIA
NIA
100 s
150 s
3
Note that minimum cycle lengths to serve pedestrians are 60 s for single-lane approach intersection, 70 s for two-lane approach
intersection, and 80 s for a three-lane approach intersection. Minimum pedestrian clearance times are 3 s per through lane plus
3 s for left-turn lane plus 6 s walk display. Minimum left-turn phase was set at 6 s plus phase change and clearance interval of
4 s.

IV. UNSIGNALIZED INTERSECTIONS
Three types of unsignalized intersections are addressed in this manual: two-way stopcontrolled (TWSC), all-way stop-controlled (AWSC), and roundabouts.

CHARACTERISTICS OF TWSC INTERSECTIONS
TWSC intersections are common in the United States and abroad. Stop signs are
used to control vehicle movements at such intersections. At TWSC intersections, the
stop-controlledapproaches are referred to as the minor street approaches; they can be
either public streets or private driveways. The intersection approaches that are not
controlled by stop signs are referred to as the major street approaches.
A three-leg intersection is considered to be a standard type of TWSC intersection if
the single minor street approach (i.e., the stem of the T configuration) is controlled by a
stop sign. Three-leg intersections where two of the three approaches are controlled by
stop signs are a special form of unsignalized intersection control.

FLOW AT TWSC INTERSECTIONS
TWSC intersections assign the right-of-way among conflicting traffic streams
according to the following hierarchy:

-
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~rafficstream
2.3. 5, 6. 15. 16
1.4.13.14.9.12
8.11
7.10

All conflicting movements yield the right-of-way to any through or
right-turning vehicle on the major street approaches. The major street
through and right-turning movements are the highest-priority movements
at a TWSC intersection.
Vehicles turning left from the major street onto the minor street yield only
to conflicting major street through and right-turning vehicles. All other
conflicting movements at a TWSC intersection yield to these major street
left-turning
the major street
movements.
yield onlyVehicles
to conflicting
turningmajor
rightstreet
from through
the minor
movements.
street onto

Rank 3

Minor street through vehicles yield to all conflicting major street through,
right-turning, and left-turning movements.
Minor street left-turning vehicles yield to all conflicting major street
Rank 4
through, right-turning, and left-turning vehicles and to all conflicting
minor street through and right-turning vehicles.
Even though the hierarchy described above suggests that the highest-priority
movements experience no delay as they travel through a TWSC intersection, experience
shows that their right-of-way is sometimes preempted by other conflicting movements.
Such preemptions most often occur during periods of congestion when vehicles in the
conflicting movements are experiencing long delays and queues (or when separate leftturn bays are not provided on the major street).
GAP ACCEPTANCE MODELS

Gap acceptance models begin with the recognition that TWSC intersections give no
positive indication or control to the driver on the minor street as to when it is safe to leave
the stop line and enter the major traffic stream. The driver must determine both when a
gap in the major stream is large enough to permit safe entry and when it is the driver's
turn to enter on the basis of the relative priority of the competing traffic streams. This
decision-making process has been formalized into what is commonly known as gap
acceptance theory. Gap acceptance theory includes three basic elements: the size and
distribution (availability) of gaps in the major traffic stream, the usefulness of these gaps
to the minor stream drivers, and the relative priority of the various traffic streams at the
intersection.
Availability of Gaps

The first element to consider is the proportion of gaps of a particular size in the
major traffic stream offered to the driver entering from the minor stream, as well as the
pattern of arrival times of vehicles. The distribution of gaps between the vehicles in the
different streams has a major effect on the performance of the intersection.
Usefulness of Gaps
Critical gap is the
minimum time between
successive major street
vehicles where minor
street vehicles make a
maneuver
Follow-up time is the
time span between the
departure of one vehicle
from the minor street and
the departure of the next
vehicle using the same
gap

The second element to consider is the extent to which drivers find gaps of a
particular size useful when attempting to enter the intersection. It is generally assumed in
gap acceptance theory that drivers are both consistent and homogeneous. In reality, this
assumption is not entirely correct. Studies have demonstrated that different drivers have
different gap acceptance thresholds and even that the gap acceptance threshold of an
individual driver often changes over time (9). In this manual the critical gap and followup times are considered representative of a statistical average of the driver population in
the United States.
Relative Priority of Various Streams at the Intersection

Different streams have different ranking in a priority hierarchy. The gap acceptance
process evaluates them with impedance terms through the order of departures. Typically,
gap acceptance processes assume that drivers on the major road or stream are unaffected
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by the minor stream drivers. If this is not the case, the gap acceptance process has to be
modified.

CAPACI'W OF TWSC INTERSECTIONS

E

l

At TWSC intersections, drivers on the controlled approaches are required to select
gaps in the major street flow through which to execute crossing or turning maneuvers on
the basis of judgment. In the presence of a queue, each driver on the controlled approach
must also use some time to move into the front-of-queue position and prepare to evaluate
gaps in the major street flow. Thus, the capacity of the controlled legs is based on three
factors: the distribution of gaps in the major street traffic stream, driver judgment in
selecting gaps through which to execute the desired maneuvers, and the follow-up time
required by each driver in a queue.
The basic capacity model assumes that gaps in the conflicting stream are randomly
distributed. When traffic signals on the major street are within 0.25 mi of the subject
intersection, flows may not be random but will likely have some platoon structure.
Pedestrians crossing an intersection impede lower-ranked minor street vehicles, but
only one lane at a time. This is because vehicles performing a given through or turning
movement tend to pass in front of or behind pedestrians once a driver's target lane is
clear. Pedestrian flows are counted somewhat differently than are vehicle flows. If the
typical pattern is for pedestrians to walk individually, each pedestrian is counted
individually in the pedestrian flow. However, if pedestrians tend to cross in groups, the
number of groups is counted. The important factor is to determine the number of
blockages. In most cases, this will be a combination of individual pedestrians and groups
of pedestrians. Thus, as defined for the purpose of determining the pedestrian impedance,
the pedestrian volume is the sum of individual pedestrians crossing individually and
groups of pedestrians crossing together during the analysis time period.
The existence of a raised or striped median or a two-way left-turn lane (TWLTL) on
the major street often causes some degree of a gap acceptance phenomenon known as
"two-stage gap acceptance." For example, the existence of a raised or striped median
causes a significant proportion of the minor street drivers to first cross part of the major
street approach and then pause in the middle of the road to wait for another gap in the
other approach. If a TWLTL exists on the major street, the minor street left-turn vehicle
usually merges into the TWLTL first, then seeks a usable gap on the other approach while
slowly moving some distance along the TWLTL. Both of these behaviors can increase
capacity.
The geometric elements near the stop line on the stop-controlled approaches of many
intersections may result in a higher capacity than the shared-lane capacity equation may
predict. This is because, at such approaches, two vehicles may occupy or depart from the
stop line simultaneously as a result of a large curb radius, a tapered curb, or a parking
prohibition. The magnitude of this effect will depend in part on the turning movement
volumes and the resultant probability of two vehicles being simultaneously at the stop
line and on the storage length available to feed the second position at the stop line.
Often, two or three movements share a single lane on the minor approach. With this
lane sharing, vehicles from different movements do not have simultaneous access to gaps,
nor can more than one vehicle from the sharing movements use the same gap, which
influences capacity.
The existence of nearby signalized intersections (i.e., traffic signals on the major
street within 0.25 mi of the subject intersection) typically causes vehicles to arrive at the
intersection in platoons. This influences the size and distribution of available gaps and
may cause an increase in the minor street capacity. The greater the number of vehicles
traveling in platoons, the higher the minor street capacity for a given opposing volume.
This is due to the greater proportion of large gaps that more than one minor street vehicle
can use. If signalized intersections exist upstream of the subject intersection in both
directions, the effect is much more complex.

-
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CHARACTERISTICS OF AWSC INTERSECTIONS
AWSC intersections require every vehicle to stop at the intersection before
proceeding. Since each driver must stop, the judgment as to whether to proceed into the
intersection is a function of traffic conditions on the other approaches. If no traffic is
present on the other approaches, a driver can proceed immediately after the stop is made.
If there is traffic on one or more of the other approaches, a driver proceeds only after
determining that there are no vehicles currently in the intersection and that it is the
driver's turn to proceed.

i

FLOW AT AWSC INTERSECTIONS
Field observations indicate that AWSC intersections operate in either a two-phase or
a four-phase pattern, based primarily on the complexity of the intersection geometry.
Flows are determined by a consensus of right-of-way that alternates between the
north-south and east-west streams (for a single-lane approach) or proceeds in turn to each
intersection approach (for a multilane approach intersection).
If traffic is present on the subject approach only, vehicles depart as rapidly as
individual drivers can safely accelerate into and clear the intersection. This is illustrated
as Case 1 in Exhibit 10-25.
EXHIBIT 10-25. ANALYSIS CASES FOR AWSC INTERSECTIONS

1 hr
i
iLr
L
A,
L
- 1-

Case 1 - Vehicle(s) on
subject approach only

Case 2 -Vehicles on subject
and opposing approaches

Case 3 - Vehicles on subject
and conflicting approaches

I

l 7

1 'F 1 1r
Case 4 -Vehicles on subject
and two other approaches

I
I
I
I
-

Case 5 -Vehicles on all approaches

If traffic is present on the other approaches, as well as on the subject approach, the
saturation headway on the subject approach will increase somewhat, depending on the
degree of conflict that results between the subject approach vehicles and the vehicles on
the other approaches. In Case 2 some uncertainty is introduced with a vehicle on the
opposing approach, and thus the saturation headway will be greater than for Case 1. In
Case 3, vehicles on one of the conflicting approaches further restrict the departure rate of
vehicles on the subject approach, and the saturation headway will be longer than for
Cases 1 or 2. In Case 4, two vehicles are waiting on opposing or conflicting approaches.
When all approaches have vehicles as in Case 5, saturation headways are even longer
than in the other cases, since the potential for conflict between vehicles is greatest. The
increasing degree of potential conflict translates directly into both longer driver decision
times and saturation headways. Since no traffic signal controls the stream movement or
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allocates the right-of-way to each conflicting traffic stream, the rate of departure is
controlled by the interactions between the traffic streams themselves.

CHARACTERISTICS OF ROUNDABOUTS
Three main features of roundabouts are illustrated in Exhibit 10-26: the central
island, the circulating roadway, and the splitter island (10). A roundabout is
distinguished from a traffic circle in general by the following characteristics:
Vehicles entering a roundabout are required to yield to vehicles within the
circulating roadway. Because of right-of-way constraints, some small traffic circles are
unable to deflect vehicle paths properly to achieve the desired speed reduction.
The circulating vehicles are not subjected to any other right-of-way conflicts, and
weaving is kept to a minimum. This provides the.means by which the priority is
distributed and alternated among vehicles. A vehicle entering as a subordinate vehicle
immediately becomes a priority vehicle until it exits the roundabout. Some traffic circles
impose control measures within the circulating roadway or are designed with weaving
areas to resolve conflicts between movements.
Some small circles do not control speed because of the small central island
diameter and because the radius of the vehicle path is large.
No parking is allowed on the circulating roadway. Parking maneuvers, if allowed,
would prevent the roundabout from operating in a manner consistent with its design.
Some larger traffic circles permit parking within the circulating roadway.
No pedestrian activities take place on the central island. Pedestrians are not
expected to cross the circulating roadway. Some larger traffic circles provide for
pedestrians crossing to, and activities on, the central island.
All vehicles circulate counterclockwise (in countries with a drive right policy),
passing to the right of the central island. In some small traffic circles (sometimes called
mini-traffic circles) left-turning vehicles are expected to pass to the left of the central
island.
Roundabouts are designed to properly accommodate specified design vehicles.
Some smaller traffic circles are unable to accommodate large vehicles, usually because of
right-of-way constraints.
Roundabouts have raised splitter islands on all approaches. Splitter islands are an
essential safety feature, required to separate traffic moving in opposite directions and to
provide refuge for pedestrians. Some smaller traffic circles do not provide raised splitter
islands.
When pedestrian crossings are provided for on the approach roads, they are placed
approximately one car length back from the entry point. Some traffic circles
accommodate pedestrians in other places, such as the yield point.
Vehicle speed into and through roundabouts is controlled by the physical features
of a roundabout and not by signs or pavement markings.

PERFORMANCE MEASURES
Four measures are used to describe the performance of TWSC intersections: control
delay, delay to major street through vehicles, queue length, and vlc ratio. The primary
measure that is used to provide an estimate of LOS is control delay. This measure can be
estimated for any movement on the minor (i.e., the stop-controlled) street. By summing
delay estimates for individual movements, a delay estimate for each minor street
movement and minor street approach can be achieved.
For AWSC intersections, the average control delay (in seconds per vehicle) is used
as the primary measure of performance. Control delay is the increased time of travel for
a vehicle approaching and passing through an AWSC intersection, compared with a freeflow vehicle if it were not required to slow or stop at the intersection.
I

L-..-.
/
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EXHIBIT 10-26. BASIC ROUNDABOUT GEOMETRICS

;;'4

Entry curve
Truck apron

width

P?

_

\

\ '

Ent,ry width
width

REQUIRED INPUT DATA AND ESTIMATED VALUES
Unsignalized intersections require basic input data. The data requirements are
summarized below for TWSC intersections, AWSC intersections, and roundabouts.

Two-Way Stop-Controlled Intersections
Intersection Geometry
Major street through lanes-Through lanes include those shared by through and
turning traffic. Separate left-turn or right-turn lanes are not included in this lane count.
Major street left-turn lanes-The major street left-turn lanes affect the estimated
delay for major street through traffic. Exhibit 10-27 can be used to decide whether leftturn lanes are likely to be in place in the future at unsignalized TWSC intersections on
two-lane highways.
Minor street lanes-The analyst must provide the number and use of the lanes on the
minor street approaches. Any shared lanes should be noted. These data affect the
capacity of the minor street movements.
Channelization-Raised or painted islands that separate conflicting flows from each
other should be noted. They affect the impedance adjustments and calculation of
conflicting traffic flows.
Approach grade-Grades are needed for all approaches and are expressed as a
percentage, with positive values for upgrades and negative values for downgrades. The
grade affects the calculation of critical gaps.

Control
Movement controls-The analyst should note which movements are stop-controlled
and which are yield-controlled (if any). These data affect the calculation of conflicting
traffic flows.
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EXHIBIT 10-27. MINIMIJM APPROACH VOLUMES (vehlh) FOR LEFT-TURLI LANES ON TWO-LANE
HIGHWAYS AT UNSiGNALlZED INTERSECTIONS
Opposing Volume

1

5% Left Turns

800
600
400
200
100

330
410
51I1
640
720

aoo
600
400
200
100

280
350
430
550
615

800

230

I

I

10% Left Turns
20% Left Turns
Free-Flow Soeed = 40 milh
240
180
225
305
275
305
350
470
390
515
Free-Flow Speed = 50 milh
21o
165
260
195
240
320
300
400
335
445
Free-Flow Speed = 60 milh
125
170

(

30% Left Turns
160
200
245
305
340
135
170
210
270
295
115

Source: AASHTO Policy on Geometric Design of Highways and Streets (1, p. 791).

Volumes

i

'\ .

Turning movement volumes-The peak-hour turning volumes are required for all
intersection approaches. Vehicle classification is used to calculate the percentage of
heavy vehicles.
Peak-hour factor (PHF)-The peak-hour volumes must be divided by the PHF before
beginning the computations. If the analyst has peak 15-min flow rates, these flow rates
can be entered directly with the PHF set to 1.00.
Length of study period (T)-Refer to urban street description of length of study
period in this chapter under required input data and estimated values.
All-Way Stop-Controlled Intersections

Intersection Geometry
The number and configuration of lanes on each approach are used to determine the
complexity of the analysis and to select applicable geometry groups.

Volumes
Turning movement volumes-Peak-hour turning volumes by movement for all
intersection approaches are required, including vehicle classification (to calculate the
percentage of heavy vehicles).
Peak-hour factor (PHF)-The peak-hour volumes must be divided by the PHF before
beginning the computations. If the analyst has peak 15-min flow rates, these flow rates
can be entered directly with the PHF set to 1.00.
Length of study period (T)-Refer to urban street description of length of study
period in this chapter under required data and estimated values.
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Roundabouts
Intersection Geometry
The geometric layout of the intersection must be consistent with the characteristics of
a single~laneroundabout (see Chapter 17, "Unsignalized Intersections," for details).

Volumes
Turning movement volumes-Peak-hour turning volumes by movement for all
intersection approaches are required.
Peak-hour factor (PHF)-For the analysis to reflect conditions during the peak 15
min, the peak-hour volumes must be divided by the PHF before beginning the
computations. If the analyst has peak 15-min flow rates, these flow rates can be entered
directly with the PHF set to 1.00.

SERVICE VOLUME TABLES
Exhibits 10-28 and 10-29 show the number of lanes required to achieve a desired
LOS for a TWSC intersection. The LOS shown in these example tables reflects
conditions for the worst movement at the intersections, which is usually the left turn from
the stop-controlled minor street. These example service volumes reflect the specific
assumptions listed in the exhibit footnotes. Exhibit 10-28 is for a T-intersection and
gives example service volumes for a single-lane approach on the minor street. Exhibit
10-29 gives example service volumes for four-leg intersections with varying lane
configurations and two-way hourly volumes on the major street approaches ranging
between 500 and 1,500 vehlh.
Exhibit 10-30 can be used to estimate the number of through lanes for each approach
required to achieve a desired LOS for an AWSC intersection. Since the intersection is
all-way stop controlled, each vehicle is required to stop before proceeding. Adding leftturn or right-turn pockets will not significantly reduce delay. The entries in the exhibit
are maximum hourly approach volumes for any one of the four approaches to the
intersection. These example service volumes reflect the specific assumptions found in
the exhibit footnotes.
EXHIBIT 10-28. EXAMPLE OF MINOR STREET SERVICE VOLUMES FOR T-INTERSECTION
TWO-WAY STOP INTERSECTION
(SEE FOOTNOTE FOR ASSUMED VALUES)
This table contains
approximate values. It is
meant for illustrative
purposes only. The
values are highly
dependent on the
assumptions used. It
should not be used for
operational analyses or
final design. This table
was derived usin
assumed values %fed in
the footnote.

Major Street
2-Way Volume
(veh/h)
200
400
600
800
1000

A

B

LOS
C

D

E

Minor Street Approach Service Volumes for Single-Lane Approach (vehlh)
110
760
450
630
700
590
N/A
460
530
280
N/A
440
390
150
320
N/A
320
270
40
210
N/A
N/A
230
120
180

Note:
Assumptions: minor street lefl turns and right turns are equal; major street left turns and right turns are each 10% of the
approach volume; PHF = 0.92; heavy vehicles = 2%; grade = 0%; pedestrian flow = 0: no flared minor approach; no
channelization; 50150 split of major street traffic; two-lane major street; major street lefl-turn pocket
NIA = not achievable under given conditions.
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EXHIBIT 10-29. EXAMPLE OF MINOR STREET SERVICE VOLUMES FOR FOUR-LEG INTERSECTION, TWOWAY STOP
(SEE FOOTNOTE FOR ASSUMED VALUES)
LOS
C

B
A
Major Street 2-Way
D
E
Volume (vehlh)
Minor Street Approach Service Volumes (vehlh), Major Street = 1 Lane Plus Turn Pockets,
Minor Street = 1 I-ane, No Turn Pockets
NIA
90
220
260
500
300
NIA
30
70
1000
NIA
100
NIA
1500
NIA
NIA
NIA
NIA
Minor Street Approach Service Volumes (vehlh), Major Street = 1 Lane Plus Turn Pockets,
Minor Street = 1 Lane, PlusTurn Pockets
NIA
170
370
420
500
470
60
130
NIA
1000
180
NIA
NIA
NIA
NIA
NIA
1500
10
Minor Street Approach Service Volumes (vehlh), Major Street = 2 Lane Plus Turn Pockets,
Minor Street = 1 Lane, No Turn Pockets
120
500
NIA
240
340
300
NIA
NIA
40
1000
100
130
NIA
NIA
NIA
NIA
20
1500
Minor Street Approach Service Volumes (vehlh), Major Street = 2 Lane Plus Turn Pockets,
Minor Street = 1 Lane, Plus Turn Pockets
NI A
240
440
500
500
550
NIA
180
1000
NIA
110
230
NIA
1500
NIA
NIA
40
NIA

This table contains
approximate values. It is
meant for illustrative
purposes only. The
values are highly
dependent on the
assumptions used. It
should not be used for
operational analyses or
final design. This table
was derived using
assumed values listed in
the footnote.

Note:
Assumptions: both approach legs of minor streets have same volume. Minor street left turns and right turns are equal to 33%
of total minor street approach volume. Major street left turns and right turns are each 10% of the approach volume; PHF = 0.92;
a default PCE of 1.10 was used; no flared minor approach; no channelization; no heavyvehicles.
NIA = not achievable under given conditions.

EXHIBIT 10-30. EXAMPLE OF APPROACH SERVICE VOLUMES FOR ALL-WAY STOP INTERSECTIONS FOR
SINGLE APPROACH
(SEE FOOTNOTE FOR ASSUMED VALUES)
A
Through Lanes
1
2

170
180

LOS
D
B
C
Approach Service Volumes (vehlh)
340
260
310
320
430
480

E
350
520

Note:
Assumptions: equal demand on all approaches, identical lanes on all four approaches, PHF = 0.92. 10% left turns, 10% right
turns, and no heavy vehicles.

This table contains
approximate values. It is
meant for illustrative
purposes only. The
values are highly
dependent on the
assum tions used. It
shoulfnot be used for
operational analyses or
final design. This table
was derived using
assumed values listed in
the footnote.
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X,, is the measure of
effectiveness for quick
estimation methods

,

APPENDIX A. QUICK ESTIMATION METHOD FOR SIGNALIZED
INTERSECTIONS
A quick estimation method for determining the critical vlc ratio, X,, signal timing,
and delay for a signalized intersection is described in this appendix. This procedure can
be used when only minimal data are available for the analysis and only approximate
results are desired.
The quick estimation method consists of six steps: assembly of the input data,
determination of left-turn treatment, lane volume computations, estimation of signal
timing plan, calculation of the critical vlc ratio, and calculation of average vehicle delay.
INPUT REQUIREMENTS
The overall data requirements are summarized in Exhibit A10-1. The input
worksheet is shown in Exhibit A10-2. Some of the input requirements may be met by
assumed values or default values that represent reasonable values for operating
parameters. Other data items are site specific and must be obtained in the field. The
objective of using the quick estimation method is to minimize the need for collection of
detailed field data.
The calculations integrated into the quick estimation method and specifically
indicated in the worksheets include several default values for variables. The values have
been selected to be generally representative and to simplify the analysis. The
computations for the quick estimation method must be based on the traffic volumes and
lane configuration of each approach to the intersection.
The worksheets for computation are shown in Exhibits A10-2, A10-3, A10-4, and
A10-5. The first step is to input geometric data and all volume-related parameters on the

i

\
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input worksheet. Critical lane volume (VCL)and left-turn volume (VLT)are obtained
according to the method discussed below.

EXHIBIT A10-1, INPUT DATA REQUIREMEN'TSFORQUICK ESTIMATION METHOD
Data Item
I
Comments
By movement as projected
Volumes
Lanes
Left, through, or right; exclusive or shared
Adjusted saturation flow rate
Includes all adjustmentsfor PHF, CBD, grades, etc.
Left-turn treatment (phasing plan)
Use actual treatment, if known. See discussion of
phasing plan development.
Use actual value, if known. May be estimated using
Cycle length (min and max)
signal operations worksheet.
May be estimated using signal operations worksheet
Lost time
Green times
Use actual values, if known. May be estimated using
signal operations worksheet.
Coordination
Isolated intersection versus intersection influenced by
upstream signals
Use default value of 0.90 if not known
Peak-hour factor
Parking
On-street parking is or is not present
1 Signal is or is not in CBD
Area type

DETERMINATION OF LEFT-TURN TREATMENT

i
!-

I

L.;-/

The signal timing needs of permitted left turns are not considered in the syntheses of
the traffic signal timing plan in the quick estimation technique. Therefore, failure to
assume protected left-turn phases for heavy left-turn flow rates will generally produce an
overly optimistic assessment of the critical vlc ratio and intersection operations.
Exhibit A10-3 provides a procedure for determining whether a permitted left turn
should be protected instead in the quick estimation of intersection operations. This leftturn treatment check is not necessary if the left turn is unopposed or if the analyst wishes
to analyze only protected left turns. Above all, the left-turn treatment checks should not
be used as the sole determinant of the need for protected left-turn phasing.
Even if the analyst already knows that permitted left-turn treatment will be
implemented, this left-turn treatment check must still be used to check that the left-turn
treatment does not conflict with the assumptions on which this quick estimation method
is based. The more robust methodology presented in Chapter 16, "Signalized
Intersections," should be used whenever the analyst wishes to analyze an inte~section
with permitted left turns that fails the left-turn treatment checks in Exhibit A10-3.
The determination of the recommended left-turn treatment is accomplished in four
steps. The first step recommends left-turn protection if there is more than one left-turn
lane on the approach. The second step recommends left-turn protection if there are more
than 240 vehlh (unadjusted) turning left. The third step recommends left-turn protection
if the cross-product of the unadjusted left turn and opposing mainline volumes exceeds
the minimum values shown in Exhibit A10-3. The opposing mainline volume is usually
the summation of the opposing through and right-turning vehicles. If the analyst
recognizes that the opposing approach geometry is such that left-turn vehicles can safely
ignore the opposing right-turn vehicles, the opposing right-turn vehicles can be excluded.
Such situations occur if there is an exclusive right-turn lane on the opposing approach and
the right-turning vehicles have their own lane to turn into on the cross street without
interfering with the left-turning vehicles.
The final step compares the left-turn demand with the average number that can sneak
through on the yellow phase and recommends left-turn protection if the opposing flows
are high enough to result in a left-turn equivalence factor (computed later) exceeding 3.5.

Do not use this quick
estimation method as the sole
basis for determinin need for
protected left-turn pfasing

-
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Once it is determined that left-turn protection is recommended for a given approach, the
subsequent checks for that approach are unnecessary.
EXHIBIT A10-2. QUICK ESTIMATION INPUT WORKSHEET
QUICK ESTIMATION INPUT WORKSHEET

I II
I

General Information

Site Information

1
/

~nalyst

' Agency or Company

I

Date Performed

I

Analysis Time Period

I

/nt-on

Intersection

I

Area Type

/

Jurisdiction
Analysis Year

P CBD

I

Geometry

f

= Through

=

l

Right

= Lefi

'C" =
T\t =
I(T =
Street

I

0 Other

Through + W h t
Len+ Through
Len+ Right

= Len+ Through+ Right

Volume. V (vehlh)

; Proportion of LT or RT (PLTor PRT)'
I Parking (YWNo)

1

,

II

Len-turn treatment (permitted, protected,
Peak-hour factor, PHF

-

Cycle length

Minimum. ,C,,

Lost bmdphase

-s

s

Maximum, &,

s

or

Given, C

-

I

I

Notes

(

I
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EXHIBIT A10-3. LEFT-TURN TREATMENT WORKSHEET

I

I

II II

General information

)

I

LEFT-TURN TREATMENT WORKSHEET

Description
-

Check #I. Left-Turn Lane Check

I

WB

EB

Approach

NB

SB

Number of left-turn lanes
Protect left turn (Y or N)?
If the number of eft-urn lanes on any approach exceeds 1, tnen 111s recolnlmenoed lhat the .ek turns on tnat approacn oe protected
Tnose approaches w In protected .eft turns nee0 not be eval~ateoIn subsequent cheas.

Check #2. Minimum Volume Check
r-

I

WB

EB

Approach

NB

SB

Left-turn volume
Protect left turn (Y or N)?
If left-turn volume on any approach exceeds 240 veWh. then ~tIS recommended that the left turns on that approach be protected. Those
approaches wlth protected left turns need not be evaluated In subsequent checks

Check M. Minimum,Cross.Product Check
I

I

EB

Approach

I

I

NB

WB

SB

Left-turn volume, VL (vehlh)
Oooosina mainline volume. V, (vehh)

I

I

Cross-product (VL * V),
Oooosina throuah lanes

1

I

Protected left turn (Y or N)?

I

I

1

1

Minimum Cross-Product Values for Recommending Left-Turn Protection
Number of Through Lanes

Minimum Cross-Product

1

50,000

2

90.000

3

110,000

If the cross-product on any approach exceeds the abwe values. then 111s recommended that the left turns on that approach be protected.
Those approaches wlth protected left turns need not be evaluated In subsequent checks.

CheCkM Sneaker Check
I

1

Aooroach

I

I

EB

1

I

I

WB

I

NB

I

SB

I

Left-turn volume, VL (vehlh)
Sneaker caoacitv = 7200lC
I Left-turn equivalence (Exhibit C163)

I

Protected left turn (Y or NI?

1

I

1

If the left-turn equivalence factor is 3.5 or higher (computed in Exhibit A10-4, quick estimation lane volume worksheet) and the
unad,~stedleft t ~ r nis greater man the sneakr capaciG, men it's recommended mat Ine leh t ~ r n son mat approach be'protec~ed.

1

Notes

1

1. 11any approach IS recommended for left-arn protect~onb ~the
t ana yst wisnes to ana p e 11as permitted. the planning application may
Intersections.
give werly opbm'stlc resu IS. Tne analyst sho~ldinstead use tne more rob~stmemod described in Chapter 16. S~gnal~zed
2. All volumes used in this worksheet are unadjusted hourly volumes.
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EXHIBIT AIII-5. QUICK ESTIMATION CONTROL DELAY AND LOS WORKSHEET

1

QUICK ESTIMATION CONTROL DELAY AND LOS WORKSHEET
General Information

1

I

Description

I

East-West Phasing Plan

1

Selected plan (Exhibit A10-8)
Movement codes
Critical phase volume, CV (vehlh)
11
Lost timelohase.
.
. .(sl.

Phase No. 1

Phase No. 3

Phase No. 2

I

NorthSouth Phasing Plan

1

Selected plan (Exhibit A10-8)

,

Phase No. 1

Phase No. 3

Phase No. 2

. .,,

In@@eCrionStetus Computation
Cnbcal som CS lvehlhl CS = YCV
Lost time/cycle. L (s) L = Z t,

I

Reference sum flow rate RS (vehlh)'
Cycle length, C (s)
c,
L
[min (CS. RS)1
Cmi, < C s, C
,

,

Critical vlc ratio, &,

--

&,= -A
R S -~

+)

lntersection status (Exhibit A10-91

I

G e m TImeCalculation
East-West Phasing
Green time. g (s)

a = I(c - L) (=)+
-

Phase No. 1

Phase No. 2

Phase No. 3

Phase No. 1

Phase No. 2

Phase No. 3

-

North-South Phasing
Green time. g (s)

.

CV

g=

cv
b.- L) (=)+
.--, I
2

I

I

I

I

Control Delay and LOS

Lane group
Lane group adjusted volume from lane volume
worksheet, V (vehlh)
Green ratio, g/C
Lane arouo saturation flow rate, s (vehlh)
s = RS ' number of lanes in lane group '
V/C ratio, X x&!!=
!
Y1.
Lane group capacity, c (vehlh)

,=u

".

Delay by approach, dA(dveh)

m

I
I
I

I
I

6

I

,
,
8

I

.

A

Progression adjustment factor. PF (Exhibit 16-12)
Uniform delay, dl (slveh) (Equation 16-11)
Incremental delay, d2 (slveh) (Equation 16-12)
F.. Ch. 161,
Initial aueue delav.
,. d, Idvehl, IAooendix
~ , ,
Delay, d = dl(PF) + dp+ d3 (dveh)
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Approach flow rate, VA (vehlh)
Intersection delay, d, (dveh)

d
,
=
w
I ' A

I

I

Intersection LOS (Exhibit 16-2)

I

N4fes
1. RS = 1710(PHF)(fa), where fa IS area adjustment factor (0 90 for CBD and 1 0 for all others).
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LANE VOLUME COMPUTATIONS

Left-turn flow rate is
adjusted for left-turn
sneakers

The purpose of the lane volume worksheet (Exhibit A10-4) is to establish the
individual lane flow rates (in veh/h/ln) on all approaches. This information is used on the
control delay and LOS worksheet to synthesize the signal timing plan. The lane volume
worksheet contains additional items such as left-turn treatment alternatives, parking
adjustments, left-turn equivalence, and adjustment factors for shared lanes with permitted
left turns. The directional designations refer to the movements as they approach the
intersection.
Each of the three left-turn treatment alternatives identified must be processed
differently in computing the lane volumes. Therefore, the lane volume worksheet
contains three columns, each representing one of the alternatives. Only one of the three
columns should be used for each approach. The following instructions cover the
procedure for completing all of the items on the lane volume worksheet.
Right-turn volumes (vehh) (with the estimated right-turn-on-red volume having been
removed from the total) from either a shared through and right-turn lane or from an
exclusive turn lane should be entered. The right-turn adjustment factor is 0.85 for a
single lane or a shared lane and 0.75 for two lanes. The total right-turn volume should be
divided by the product of the number of exclusive right-turn lanes and the right-turn
adjustment factor.
The next worksheet computation involves the left-turn volume. In the case of
protected-plus-permitted phasing with an exclusive left-turn lane, two vehicles per cycle
should be removed from the left-turn volume to account for the effect of sneakers. If the
cycle length has not been established, the maximum allowable cycle length should be
used. To prevent unreasonably short protected left-turn phases, this volume adjustment
step should not reduce the left-turn volume to a value below four vehicles per cycle. The
opposing mainline volume is the total approach volume minus the left-turn volume from
exclusive lanes or from a single lane (vehh). The number of exclusive left-turn lanes is
the number of lanes exclusively designated to accommodate the left-turn volumes. The
left-turn adjustment factor applies only to protected left turns from exclusive left-turn
lanes or to left turns that are not opposed. This factor is given as 0.95 for single lanes and
0.92 for double lanes. If the left-turn movement is not opposed because of a one-way
street or T-intersection, pedestrian interference must be considered. The corresponding
value of 0.85 for one lane and 0.75 for two lanes is used. The total left-turn volume is
divided by the product of the number of exclusive left-turn lanes and the left-turn
adjustment factor. The left-turn volume is entered directly if there is no exclusive leftturn lane. The result is expressed in units of veh/h/ln. Zero should always be entered if
the left turns are permitted.
Total through volume for the approach, excluding left and right turns, is placed in the
appropriate row to correspond to the applicable treatment for left turns (permitted,
protected, or not opposed). The parking adjustment factor and the number of through
lanes are noted. Exclusive turn lanes should be excluded. For an unopposed shared lane,
the total approach volume is the sum of the shared-lane right-turn volume, the through
volume, and the left-turn volume. Through-lane volume is then computed by dividing
total approach volume by the number of through lanes. Critical lane volume is normally
the same as through-lane volume, unless the right turn has an exclusive lane or the left
turn is not opposed and either of these movements is more critical than the through
movement. If both conditions apply, the critical lane volume will be the largest of the
left-lane volume, exclusive right-lane volume, and through-lane volume.
The computation of critical lane volume in the case of shared left-turn lanes is more
complicated and requires a more detailed computational procedure. The total approach
volume is computed in nearly the same manner as for exclusive left-turn lanes. The
proportion of left turns in a lane group is self-explanatory. Left-turn equivalence is one
of the factors needed to compute the applicable formulas in Appendix C of Chapter 16 for
shared-lane permitted left turns. It is not used at all when the left turn is protected. The
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left-turn adjustment factor for through traffic, f,, is computed according to Exhibit
A10-6. This reduction factor is applied
to the through volumes to account for the effect
-of left-turning vehicles waiting for a gap in the opposing traffic to make the turn. Note
that for lanes that are not opposed, the factor is 1.0 because these vehicles will have gaps
through which to turn.
EXHIBIT A1 0-6. SHARED-LANE, LEFT-TURN ADJUSTMENT COMPU'TATION FOR QUICK ESTIMATION
Permitted Left Turn
Subject to a minimum value that applies at very low
left-turning volumes when some cycles will have no
left-turn arrivals:

Lane groups with two or more lanes:

...

...

Lane groups with only one lane for all movements:

-- = e

I

[-o.o,?(E~~+IoP~~)-

fnr

If V, < 1220

3600
vLcm

Protected-Plus-Permitted Left Turn (one direction only)
If V, 2 1220

The through-lane volume is then computed. Note that the number of lanes is reduced
by the shared left-turn adjustment factor to account for the effect of the left-turning
vehicles.
In the exclusive left-turn lane case, the critical lane volume is the maximum of either
the through-lane volume or the right-turn volume from an exclusive right-turn lane. If
one or more left turns have been designated as permitted (i.e., no protected phase has
been assigned), the need for a protected phase should be reexamined at this point.
As indicated in Chapter 16, Appendix C, values for the left-turn equivalence above
3.5 imply that left-turn capacity is derived substantially from sneakers. Therefore, if the
left-turn equivalence is greater than 3.5 and the left-turn volume is greater than two
vehicles per cycle, it is likely that the subject left turn will not have adequate capacity
without a protected phase.
SIGNAL TIMING ESTIMATION
The purpose of this step is to estimate a feasible signal timing plan for the
intersection. The signal timing plan is required to estimate delay. Note that the signal
timing plan estimated using the method described below is not necessarily the optimal
timing plan. The timing plan is estimated in five substeps: phasing plan development,
computation of critical sum, estimation of total lost time, cycle length estimation, and
effective green time estimation.
Phasing Plan Development
The phase plan is selected from six alternatives presented in Exhibit A10-7. If the
phasing plan is not known, the selection is made on the basis of the user-specified leftturn protection and the dominant left-turn movements identified from the left-turn
treatment worksheet (Exhibit A10-3).
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EXHIBIT AIO-7. PHASE PLANS FOR QUICK ESTIMATION METHOD
Phase Plan
Eastbound
Westbound
Northbound
I
Permitted
Permitted
Permitted
Permitted
Not Opposed
Permitted
Not Opposed
Permitted
Not Opposed
2a
Permitted
Protected
Permitted
2b
Protected
Protected
Permitted
3a
Protecteda
Protected
Protecteda
3b
Protected
Protecteda
Protected
4
Not Opposed
Not Opposed
Not Opposed

I

Southbound
Permitted
Not Opposed
Permitted
Protected
Permitted
Protected
Protecteda
Not Opposed

Computation of Critical Sum
When the phase plan has been selected, the movement codes, critical phase volume
(CV), and lost time per phase are entered on the quick estimation control delay and LOS
worksheet. The critical phase volume is the volume for the movement that requires the
most green time during the phase. If two opposing lefts are moving during the same
phase, the critical phase volume is the higher-volume left turn. The appropriate choice
for critical lane volume is given in the phase plan summary shown in Exhibit A10-8,
along with a code that identifies the movements that are allowed to proceed on each
phase. For example, NBSBTH indicates that the northbound and southbound through
movements have the right-of-way on the specified phase. Exhibit A10-8 also indicates
the lost time to be assigned to each phase.
The movement codes and CVs must be determined for each phase from Exhibit
A10-8 and entered on the quick estimation control delay and LOS worksheet. When all
phases have been completed, the critical sum (CS) of the CVs is entered on the next line.
EXHIBIT All]-8. PHASE PLAN SUMMARY FOR QUICK ESTIMATION METHOD
Phase
Plan
1

Phase
No.
1

2a

1
2
1
2
1
2
3

2b
3a
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1
2
3

4

1
2

East-West
Critical Volume
Movement
Lost
Time (s)
Code
4
EBWBTH Max(EBTH, EBLT, WBTH,
WBLT)
WBTHLT WBLT
4
EBWBTH Max(WBTH-WBCT,EB'TH)
4
EBTHLT EBLT
4
4
EBWBTH Max(EBTH-EBLT, WBTH)
4
EBWBLT WBLT
0
EBTHLT EBLT-WBLT
EBWBTH Max(WBTH, EBTH4
(EBCT-WBLT))
EBWBLT EBLT
4
0
WBTHL'I' WBL'I'-EBLT
4
EBWBTH Max(EBTH, WBTH(WBLT-EBLT))
4
EBTHLT Max(EBTH, EBLT)
WBTHLT Max(WBTH, WBLT)
4

10-44

Movement
Code
NBSBTH
SBTHLT
NBSBTH
NBTHLT
NBSBTH
NBSBLT
NBTHLT
NBSBTH
NBSBLT
SBTHLT
NBSBTH
NBTHLT
SBTHLT

North-South
Critical Volume
Max(NBTH, NBLT, SBTH,
SBL~)
SBLT
Max(SBTH-SBL'T, NBTH)
NBLT
Max(NBTH-NBLT, SBTH)
SBCr
NBLT-SBLT
Max(SBTH, NBTH(NBLT-SBCT))
NBLT
SBLT-NBLT
Max(NBTH, SBTH-(SBLTNBLT))
Max(NBTH, NBLT)
Max(SBTH, SBLT)

'\
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Estimation of Total Lost Time
The total lost time per cycle is computed on the quick estimation control delay and
LOS worksheet. For planning purposes, a lost time value of 4 s per phase is assumed, in
which any movement is both started and stopped. For example, if Phase Plan 1 were
selected for both streets, then there would be a total of 8 s of lost time per cycle (4 s for
each street). When the lost times have been determined for each phase, the total lost time
per cycle (L) may be computed and entered on the quick estimation control delay and
LOS worksheet.

Cycle Length Estimation
A cycle length that will accommodate the observed flow rates with a degree of
saturation of 1.0 is computed by Equation A10-1. If the cycle length is known, that value
should be used.

where
C
L
CS
RS
PHF
fa

= cycle length (s),
= total lost time (s),
= critical sum (vehih),
= reference sum flow rate (1,7 10 * PHF * fa) (vehih),
= peak-hour factor, and
= area type adjustment factor (0.90 if CBD, 1.OO otherwise).

RS is the reference sum of phase flow rates representing the theoretical maximum
value that the intersection could accommodate at an infinite cycle length. The
recommended value for the reference sum, RS, is computed as an adjusted saturation
flow rate. The value of 1,710 is about 90 percent of the base saturation flow rate of 1,900
pclhnn. The objective is to produce a 90 percent vlc ratio for all critical movements.
The CS volume is the sum of the critical phase volume for each street. The critical
phase volumes are identified in the quick estimation control delay and LOS worksheet on
the basis of the phasing plan selected from Exhibit A10-8.
The cycle length determined from this equation should be checked against reasonable
minimum and maximum values. The cycle length must not exceed a maximum allowable
value set by the local jurisdiction (such as 150 s), and it must be long enough to serve
pedestrians (use 60 s if local data are not available).

Green Time Estimation
The total cycle time is divided among the conflicting phases in the phase plan on the
basis of the principle of equalizing the degree of saturation for the critical movements.
The lost time per cycle must be subtracted from the total cycle time to determine the
effective green time per cycle, which must then be apportioned among all phases. This is
based on the proportion of the critical phase flow rate sum for each phase determined in a
previous step.
The effective green time (including change and clearance time) for each phase can be
computed using Equation A1 0-2.

II)::[

g= (C-L)

-

where
g

(, \..-:

CV
CS

= effective green time (s),
= critical phase flow rate (vehlh),
= critical sum (vehih),
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C
L

= cycle length (s), and
= total lost time per cycle (s).

The analyst should note that this method of estimating green time will not necessarily
minimize the overall delay at the intersection.

COMPUTATION OF CRITICAL vlc RATIO
The critical v/c ratio,,,X
,
is an approximate indicator of the overall sufficiency of
the intersection geometries. The computational method involves the summation of
conflicting critical lane flow rates for the intersection. The computations depend on
traffic signal phasing, which in turn depends on the type of protection assigned to each
left-turn movement. The quick estimation critical v/c ratio,,,X
,
is the ratio of the critical
sum, CS, to the sum of the critical lane flow rates that can accommodate demand at the
given cycle length and is computed by Equation A10-3.

where
XCm = critical v/c ratio,
C S = critical sum (vehth),

L
C
RS

= total lost time (s),
= cycle length (s), and
= reference sum (veh/h/ln).

The critical sum is the sum of the critical phase volumes per lane at the intersection.
A phasing plan identifying the protected left turns at the intersection must be known or
developed for the intersection to compute the critical sum. The computation of the
critical phase volumes per lane and the critical sum and the development of an estimated
phasing plan are described in the section on the estimation of a signal timing plan.
The reference sum was derived on the basis of minimum acceptable operational
conditions and typical traffic flow conditions. More refined saturation flow rates are
computed by using the methodology of Chapter 16.
Although it is not appropriate to assign an LOS to the intersection on the basis of
,,X
,
it is appropriate to evaluate the operational status of the intersection for quick
estimation purposes. Exhibit A10-9 expresses the intersection status as over, at, near, or
under capacity.
EXHIBIT AIO-9. INTERSECTION STATUS CRITERIA FOR SIGNALIZED INTERSECTION PLANNING ANALYSIS
Critical v/c Ratio (&,)
, ,X S 0.85
> 0.85 - 0.95
> 0.95 - 1.OO
Xcm > 1.OO

Relationship to Capacity
Under capacity
Near capacity
At capacity
Over capacity

COMPUTATION OF DELAY
First, the lane groups are established for all approaches. Lane grouping is explained
in Chapter 16. Exhibit 16-5 shows different types of lane groups for analysis. Lane
group volumes are computed by summing the adjusted volumes obtained from the quick
estimation lane volume worksheet (Exhibit A10-4) for each lane group on each approach.
The green ratio (g/C) is computed using green time and cycle length values from the top
portion of the quick estimation control delay and LOS worksheet. The lane group
Chapter 10 - Urban Street Concepts
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saturation flow rate is equal to the reference sum times the number of lanes in the lane
group. The lane group vlc ratio is calculated using adjusted lane group volumes and lane
group saturation flow rates computed previously and glC ratios. Lane group capacity is
calculated using lane group adjusted volumes and lane group vlc ratios. The progression
adjustment factor for uniform delay calculation, PF, is selected from Exhibit 16-12. For
quick estimation purposes, the analyst may assume Arrival Type 3 for an uncoordinated
signal and Arrival Type 4 for coordinated operation (for coordinated lane groups only).
The final step is to compute the various components of control delay using Equations
16-10 through 16-14 in Chapter 16, "Signalized Intersections." This chapter provides
guidance on selecting default values for parameters used in the delay equations. Delay by
approach, approach volumes, and intersection delay require the delay to be averaged
across actual volumes on the quick estimation method input worksheet, not adjusted
volumes used to compute capacity. The values VA and V used in these equations should
be computed using unadjusted volumes that are inputs on the quick estimation method
input worksheet.
Note that this procedure does not provide sufficient information for the computation
of delay for permitted left turns from an exclusive turn lane. The analyst may ignore this
delay in the computations or may use the more detailed capacity and LOS procedure
provided in Chapter 16, "Signalized Intersections." In addition, the quick estimation
method does not include the delay associated with the two sneakers per cycle, which has
been subtracted from the left-turn volumes for permitted and protectedlpermitted left
turns.

APPENDIX B. WORKSHEETS
QUICK ESTIMATION INPUT WORKSHEET
LEFT-TURN TREATMENT WORKSHEET
QUICK ESTIMATION LANE VOLUME WORKSHEET
QUICK ESTIMATION CONTROL DELAY AND LOS WORKSHEET

-
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QUICK ESTIMATION INPUT WORKSHEET
I

I
- General Information

Site Information

r

I

II

Analyst
Agency or Company
Date Performed

1

I

Intersection
CBD

Other

!~iz~;",n

j Analysis Year

Analysis Time Period

lntersection Geometry

1

Show North

r

1

= Through
=

Right

= Left
= Through + Right

7
Street

=

Left+Through

=

Left + Through + Right

I

Volume and Signal Input
EB
TH

LT

RT'

CI'

WB
TH

RT1

LT

NB
TH

RT1

LT

SB
TH

RT1

Volume, V (vehlh)

I

Proportion of LT or RT (PLTor P ~ ~ ) ~
Parking (YesJNo)
Left-turn treatment (permitted, protected,
not opposed) (if known)
Peak-hour factor, PHF
Cycle length
Minimum, Cmi,

1

Lost timelphase

I
s

Maximum,, ,C

I
s

I
or

Given, C

I
s

s

Notes
1. RT volumes, as shown, exclude RTOR.
2. PLT= 1.000 for exclusive left-turn lanes, and PRT= 1.000 for exclusive right-turn lanes. Otherwise, they are equal to the proportions of turning

volumes in the lane group.
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LEFT-TURN TREATMENT WORKSHEET

I

General Information

1

Description

I
Check#l. Left-Turn Lane Check
I
I
v
EB
Approach
WB
NB
SB
Number of left-turn lanes
Protect left turn (Y or N)?
If the number of left-turn lanes on any approach exceeds 1, then it is recommended that the left turns on that approach be protected.
with protected left turns need not be evaluated in subsequent checks.
Those approaches
..

2

Check #2. Minimum Volume Check
I

I

I

I

Left-turn volume
I
I
1
I
Protect left turn (Y or N)?
be protected. Those
If left-turn volume on any approach exceeds 240 vehlh, then it is recommended that the left turns on that ap~roach
..
1 aooroaches with orotected left turns need not be evaluated in subseauent checks.

1

'

0 8

I
1

Check #. Minimum Cross-Product Check
I

/
I

I
1

~~

Approach
Left-turn volume, V, (vehlh)
Opposing mainline volume, V, (vehlh)
cross-product fvl * VJ
Opposing through lanes
Protected left turn (Y or N)?

EB

I

NB

WB

1

I

I

I

I

r

SB

1

I

I

I

Minimum Cross-Product Values for Recommending Left-Turn Protection
Number of Through Lanes
Minimum Cross-Product

hat the left turns on that approach be protected.

I

I

Approach
EB
WB
NB
SB
Left-turn volume. VI fvehlh)
Sneaker caoacitv = 7200lC
1
I
I
1
Left-turn equivalence, ELI (Exhibit C16-3)
Protected left turn (Y or N)?
If the left-turn equivalence factor is 3.5 or higher (~0mp~ted
in Exhibit A10-4, quick estimation lane volume worksheet) and the
unadjusted left turn is greater than the sneadr capac~ty,then it IS recommended that the left turns on that approach be'protected.

I

Notes
I

1. If any approach is recommended for left-turn protection but the analyst wishes to analyze it as permitted, the planning application may
give overly optimistic results. The analyst should instead usk the more robust method described in Chapter 16, Signalized Intersections.

2. All volumes used in this worksheet are unadjusted hourly volumes.

-
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1

QUICK ESTIMATION LANE VOLUME WORKSHEET
- 1

General Information

-

-

.--

--

.

Right-Turn Movement
Exclusive RT Lane
RT volume. Va (vehlh)
I Number of exclusive RT lanes, NRT
1 RT adjustment factor,' fRT
RT volume per lane, VRT(vehlhlln)
VR
I VQT=-

Shared RT Lane

I

"'

I

I

I

use 1

I
I

(NRTx fRT)

Left-Turn Movement
7

I

LT volume. VI (vehlh)
Opposing mainline volume, V, (vehlh)
Number of exclusive LT lanes, NLT
I LT adiustment f a c t ~ rf. ~l ~
LT volume per lane? VLT(vehlhlln)

1

I

1

I

1
Permitted I-T use 0

Through volume, VT (vehlh)
Parking.adjustment
factor, f,
.
Number of through lanes, NTH
Total approach volume! Vtnt(vehlh)

I

I

1

L

Through M o v e k n t with Exclusiv= LT Lane

1

1-

Throu h volume per lane, VTH(vehlhlln)
!+tot

VTH
Critical lane volume,5 VCL(vehlh)

.

L
O

8\,

\

r

,802

L.--

I

Through Movement with Shared LT Lane
Proportion of left turns, PLT
LT equivalence, ELI (Exhibit C16-3)

Does not apply

Does not apply

Does not apply

Does not apply
use 1.0

Planning LT adjustment, fDL(Exhibit A10-6)
per lane, VTH(vehlhlln)

I

(NTHX ~ D L )

Critical lane volume? VCL(vehlh)
I

-

I

Notes
1. For RT shared or single lanes, use 0.85. For RT double lanes, use 0.75.
2. For LT single lanes, use 0.95. For LT double lanes, use 0.92. For a one-way street or T-intersection, use 0.85 for one lane and 0.75
for two lanes.
3. For unopposed LT shared lanes, NLT= 1.
4. For exclusive RT lanes, VRT(shared) = 0. If not opposed, add VLTto VT and set VLT ,PP, = 0.
5. VLTis included only if LT is unopposed. VRT(exclusive) is included only if RT is excluswe.
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General Information

1

Description

I

1

East- West Phasing Plan

1

Selected plan (Exhibit Al0-8)

Phase No. 1

1 Movement codes
1 Critical ~ h a s evolume.-CV Ivehlh)
. ,

1

I

QUICK ESTIMATION CONTROL DELAY AND LOS WORKSHEET

Phase No. 3

Phase No. 2

I

I

I

1

Lost timelphase, t, (s)

.

.

,

I

Lost timelcycle, L (s) L = C tL
Reference sum flow rate RS (vehlh)'
Cycle length, C (s)
C,
L
min (CS RS)

CS

Critical vlc ratio, hm&, =

I

I

1 Intersection status (Exhibit
, - A1 0-9)

I

I

I

Green Time Calculation

1

East-West Phasina
Green time, g (s) O =

E (g)
- L)

+

I

g=L

I

Phase No. 2

Phase No. 3

-I

td

North-South Phasing
Green time, g (s)

I

Phase No. 1

Phase No. 1

- L) (%)+
tJ1
\ba/

Phase No. 2

Phase No. 3

I

Control Delay and LOS
EB

NB

WB

SB

Lane group
Lane group adjusted volume from lane volume
worksheet, V (vehlh)
Green ratio, g/C
Lane group saturation flow rate, s (vehlh)
s = RS * number of lanes in lane group
V/C ratio, X x ,V/S
glC

Lane group capacity, c (vehlh)

--

,=v
X

Progression adjustment factor, PF (Exhibit 16-12)
Uniform delay, dl (slveh) (Equation 16-11)
Incremental delay, d2 (dveh) (Equation 16-12)
Initial queue delay, d3 (dveh) (Appendix F, Ch. 16)
Delay, d = d,(PF) t d2 t d3 (slveh)

-

7

-

Delay by approach, dA (dveh)

1

1

A"

I

Approach flow rate. VA (vehlh)
Intersection delay. d, (dveh)

d,='(d;?)

-

,.

I

,

Intersection LOS (Exhibit 16-2)

1

I

Notes
1. RS = 1710(PHF)(fa), where fa is area adjustment factor (0.90 for CBD and 1.0 for all others).
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I.

INTRODUCTION

This chapter introduces capacity, level of service (LOS), and quality-of-flow
concepts for pedestrian and bicycle facilities. This chapter can be used in conjunction
with Chapter 18, which provides a methodology for assessing pedestrian facilities, and
Chapter 19, which provides a methodology for assessing bicycle facilities. These
chapters deal with pedestrian and bicycle facilities, and not with the impacts of
pedestrians and bicycles on motor vehicles.

II. PEDESTRIANS
PEDESTRIAN CAPACI'W TERMINOLOGY

i.
.

The following are important terms used for pedestrian facility capacity and LOS
analysis:
Pedestrian speed is the average pedestrian walking speed, generally expressed in
units of feet per second.
Pedestrian flow rate is the number of pedestrians passing a point per unit of time,
expressed as pedestrians per 15 min or pedestrians per minute. Point refers to a line of
sight across the width of a walkway perpendicular to the pedestrian path.
Pedestrian flow per unit of width is the average flow of pedestrians per unit of
effective walkway width, expressed as pedestrians per minute per foot (plminlft).
Pedestrian density is the average number of pedestrians per unit of area within a
walkway or queuing area, expressed as pedestrians per square foot (plft2).
Pedestrian space is the average area provided for each pedestrian in a walkway or
queuing area, expressed in terms of square feet per pedestrian. This is the inverse of
density, and is often a more practical unit for analyzing pedestrian facilities.
Platoon refers to a number of pedestrians walking together in a group, usually
involuntarily, as a result of signal control and other factors.

Key terms defined

PRINCIPLES OF PEDESTRIAN FLOW
The qualitative measures of pedestrian flow are similar to those used for vehicular
flow, such as the freedom to choose desired speeds and to bypass others. Other measures
related specifically to pedestrian flow include the ability to cross a pedestrian traffic
stream, to walk in the reverse direction of a major pedestrian flow, to maneuver generally
without conflicts and changes in walking speed, and the delay experienced by pedestrians
at signalized and unsignalized intersections.
Additional environmental factors that contribute to the walking experience and
therefore to perceived level of service are the comfort, convenience, safety, security, and
economy of the walkway system. Comfort factors include weather protection, climate
control, arcades, transit shelters, and other pedestrian amenities. Convenience factors
include walking distances, pathway directness, grades, sidewalk ramps, directional
signing, directory maps, and other features making pedestrian travel easy and
uncomplicated.
Safety is provided by the separation of pedestrians from vehicular traffic on the same
horizontal plane, with malls and other vehicle-free areas, and vertically above and below
with overpasses and underpasses. Traffic control devices can provide time separation
between pedestrian and vehicular traffic. Security features include lighting, open lines of
sight, and the degree and type of street activity.

11-1
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The economics of pedestrian facilities relate to the user costs incurred by travel
delays and inconvenience, and to commercial values and retail development influenced
by pedestrian accessibility.
These supplemental factors can affect pedestrian perceptions of the overall quality of
the street environment. Although the automobile user has reasonable control over most
of these factors, the pedestrian has virtually no control over them. This chapter
emphasizes LOS analysis of pedestrian flow measures, such as speed, space, and delay.
Environmental factors also can be considered as influences on pedestrian activity.

Pedestrian Speed-Density Relationships
The fundamental relationship between speed, density, and volume for pedestrian
flow is analogous to vehicular flow. As volume and density increase, pedestrian speed
declines. As density increases and pedestrian space decreases, the degree of mobility
afforded to the individual pedestrian declines, as does the average speed of the pedestrian
stream.
Exhibit 11-1 shows the relationship between speed and density for three pedestrian
classes as reported in the literature (I).
EXHIBIT 11-1. RELATIONSHIPS BETWEEN PEDESTRIAN SPEED AND DENSITY

-

- - . Students (Navin, Wheeler)
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......... Shoppers (Older)
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c
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I
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I
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I

0.4

Density (p/ft2)

Flow-Density Relationships
Similarities of pedestrian
movement to vehicular
traffic

The relationship among density, speed, and flow for pedestrians is similar to that for
vehicular traffic streams, and is expressed in Equation 11-1.
(I 1-1)
Vped = Sped * Dped
where
vped
Sped
Dped

= unit flow rate (p/min/ft),
= pedestrian speed (ft/min), and
= pedestrian density (p/ft2).

The flow variable in this expression is the unit width flow, defined earlier! An
alternative, more useful expression uses the reciprocal of density, or space, as follows:

where
M

= pedestrian space (ft21p).

The basic relationship between flow and space, recorded by several researchers, is
illustrated in Exhibit 11-2 (1).
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EXHIBIT 11-2. RELATIONSHIPS BETWEEN PEDESTRIAN FLOW AN11 SPACE
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Source: Adapted from Pushkarev and Zupan (I).

The conditions at maximum flow represent the capacity of the walkway facility.
From Exhibit 11-2, it is apparent that all observations of maximum unit flow fall within a
narrow range of density, with the average space per pedestrian varying between 5 and 9
ft2/p. Even the outer range of these observations indicates that maximum flow occurs at
this density, although the actual flow in this study is considerably higher than in the
others. As space is reduced to less than 5 ft21p, the flow rate declines precipitously. All
movement effectively stops at the minimum space allocation of 2 to 4 ft21p.
These relationships show that pedestrian traffic can be evaluated qualitatively by
using LOS concepts similar to vehicular traffic analysis. At flows near capacity, an
average of 5 to 9 ft21p is required for each moving pedestrian. However, at this level of
flow, the limited area available restricts pedestrian speed and freedom to maneuver.
i\<-

,

Speed-Flow Relationships
Exhibit 11-3 illustrates the relationship between pedestrian speed and flow. These
curves, similar to vehicle flow curves, show that when there are few pedestrians on a
walkway (i.e., low flow levels), there is space available to choose higher walking speeds.
As flow increases, speeds decline because of closer interactions among pedestrians.
When a critical level of crowding occurs, movement becomes more difficult, and both
flow and speed decline.
EXHIBIT 11-3. RELATIONSHIPS BETWEEN PEDESTRIAN SPEED AND FLOW
500

- - - Shoppers (Older)

-

400-\.,
A

.-C

$ 300-..

(Fruin)
............. Commuters
Students (Navin, Wheeler)

..........

Outer Range of Observations
111.

\.

B

a
w

'.

V)

200-

.

100-

I
10

--..-

I
20

I
I
30
40
Flow ( p h i nlft)

I
50

Source: Adapted from Pushkarev and Zupan (I).

-

C h a p t e r 11 P e d e s t r i a n and B i c y c l e C o n c e p t s
Pedestrians

Highway Capacity Manual 2000
Speed-Space Relationships
Exhibit 11-4 also confirms the relationships of walking speed and available space,
and suggests some points of demarcation for developing LOS criteria. The outer range of
observations shown in Exhibit 11-4 indicates that at an average space of less than 15
ft21p, even the slowest pedestrians cannot achieve their desired walking speeds. Faster
pedestrians, who walk at speeds of up to 350 ft/min, are not able to achieve that speed
unless average space is 40 ft21p or more.
EXHIBIT 11-4. RELATIONSHIPS BETWEEN PEDESTRIAN SPEED AND SPACE
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PEDESTRIAN SPACE REQUIREMENTS

i

Pedestrian facility designers use body depth and shoulder breadth for minimum space
standards, at least implicitly. A simplified body ellipse of 1.5 fi x 2 ft, with total area of
3 ft2, is used as the basic space for a single pedestrian, as shown in Exhibit 11-5a. This
represents the practical minimum for standing pedestrians. In evaluating a pedestrian
facility, an area of 8 ft2 is used as the buffer zone for each pedestrian.
A walking pedestrian requires a certain amount of forward space. This forward
space is a critical dimension, since it determines the speed of the trip and the number of
pedestrians that are able to pass a point in a given time period. The forward space in
Exhibit 11-5b is categorized into a pacing zone and a sensory zone (2).

PEDESTRIAN WALKING SPEED
Factors affecting walking
speed

Pedestrian walking speed is highly dependent on the proportion of elderly
pedestrians (65 years old or more) in the walking population. If 0 to 20 percent of
pedestrians are elderly, the average walking speed is 4.0 ft/s on walkways (3). If elderly
people constitute more than 20 percent of the total pedestrians, the average walking speed
decreases to 3.0 ft/s. In addition, a walkway upgrade of 10 percent or more reduces
walking speed by 0.5 ft/s. On sidewalks, the free-flow speed of pedestrians is
approximately 5.0 ft/s (3). There are several other conditions that could reduce average
pedestrian speed, such as a high percentage of slow-walking children in the pedestrian
flow.
I

PEDESTRIAN START-UP TIME AND CAPACITY
A pedestrian start-up time of 3 s is a reasonable midrange value for evaluating
crosswalks at traffic signals. A capacity of 23 p/min/ft or 1,380 p/h/ft is a reasonable
value for a pedestrian facility if local data are not available. At capacity, a walking speed
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of 2.5 f t l s i s c o n s i d e r e d a r e a s o n a b l e value. Exhibit 11-6 s h o w s a t y p i c a l d i s t r i b u t i o n of
f r e e - f l o w w a l k i n g speeds in terminals.

EXHIBIT 11-5. PEDESTRIAN BODY ELLIPSE FOR STANDING AREAS AND PEDESTRIAN WALKING
SPACE REQUIREMENT

~ ~ 2 9
1.5 fl body depth

1'

2.0 fl shoulder breadth

-1

(a) Pedestrian body ellipse

Pacing Zone

Sensory Zone or
Forward Space
(b) Pedestrian walking space requirement

Source: Adapted from Fruin (2).
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EXHIBIT 11-6. TYPICAL FREE-FLOW WALKING SPEED DISTRIBUTIONS
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EFFECTIVE WALKWAY WIDTH

Clear walkway width

The concept of a pedestrian lane has been used to analyze pedestrian flow, similar to
analyzing a highway lane. However, the lane concept should not be used for pedestrian
analysis, because studies have shown that pedestrians do not walk in organized lanes.
The lane concept is meaningful only for determining how many persons can walk abreast
in a given width of walkway, for example, in determining the minimum sidewalk width to
permit two pedestrians to pass each other conveniently.
To avoid interference when two pedestrians pass each other, each should have at
least 2.5 ft of walkway width ( I ) . When pedestrians who know each other walk close
together, each occupies a width of 2 ft, 2 in, allowing considerable likelihood of contact
due to body sway. Lateral spacing less than this occurs only in the most crowded
situations.
Clear walkway width refers to the portion of a walkway that can be used effectively
for pedestrian movements. Moving pedestrians shy away from the curb and do not press
closely against building walls. Therefore, this unused space must be discounted when
analyzing a pedestrian facility. Also, a strip preempted by pedestrians standing near a
building, or near physical obstructions, such as light poles, mail boxes, and parking
meters, should be excluded.
The degree to which single obstructions, such as poles, signs, and hydrants, influence
pedestrian movement and reduce effective walkway width is not extensively documented.
Although a single point of obstruction would not reduce the effective width of an entire
walkway, it would have an effect on its immediate vicinity.

PEDESTRIAN TYPE AND TRIP PURPOSE
The analysis of pedestrian flow generally is based on the mean, or average, walking
speeds of groups of pedestrians. Within any group, or among groups, there can be
considerable differences in flow characteristics due to trip purpose, land use, type of
group, age, and other factors.
Pedestrians going to and from work, using the same facilities day after day, walk at
higher speeds than shoppers, as shown in Exhibit 11-1. Older or very young persons tend
to walk at a slower speed than other groups. Shoppers not only tend to walk slower than
commuters, but also can decrease the effective walkway width by stopping to window
shop and by carrying packages. The analyst should adjust for pedestrian behavior that
deviates from the regular patterns represented in the basic speed, volume, and density
curves.
Chapter 11 - Pedestrian and Bicycle Concepts
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PERFORMANCE MEASURES
The LOS criteria for pedestrian flow are based on subjective measures, which can be
imprecise. However, it is possible to define ranges of space per pedestrian, flow rates,
and speeds, which then can be used to develop quality-of-flow criteria.
Speed is an important LOS criterion because it can be observed and measured easily,
and because it is a descriptor of the service pedestrians perceive. At speeds of 150 ftlrnin
or less, most pedestrians resort to an unnatural shuffling gait. Exhibit 11-4 shows that
this speed corresponds to a space per pedestrian in the range of 6 to 8 ft2/p. At 15 fi2/p or
less, even the slowest walkers are forced to slow down. The fastest walkers cannot reach
their chosen speed of 350 fttmin until the available space is more than 40 ft21p. As shown
in Exhibit 11-2, these three space values, 6, 15, and 40 ft2/p, correspond approximately to
the maximum flow at capacity, at two-thirds of capacity, and at one-third of capacity,
respectively.
There are other significant indicators of service levels. For example, a pedestrian's
ability to cross a pedestrian stream is impaired at space values less than 35- to 40-ft2/p, as
shown in Exhibit 11-7 (2). Above that level, the probability of stopping or breaking the
normal walking gait is reduced to zero. Below 15 ft21p, virtually every crossing
movement encounters a conflict. Similarly, the ability to pass slower pedestrians is
unimpaired above 35 ft2/p, but becomes progressively more difficult as space allocations
drop to 18 ft2/p, the point at which passing becomes virtually impossible.

Another LOS indicator is the ability to maintain flow in the minor direction when
opposed by a major pedestrian flow. For pedestrian streams of roughly equal flow in
each direction, there is little reduction in the capacity of the walkway compared with oneway flow, because the directional streams tend to separate and occupy a proportional
share of the walkway. However, if the directional split is 90 percent versus 10 percent,
and space is 10 f&p, capacity reductions of about 15 percent have been observed. This
reduction results from the inability of the minor flow to use a proportionate share of the
walkway.
Photographic studies show that pedestrian movement on sidewalks is affected by
other pedestrians, even when space is more than 40 ft2/p. At 60 ft21p, pedestrians have
been observed walking in a checkerboard pattern, rather than directly behind or alongside
each other. These same observations suggest that up to 100 ft2lp are necessary before

Conflict in crossing pedestrian
streams

Maintaining flow in minor
(opposing) direction
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Average space available

completely free movement occurs without conflicts, and that at 130 ft21p, individual
pedestrians are no longer influenced by others (4). Bunching or platooning does not
completely disappear until space is about 500 ft21p or higher. Graphic illustrations and
descriptions of walkway LOS are shown in Exhibit 11-8. These LOS criteria are based
on average flow and do not consider platoon flow.
The concept of using the average space available to pedestrians as a walkway LOS
measure also can be applied to queuing or waiting areas. In these areas, the pedestrian
stands temporarily, waiting to be served. The LOS of the waiting area is related to the
average space available to each pedestrian and the degree of mobility allowed. In dense,
standing crowds, there is little room to move, but limited circulation is possible as the
average space per pedestrian increases.
LOS descriptions for queuing areas (with standing pedestrians) are based on average
pedestrian space, personal comfort, and degrees of internal mobility and are shown on
Exhibit 11-9. Standing areas in the LOS E category of 2 to 3 ft2/p are encountered only
in the most crowded elevators or transit vehicles. LOS D, at 3 to 6 ft21p, also typically
describes crowding, but with some internal maneuverability. This commonly occurs on
sidewalks when groups of pedestrians wait to cross at street comers. Waiting areas that
require more space for circulation, such as theater lobbies and transit platforms, must
meet a higher LOS.
PEDESTRIAN PLATOONS

LOS in platoons is
aenerallv one level lower
Fhan thgavera e flow
criteria for

LO^

The average flow rates at different LOS are of limited usefulness, unless reasonable
time intervals are specified. Exhibit 11-10 illustrates that average flow rates can be
misleading. The data shown are for two locations in New York City, but the pattern is
generally characteristic of concentrated central business districts (CBD). The maximum
15-min flow rates averaged 1.4 and 1.9 p/min/ft of effective walkway width during the
periods measured. However, Exhibit 11-10 shows that flow during a 1-min interval can
be more than double the rate in another, particularly at relatively low flows. Even during
the peak 15-min period, incremental variations of 50 to 100 percent frequently occurred
from one minute to the next.
Depending on traffic patterns, a facility designed for average flow can afford lower
quality of flow for a portion of its pedestrian traffic. However, it is not prudent to design
for extreme peak 1-min flows that occur only 1 or 2 percent of the time. A relevant time
period should be determined through closer evaluation of the short-term fluctuations of
pedestrian flow.
Short-term fluctuations are present in most unregulated pedestrian traffic flows
because of the random arrivals of pedestrians. On sidewalks, these random fluctuations
are exaggerated by the interruption of flow and queue formation caused by traffic signals.
Transit facilities can create added surges in demand by releasing large groups of
pedestrians in short time intervals, followed by intervals during which no flow occurs.
Until they disperse, pedestrians in these types of groups move together as a platoon.
Illustration 11-1 depicts platoon flow at an intersection crosswalk. Platoons also can
form if passing is impeded because of insufficient space, and faster pedestrians must slow
down behind slow walkers.
Although the magnitude and frequency of platoons should be verified by field
studies, the LOS in platoons is generally one level lower than the average flow criteria,
except for some cases of LOS A and E, which encompass a wide range of pedestrian flow
rates. Selecting a design to accommodate either average flows over a longer period or the
surges in demand occurring in platoons requires an evaluation of pedestrian convenience,
available space, costs, and policy considerations.
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EXHIBIT 11-12. REQUIRED INPUT DATA AND DEFAULT VALUES FOR PEDESTRIANS
Default

Item
Geometric Data
Length of sidewalk
Effective width
Street corner radius
Crosswalk lengtha

5.0 ft
Exhibit 11-14
Demand Data

Analysis period
Number of pedestrians in a platoon
Pedestrian walking speed
Pedestrian start-up time

Equation 11-3
4.0 fUs
3.0 s
Intersection Dataa

Note:
a. Refer to Chapter 10.

I

Length of Sidewalk

Chapter 10 describes the required input data and the estimated values of segment
length on urban streets. The length of a sidewalk can be approximately equal to the
length of an urban street.

I
AASHTO criteria

Effective Width

The American Association of State Highway and Transportation Officials
(AASHTO) recommends that clear sidewalk width should be 5.0 ft minimum (5). Widths
of 8.0 ft or greater may be necessary in commercial areas. If there are roadside
appurtenances on the sidewalk adjacent to the curb, additional width is necessary to
secure the clear width. Default values listed in Exhibit 11-13may be used in the absence
of local data.

1

EXHIBIT 11-13. DEFAULT SIDEWALKWIDTHS
Condition
Buffer zone between curb and sidewalk
No buffer zone between curb and sidewalk

Width (ft)
5.0
7.0

The effective width of signalized and unsignalized crosswalks varies according to
local standards. If local data are not available, a default value of 12 ft may be used for
crosswalk width.

1

Street Corner Radius

The street corner radius depends on several factors, including the speed of vehicles,
the angle of the intersection, the types of vehicles in the turning volume, and right-of-way
limitations on the connecting sidewalks. For example, radius requirements for trucks and
buses are much larger than for passenger cars. Exhibit 11-14 lists default street comer
radii that may be used when the analyst does not have actual measurements.

I

EXHIBIT 11-14. DEFAULT STREET CORNER RADIIJS
Vehicular Traffic Composition
Trucks and buses in turning volume
No trucks and buses in turning volume
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Radius (ft)
45.0
25.0
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Crosswalk Length
Crosswalk length is the sum of widths of approach lanes, the median, and the
adjacent outbound lanes. Urban street lane width is discussed in Chapter 10.

Analysis Period
Planning, design, policies, and resources determine the length of an analysis period.
The duration of an analysis period for pedestrians is typically 15 min. It is difficult to
predict flow patterns like platoons based on a longer analysis period. A midblock
walkway should be counted for several different 15-min time periods during the day to
establish variations in directional flows. For new locations or future conditions, forecasts
of the flows should follow the procedure presented in Chapter 8.
Number of Pedestrians in a Platoon
At signalized intersection crossings, an upstream signal can increase or decrease
pedestrian delay at a downstream signal, depending on the offset and the green time at the
upstream signal. Thus, the number of platoons at a signalized intersection depends on
signal timing and the offset of the green time from the upstream signal.
The number of pedestrians in an unsignalized intersection crossing is determined by
pedestrian and vehicle flow rates (6). Equation 11-3 may be used to estimate the number
of pedestrians in a platoon.
v

e V ~+
t ve-Y'c
~

N, =
(v, + v)e

(1 1-3)

fvp-v)tc

where
N,

= size of typical pedestrian crossing platoon (p),

vp
v

= pedestrian flow rate (pls),
= vehicular flow rate (vehls), and
= single pedestrian critical gap (s).

t,

Pedestrian Walking Speed
Pedestrians exhibit a wide range of walking speeds, varying from 2.5 ft/s to 6.0 ft/s.
Elderly pedestrians generally will be in the slower portion of this range. The Manual on
Uniform Trafic Control Devices (7)assumes a walking speed of 4.0 ft/s for crosswalk
signal timing. Walking speeds at midblock are faster than at intersections. They are
faster for men than for women, and they are affected by steep grades. Air temperature,
time of day, trip purpose, and ice and snow also affect pedestrian walking speeds.

Pedestrian Start-Up Time
Researchers have studied the start-up times of more than 4,000 compliant pedestrians
(8). Platoons did not affect the start-up times for either older or younger pedestrians.
Start-up time default values are listed in Exhibit 11-15 and may be used in the absence of
local data. A reasonable overall default value of 3.0 s may be used in the absence of local
data.
EXHIBIT 11-15. DEFAULT START-UPTIME
Younger male
Younger female
Older male
Older female

50th Percentile Start-Up Time (s)
1.8
2.0
2.4
2.6

85th Percentile Start-Up Time (s)

3.7
4.0

-
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SERVICE VOLUME TABLE
Exhibit 11-16 provides sample service pedestrian volumes for a sidewalk with 5.0-ft
effective width.
This table contains
approximate values and
is for illustrative purposes
only. The values are
highly dependent on the
assumptions used. It
should not be used for
operational analyses or
final design. This table
was derived using the
assumed values listed in
the footnote.

I

EXHIBIT 11-16. EXAMPLES OF SERVICE VOLUME FOR A PEDESTRIAN SIDEWALK
LOS
A
B
C
D
E

15-min Pedestrian Volume
375
525
750
1125
1725

Note:
Assumes effective sidewalk width of 5.0 ft

Ill. BICYCLES
BICYCLE LANE
The concept of a bicycle
lane is neither well
defined nor developed.
Field observations are
recommended when
feasible.

Although bicyclists are not as regimented as vehicles, they tend to operate in distinct
lanes of varying widths. The capacity and LOS of a bicycle facility depends on the
number of effective lanes used by bicycles. This is far more important than the total
width of the bicycle facility or of the individual lanes.
Wherever possible, an analysis of a facility should include a field evaluation of the
number of effective lanes in use. When this is not possible, or when planning future
facilities, a standard width for a bicycle lane is approximately 4.0 ft (9). AASHTO
recommends that separated bicycle paths be 10 ft wide with a minimum width of 8.0 ft in
low-volume conditions (9).
Research demonstrates that three-lane bicycle facilities operate more efficiently than
two-lane bicycle facilities, affording considerably better quality of service to users (10).
This is due primarily to increased opportunities for passing and for maneuvering around
other bicyclists and pedestrians. This reinforces the value of determining the number of
effective lanes as the principal input for analyzing a bicycle facility.

I

BICYCLE CAPACITY TERMINOLOGY
Capacity is not a critical
concept for
uninterrupted-flow
bicycle facilities, which
rarely operate close to
capacity in the United
States

Because of the severe deterioration of LOS at flow levels well below capacity, the
concept of capacity has little utility in the design and analysis of bicycle paths and other
facilities. Capacity is rarely observed on bicycle facilities. Values for capacity therefore
reflect sparse data, generally from Europe, or from simulations.
Studies from Europe report capacity values of 1,600 bicycleslhnn for two-way
facilities, and 3,200 bicycleslhnn for one-way facilities (10). These values are for
facilities serving bicycle traffic exclusively under uninterrupted-flow conditions.
Although reported here for completeness, these values do not represent reasonable
operating conditions, and would result in operations at LOS F. Under interrupted-flow
conditions, a saturation flow rate of 2,000 bicycleslhnn is recprnrnended for a onedirection bicycle lane.

PERFORMANCE MEASURES
Many of the familiar measures of effectiveness are not well-suited to the description
of service quality to bicyclists, whether on exclusive or shared facilities. Studies of
bicycle speed, for example, show that, as for vehicles, speeds remain relatively

-
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insensitive to flow rates over a wide range of flows. Density, particularly applied to
facilities shared with pedestrians and others, is difficult to assess.
The concept of hindrance is related more directly to the comfort and convenience of
bicyclists (10). When traveling on a bikeway, two significant parameters can be easily
observed and identified. These are the number of users (other bicyclists, pedestrians, et
al.) moving in the same direction and passed by the bicyclist, and the number of users
moving in the opposing direction and encountered by the bicyclist.
Each of these events causes some discomfort and inconvenience to the bicyclist.
Hindrance was originally defined as the fraction of users over 0.6 mi of a path
experiencing hindrance from passing and meeting maneuvers. This criterion is strongly
related to the time a bicyclist is involved in an event. Exhibit 11-17 shows the criteria for
LOS in terms of hindrance.

Hindrance as a performance
measure

EXHIBIT 11-17. LOS CRITERIA FOR UNINTERRUPTED BICYCLE FACII-ITIES
LOS

Hindrance (%)

Hindrance has unique characteristics as a measure. First, the percentage of time a
bicyclist is involved in an event depends on assumptions about the amount of time
consumed during an event. Though the limitation for LOS E is 100 percent, this does not
represent capacity operation. Further, since the hindrance cannot exceed 100 percent, the
value does not get larger at LOS F. What does increase, however, is the number of events
experienced by the bicyclist. For this reason, direct use of hindrance is difficult in a
computational methodology.
The number of events is used as a surrogate for hindrance (10). Models can be
constructed to predict the number of events encountered by a bicyclist in various
scenarios, based on assumed distributions of bicyclist and pedestrian speeds; this can, in
turn,be related to a hindrance measure.
A LOS based on hindrance, or on surrogate events, has a unique characteristic. The
LOS E/F boundary of 100 percent hindrance is achieved at a flow level well below the
facility capacity. As on two-lane highways, service quality on bicycle facilities
deteriorates at relatively low effective vlc ratios. As happens at signalized intersections,
LOS F can be achieved with vlc ratios of less than 1.00. Although these cases offer some
analogies, the impact is more severe with bicycle facilities. Exhibit 11-18 depicts this
phenomenon. In Exhibit 11-18, LOS F occurs when bicyclists reach a level of hindrance
considered unacceptable. This occurs at a flow level less than capacity, perhaps
considerably less.
The concepts described in this section apply to uninterrupted-flow bicycle facilities.
LOS for bicycles on interrupted facilities are related to measures of delay or average
travel speed, consistent with the approaches taken for vehicular traffic on similar
facilities.

Hindrance is difficult to
measure directly. A
surrogate, the number of
events encountered by a
bicyclist per unit of time, is
used instead.
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EXHIBIT 11-18. BICYCLE LOS AND SPEED-FLOW RELATIONSHIPS FOR UNINTERRUPTED FLOW

t

Flow

UNINTERRUPTED BICYCLE FLOW
Uninterrupted bicycle facilities include both exclusive and shared bicycle paths that
are physically separated from vehicular roadways and do not have points of fixed
interruption (except at terminal points) within the path. Illustration 11-2 shows an
exclusive off-street bicycle facility, while Illustration 11-3 shows a mixed-use, off-street
bicycle path. Exhibit 11-17 provides LOS criteria for uninterrupted bicycle facilities.

ILLUSTRATION

I
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11-2. Exclusive, off-street bicycle path.

11-3. Off-street shared bicycle path.
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INTERRUPTED BICYCLE FLOW
Interrupted bicycle facilities include on-street bicycle lanes that pass through
signalized and unsignalized intersections, with or without exclusive right-turn lanes for
motor vehicle traffic. Only on-street bicycle facilities are included in this category; even
though off-street bicycle facilities occasionally have signals or stop signs at crossings,
these types of intersections are not common in the United States and have not been
researched extensively. An example of bicycle lane treatment at a signalized intersection
with an exclusive right-turn lane is shown in Illustration 11-4.
Control delay is the measure used to determine LOS, just as for motor vehicles at
signalized and unsignalized intersections. Delay is especially important to bicyclists,
since they are exposed to the elements. Excessive delays on designated bicycle facilities
can cause disregard of traffic-control devices or encourage the use of alternate routes not
intended for bicyclists.

ILLUSTRATION
11-4. Bicycle lane treatment at a
signalized intersection.

REQUIRED DATA AND ESTIMATED VALUES
Exhibit 11-19 lists default values that may be used for input parameters in the
absence of local data. The analyst should note that taking field measurements is the most
reliable means of generating parameter values. Only when this is not feasible should
default values be considered.
EXHIBIT 11-19. REQUIRED INPUT DATA AND DEFAULT VALUES FOR BICYCLE PATHS
Item

Default
Geometric Data

Length
Bicycle path width

8.0 ft
Demand Data

Analysis period
Peak-hour factor (PHF)
Bicycle speed

0.80
15 milh
Intersection Data (refer to Chaoter 10)
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Length
Refer to the description of length under the required input data and estimated values
for urban streets. The length of a bicycle path can be approximately equal to the length of
an urban street.

Bicycle Path Width
AASHTO recommends a bicycle path width of 10 ft with 8.0 ft as a minimum
requirement (9). Most facilities in the United States operate as two-lane bicycle paths
(8.0 ft wide). Exhibit 11-20 lists default widths for two-lane and three-lane bicycle paths.
EXHIBIT 11-20. DEFAULT BICYCLE PATH WIDTHS
Two-lane path
Three-lane path

Width (ft)
8.0
10

Analysis Period
Planning and design procedures and policies, and agency resources determine the
analysis period. For bicycles, the analysis period is typically 15 min. It is established in
a way similar to the vehicular analysis period described in Chapter 10.

Peak-Hour Factor
Bicycle traffic has been observed to have peaking characteristics different from those
generally associated with vehicular traffic. Peaks tend to be sharper and more
pronounced, especially in the vicinity of a university campus. Daily and even hourly
volumes might not appear substantial until peaking is considered. One study in Madison,
Wisconsin, measured peak-hour volumes as 10 to 15 percent of the total daily volumes at
some locations (11). Another study measured bicycle peak-hour factors between 0.52
and 0.82 at various locations (12). A default value of 0.80 may be used for bicycle PHF
in the absence of local data.

Bicycle Speed
As with motor vehicle traffic, bicycle speeds on uninterrupted facilities are not
affected by volume over a large initial range. A default value of 15 mi/h may be used as
the average bicycle running speed in the absence of local data (13). Bicycle speed is
affected by factors such as separation from vehicular and pedestrian traffic, presence of
commercial and residential driveways, adjacent on-street parking, lateral obstructions,
grades, and other local conditions. Trip purpose, age and physical condition of the
cyclist, and environmental conditions such as wind, rain, and reduced visibility also can
affect bicycle speed.

SERVICE VOLUME TABLES
Exhibits 11-21 and 11-22 provide LOS criteria for a two-way shared bicycle facility
operating as two-lane and three-lane, respectively. Exhibit 11-21 provides criteria for
bicycles that can be used to determine LOS for a one-way shared facility using pedestrian
and bicycle volumes.
Note that for many values drawn from Exhibit 11-22, the resulting LOS is F. For
bicycle flow rates of 500 and 600 bicyclesth, there are no conditions when level of
service F does not occur on two-way shared paths. This emphasizes the deterioration in
service at relatively low flow levels. This trend worsens when pedestrians and other
users share an off-street path.
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EXHIBIT 11-21. FREQUENCY OF EVENTS ON SHARED TWO-LANE (8.0
ft). BICYCLE FAClLlTYa
.

1
Bicycle
Volume
(bicycles/h)

i
k,

Directional Split
of Bicvcles

0 p/hb

Total Frequency of Events (eventslh) and LOS
Two-Wav Pedestrian Volumes
LOS 20 p/hb LOS 40 p/hb LOS 80 p/hb

LOS

This table contains
approximate values and is for
illustrative purposes only. The
values are highly dependent
on the assumptions used. It
should not be used for
o erational analyses or final
esign. This table was
derived using the assumed
values listed in the footnote.

C?

Note:
a. An event is a bicycle meeting or passing a pedestrian or bicycle.
b. 50.50directional split is assumed for pedestrians.

11-19
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EXHIBIT 11-22. FREQUENCY OF EVENTS ON SHARED THREE-LANE (10 ft) BICYCLE FACILITYa
This table contains
approximate values and
is for illustrative purposes
only. The values are
highly dependent on the
assum tions used. It
shoul$not be used for
operational analyses or
final design. This table
was derived using the
assumed values listed in
the footnote.

Bicycle
Volume
(bicycleslh)

100

200

400

800

Directional Split
of Bicycles
(same:opposite)
30:70
40:60
5050
60:40
70:30
30:70
40:60
5050
60:40
70:30
30:70
40:60
5050
60:40
70:30
30:70
40:60
5050
60:40
70:30

0 p/hb

76
68
59
51
43
151
135
119
103
86
303
270
238
205
173
605
540
475
410
345

Total Frequency of Events (eventslh) and LOS
Two-Way Pedestrian Volumes
LOS 20 p/hb LOS 40 p/hb LOS 80 p/hb

A
A
A
A
A
C
B
B
B
A
E
D
D
C
C

F
F
F
F
E

131
123
114
106
98
206
190
174
158
141
358
325
293
260
228
660
595
530
465
400

B
B
B
B
B
C
C
C
C
C
E
E
D
D
D
F
F
F

F
F

186
178
169
161
153
261
245
229
213
196
413
380
348
315
283
715
650
585
520
455

C
C
C
C
C
D
D
D
D
C
F
F
E
E
D
F
F
F
F

F

296
288
279
271
263
371
355
339
323
306
523
490
458
425
393
825
760
695
630
565

[

LOS

D
D
D
D
D
E
E
E
E
E
F
F
F
F
F

F
F
F
F
F

Note:
a. An event is a bicycle meeting or passing a pedestrian or bicycle.
b. 50:50 directional split is assumed for pedestrians.
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I

INTRODUCTION

This chapter introduces capacity and quality-of-service concepts for highway
facilities with points of access that are not fully controlled. This chapter can be used in
conjunction with Chapter 20, which provides a methodology for two-lane highways, and
Chapter 21, which provides a methodology for multilane highways.

II. MULTILANE HIGHWAYS
Multilane highways generally have posted speed limits of 40 to 55 mith. They
usually have a total of four or six lanes, counting both directions, often with medians or
two-way left-turn lanes (TWLTL); however, they also may be undivided.
Multilane highways typically are located in suburban communities, leading into
central cities, or along high-volume rural corridors connecting two cities or two
significant activities that generate a substantial number of daily trips. Such highways
often have traffic signals; but traffic signals spaced at 2.0 mi or less typically create urban
street conditions.
Traffic volumes on multilane highways vary but might range from 15,000 to 40,000
veldday. In some cases, volumes as high as 100,000 veldday have been observed when
access across the median is restricted and when all major crossings are grade separated.
Illustrations 12-1 through 12-4 show typical multilane highways.

1
Traffic signals spaced at 2.0
mi or less create urban street
conditions

ILLUSTRATION
12-1. Divided multilane highway in a
rural environment.

i......,;:
-.

ILLUSTRATION
12-2. Divided multilane highway in a
suburban environment.

L..

12-1
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ILLUSTRATION
12-3. Undivided multilane highway in a
rural environment.

ILLUSTRATION
12-4. Undivided multilane highway in a
suburban environment.

MULTILANE HIGHWAY CAPACITY

Multilane highways can
be similar to freeways or
can approach urban
street conditions

Multilane highways in suburban and rural settings have different operational
characteristics from freeways, urban streets, and two-lane highways. Most notably,
multilane highways are not completely access controlled-they can have at-grade
intersections and occasional traffic signals.
Friction caused by opposing vehicles on undivided highways and the access to
roadside development contribute to a different operational setting from that of freeways.
Multilane highways range from the uninterrupted flow of freeways to the flow conditions
on urban streets, which are frequently interrupted by signals.
The capacity of a multilane highway is the maximum sustained hourly flow rate at
which vehicles reasonably can be expected to traverse a uniform segment under
prevailing roadway and traffic conditions.

FREE-FLOW SPEED
Free-flow speed (FFS) is the speed of traffic at low volume and low density. It is the
speed at which drivers feel comfortable traveling under the physical, environmental, and
traffic-control conditions on an uncongested section of multilane highway. Free-flow
speeds will be lower on sections of highway with,restricted vertical or horizontal
alignments. FFS tend to be lower when posted speed limits are lower. The importance of
Chapter 12 - Highway Concepts
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FFS is that it is the starting point for analyzing capacity and level of service (LOS) for
uninterrupted-flow conditions.
Field determination of FFS requires travel time studies during periods of low-tomoderate volume. Operating speed, as defined in previous capacity manuals and in
documents produced by the American Association of State Highway and Transportation
Officials, is similar to FFS under low-volume conditions. For multilane highways, the
upper limit for low volume is 1,400 passenger cars per hour per lane @cMn).
The FFS for multilane highways is the mean speed of passenger cars under low-tomoderate traffic flow. The LOS for multilane highways is based on density, which is
calculated by dividing per-lane flow by speed.

Field studies of FFS

RELATIONSHIPS BETWEEN HIGHWAY TYPES
Certain characteristics distinguish multilane suburban and rural highways from
freeways. Vehicles may enter or leave multilane highways at intersections and
driveways, and they can encounter traffic signals.
Design standards for multilane highways tend to be lower than those for freeways,
although a multilane highway approaches freeway conditions as its access points and
turning volumes approach zero. Moreover, the visual setting and the developed frontage
along multilane highways have a greater impact on drivers than they do along freeways.
The multilane highway is similar to urban streets in many respects, although it lacks
the regularity of traffic signals and tends to have greater control on the number of access
points per mile. Also, its design standards are generally higher than those for urban
streets. The speed limits on multilane highways are often 5 to 15 mi/h higher than speed
limits on urban streets. Pedestrian activity, as well as parking, is minimal, unlike on
urban streets.
Multilane highways differ substantially from two-lane highways, principally because
a driver on a multilane highway is able to pass slower-moving vehicles without using
lanes designated for oncoming traffic. Multilane highways also tend to be located near
urban areas and often connect urban areas; they usually have better design features than
two-lane highways, including horizontal and vertical curvature.

SPEED-FLOW AND DENSITY-FLOW RELATIONSHIPS
The speed-flow and density-flow relationships for a typical uninterrupted-flow
segment on a multilane highway under either base or nonbase conditions in which the
FFS is known are shown in Exhibits 12-1 and 12-2. Because drivers on multilane
highways allow for potential conflicts with turning traffic-even when there are no
access points in the immediate vicinity-the operating characteristics may be slightly less
favorable than for a freeway.
As indicated in Exhibit 12-1, the speed of traffic on a multilane highway is not
affected by traffic volume with a flow rate of less than 1,400 pcMn. As the exhibit
shows, the capacity of a multilane highway under base conditions is 2,200 p c M n for
highways with an FFS of 60 mik. For flow rates of 1,400 to 2,200 pcMn, the speed on
a multilane highway with an FFS of 60 mi/h drops by 5 mi/h. Exhibit 12-2 shows that
density varies continuously throughout the range of flow rates.
The capacity value of 2,200 p c M n represents the maximum 15-min flow rate
accommodated under base conditions for highways with an FFS of 60 mik. Capacities
on specific multilane highways may vary.

FACTORS AFFECTING FFS
Several traffic control, physical, and traffic conditions affect the FFS along a
multilane highway. These conditions are described in the following sections.

-
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EXHIBIT 12-1. SPEED-FLOW RELATIONSHIPS ON MULTILANE HIGHWAYS
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EXHIBIT 12-2. DENSITY-FLOW RELATIONSHIPS ON MULTILANE HIGHWAYS
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Lane Width and Lateral Clearance
Two adjustments reflect the effect of a constricted cross section on free-flow speeds.
The adjustments relate to the average width of lanes and the combined lateral clearance
along the right side and the median of a multilane highway. Lane widths less than 12 ft
reduce travel speeds; however, widths of more than 12 ft are not considered to increase
speed above the base level.
For lateral clearance, a total clearance-that is, the left side plus the right side along
one direction of roadway--of 12 ft or more is considered the base condition. A combined
lateral clearance of less than 12 ft has a negative influence on travel speeds.
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Whether roadside and median objects and baniers present true obstructions is a
matter of judgment. These obstructions might be continuous-such as a retaining wallor not continuous-such as light supports or bridge abutments. In some cases, drivers
become accustomed to certain types of obstructions, so that the effect on traffic flow
becomes negligible. For example, continuous reinforced-concrete and W-beam barriers
have little or no impact on speeds, even when less than 6 ft from the travel lanes.
Illustrations 12-5 through 12-8 show various types of roadside and median treatments that
can affect the flow on multilane highways.

Roadside obstructions

Median Type
Typically, there are three types of medians along multilane rural and suburban
highways:
Undivided medians composed of a striped centerline;
TWLTL medians composed of a full-width lane; and
Medians composed of a raised curb, banier, or natural terrain or landscaping.
A raised curb in the median, even when interrupted with regular openings should be
considered a raised median; however, short sections of raised or flush median (less than
500 ft long) should not.

ILLUSTRATION
12-5. Bridge pier in center of normally undivided
suburban multilane highway.

12-6. Inadequate shoulder width and other obstructions
ILLUSTRATION
along multilane highway.
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ILLUSTRATION
12-7. Divided multilane highway with high
design standards.

ILLUSTRATION
12-8. Divided multilane highway with TWLTL and
adequate shoulder width.

Access Points

An important influence on FFS is the number of access points along the right side of
the roadway. The amount of activity at each point contributes to changes in travel speed,
but drivers also adjust their travel speed simply because the access points are there.
The placement of intersections or driveways along a multilane highway therefore
reduces travel speeds. For every 10 access points per mile in one direction, travel speed
on a multilane highway decreases by 2.5 milh ( I ) .
Typically, only access points on the right of the roadway are taken into account.
Intersections, driveways, or median openings on the opposite side that are expected to
have a significant effect on traffic flow in the direction of interest may be included when
determining access-point density.
Other Factors

Posted speed limits

Chapter 12 - Highway Conc
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The design speed of the principal physical elements of a multilane roadwayespecially horizontal and vertical alignments-also can influence travel speeds. Design
speed, however, is difficult to assess in the field; therefore several alternative methods for
estimating FFS along a section of multilane highway are described in Chapter 21. The
design speed, along with the associated horizontal and vertical alignments, is implicit in
these methods. However, if a multilane highway has extreme horizontal or vertical
conditions, FFS should be determined from field observation and field study.
Posted speed limits normally influence the FFS of passenger cars (2). Typically, the
mean speed of passenger cars is above the posted speed limit for multilane highways.
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The posted speed limit correlates significantly with the speed at which vehicles move
along the highway. When no other estimate is available, the FFS can be calculated based
on the posted speed limit.
Vehicular speeds, and the proportion of vehicles exceeding the speed limit, are
affected by speed enforcement. However, several studies (3-5) have found that
enforcement effects are limited, both temporally and spatially. The effect of enforcement
depends on its type and duration. In general, a stationary enforcement activity affects no
more than a 8 to 10 mi of roadway; moreover, its effect decays exponentially
downstream. Nonetheless, the speeds at the site may be affected for up to 2 to 3 days
afterwards. If the roadway is located in a community that regularly enforces speed limits,
local measurements can be used to calibrate the relationship between 85th-percentile
speed and FFS. These measurements should be taken, therefore, when the average
anticipated enforcement efforts are under way.

FACTORS AFFECTING FLOW RATE
The volume estimate is adjusted by factors relating to both the composition and
fluctuation of traffic, so that all roadways can be compared with an equivalent measure of
passenger cars per hour per lane (pclhnn).
The basis for traffic volumes is a 15-min peak-period flow during a peak hour of the
day. Therefore, volumes in two time periods are required: a peak-hour volume and the
flow rate within the peak 15 min of the peak hour. The hourly volume divided by the
peak-hour factor (PHF) yields a flow rate. The PHF is the ratio of total hourly volume to
four times the highest 15-min volume within the peak hour.

Peak-hour factor

Heavy Vehicles
The second adjustment to the volume relates to heavy vehicles-the number of
trucks, buses, and recreational vehicles (RVs) are converted into an equivalent number of
passenger cars. Two categories of heavy vehicles are used: trucks and RVs. For analysis
purposes, buses on multilane highways are categorized as trucks.
Converting heavy vehicles to equivalent passenger cars is especially important when
analyzing sections of highway with grades. On level terrain and for near-capacity
conditions, trucks, buses, and RVs tend to operate like passenger cars, so that the
equivalency factor approaches 1.

Driver Population
The base conditions for multilane highway flow include a driver population primarily
of commuters. Studies have shown that commuter and noncommuter driver populations
do not display the same characteristics. Capacities for recreational traffic can be up to 20
percent lower than for commuter traffic on the same highway; however, the FFS does not
seem to be similarly affected. If this possible effect of driver population is taken into
account, locally derived data should be obtained and used carefully, according to the
methodology for multilane highways.

LOS

L....

A multilane highway is characterized by three performance measures:
Density, in terms of passenger cars per mile per lane;
Speed, in terms of mean passenger car speed; and
Volume to capacity ratio.
Each of these measures indicates how well the highway accommodates traffic flow.
Density is the assigned primary performance measure for estimating LOS. The three
measures of speed, density, and flow or volume are interrelated. If the values of two of
these measures are known, the remaining measure can be computed.
LOS A describes completely free-flow conditions. The operation of vehicles is
virtually unaffected by the presence of other vehicles, and operations are constrained only

Density defines LOS for
multilane highways
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For a detailed discussion
of flow breakdown on
uninterrupted-flow
facilities, see Chapter 13,
"Freeway Concepts"

by the geometric features of the highway and by driver preferences. Maneuverability
within the traffic stream is good. Minor disruptions to flow are easily absorbed without a
change in travel speed.
LOS B also indicates free flow, although the presence of other vehicles becomes
noticeable. Average travel speeds are the same as in LOS A, but drivers have slightly
less freedom to maneuver. Minor disruptions are still easily absorbed, although local
deterioration in LOS will be more obvious.
In LOS C, the influence of traffic density on operations becomes marked. The
ability to maneuver within the traffic stream is clearly affected by other vehicles. On
multilane highways with an FFS above 50 mi/h, the travel speeds reduce somewhat.
Minor disruptions can cause serious local deterioration in service, and queues will form
behind any significant traffic disruption.
At LOS D, the ability to maneuver is severely restricted due to traffic congestion.
Travel speed is reduced by the increasing volume. Only minor disruptions can be
absorbed without extensive queues forming and the service deteriorating.
LOS E represents operations at or near capacity, an unstable level. The densities
vary, depending on the FFS. Vehicles are operating with the minimum spacing for
maintaining uniform flow. Disruptions cannot be dissipated readily, often causing queues
to form and service to deteriorate to LOS F. For the majority of multilane highways with
FFS between 45 and 60 milh, passenger-car mean speeds at capacity range from 42 to 55
mi/h but are highly variable and unpredictable.
LOS F represents forced or breakdown flow. It occurs either when vehicles arrive at
a rate greater than the rate at which they are discharged or when the forecast demand
exceeds the computed capacity of a planned facility. Although operations at these
points-and on sections immediately downstream-appear to be at capacity, queues form
behind these breakdowns. Operations within queues are highly unstable, with vehicles
experiencing brief periods of movement followed by stoppages. Travel speeds within
queues are generally less than 30 mi/h. Note that the term LOS F may be used to
characterize both the point of the breakdown and the operating condition within the
queue.
Although the point of breakdown causes the queue to form, operations within the
queue generally are not related to deficiencies along the highway segment.

REQUIRED INPUT DATA AND ESTIMATED VALUES
Exhibit 12-3 lists the default values that may be used for input parameters in the
absence of local data. However, taking field measurements for use as inputs to an
analysis is the most reliable means of generating parameter values. Only when this is not
feasible should default values be considered.

Lane Width and Lateral Clearance
Field inspection, aerial photos, as-built plans, and local highway operating agency
policies are sources of information for existing facilities. The standard lane width for
new highway construction in the United States is 12 ft. The standard shoulder width is 6
ft (6). These standards may be reduced to accommodate special historical,
environmental, or topographical constraints. In Canada, the standard lane width is 12.1 ft
(3.7 m).
Default values of 12 ft for lane widths and 6 ft for lateral clearance may be used in
the absence of field data or local data. If lane widths vary within a segment, either the
segment should be split into subsegments of uniform widths or the distance-weighted
average of the lane widths should be computed and used to determine the effects on FFS.
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EXHIBIT 12-3. REQUIRED INPUT DATA FOR MULTILANE HIGHWAYS
Required Data
Default
Geometric Data

I

Number of lanes
Lane width

Lateral clearance
Median (YesINo)
Access-point density
Specific grade or general terrain
Base FFS

Exhibit 12-4

Level
60 mi/h

Demand
15 min
0.88 rural, 0.92 urban
10%rural, 5% urban
1O
.O

Length of analysis period
PHF
Heavy vehicles (%)
Driver population factor

The same weighted averaging method may be used if there are only minor variations
in lane width within a segment, or for varying shoulder or median widths. However, if
variations in lane or shoulder widths extend for 2,500 ft or more, the segment should be
divided into shorter segments with consistent physical features.

Median
Either a divided or undivided highway must be selected for analysis. In estimating
FFS, there is no distinction among two-way left-turn lanes, unpaved medians, landscaped
medians, and medians with barriers-all are considered divided highways. An undivided
highway has an FFS about 2 mi/h slower than that of a divided highway. The FFS affects
the facility's estimated capacity.

c.

Access-Point Density
Access-point density is the total number of active intersections and driveways on the
right side of the road divided by the length of the facility. The density should be
averaged over a minimum of 3 mi if data are available. In the absence of local data,
default values from Exhibit 12-4 may be used.

Development Type

Rural
Low-Density Suburban
High-Density Suburban

EXHIBIT 12-4. DEFAULT ACCESS-POINT DENSITY
Default Value
Access Pointslmi (one side)
8
0-1 0
16
11-20
2 21
25
.

Specific Grade or General Terrain

.-.

(

.

-

-.-

\. ::;;:;

The general terrain type can be used instead of the specific grade, if there is no single
grade on the segment that extends for more than 1 mi or that exceeds 3 percent for more
than 0.5 mi.
The maximum extended grade for nual highways ranges between 5 percent and 8
percent (6) in mountainous terrain. Lower maximum grades of 3 percent to 5 percent are
specified for highways in level terrain. The higher grades within each range typify lowerspeed facilities with FFS less than 50 mih.
If field measurement is not possible, and construction plans are not available,
extended grades can be approximated using the analyst's general knowledge of the local

-
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terrain. In the absence of local data, default values of 3 percent may be used for an
extended grade in otherwise level terrain, 5 percent for an extended grade in rolling
terrain, and 7 percent for an extended grade in mountainous terrain.

Base FFS
If field measurements are unavailable, FFS can be estimated by applying adjustments
to a base FFS. A base FFS of 60 milh may be used for a rural or a suburban multilane
highway. The base FFS must be reduced to account for the effects of lateral clearance at
the shoulder and median, median type, lane width, and density of access points.

Length of Analysis Period
The planning, design, and analysis policies, and the available resources of an agency
will determine the length of the analysis period or periods. The analyst may want to
evaluate the peak hours occurring during the morning commute, midday, and evening
commute on a typical weekday, or perhaps a peak hour during a Saturday or Sunday if
the roadway segment carries a high volume of weekend recreational traffic. Within each
hour analyzed, the highest 15-min volume is of primary interest. A PI-IF is applied to
convert the hourly volume to a peak 15-min flow rate. Chapter 8 describes a procedure to
compute peak direction and peak-hour demand from an average daily traffic volume.

PHF
The ratio of hourly demand to four times the peak 15-rnin demand typically ranges
from 0.75 to 0.95. The higher values tend to occur as demand approaches capacity on the
facility. Default values of 0.88 for rural areas and 0.92 for urban areas may be used in the
absence of local data.

Percentage of Heavy Vehicles
The local Highway Performance Management System (HPMS) may be used to
obtain local information on the percentage of heavy vehicles by facility and area type. If
the relative proportions of RVs, trucks, and buses are not known, the heavy vehicles can
be considered trucks when determining passenger-car equivalents and computing the
heavy-vehicle adjustment factor. In the absence of iocal data, a default value of 5 percent
heavy vehicles-including all types-may be used for urban areas, and 10 percent for
rural areas.

Driver Population Factor
The reciprocal of the driver population factor is used to increase the flow rate to
I
account for a driver population not familiar with the multilane highway. The factor
should normally be 1.00 but can be reduced to 0.85 for the analysis of weekend
conditions in a recreational area.

SERVICE VOLUME TABLE
Exhibit 12-5 can be used to estimate the number of lanes required to provide a
desired LOS for default conditions. The impact of different FFS, the truck percentage,
and the type of terrain also can be determined from this exhibit.

Chapter 12 - Highway Concepts
Multilane Highways

Highway Capacity Manual 2000
EXHIBIT 12-5. EXAMPLE SERVICE VOLUMES FOR MULTILANE HIGHWAYS
(SEE FOOTNOTE FOR ASSUMED VALUES)

. ..-..
.....,
f.:?

FFS (milh)

Terrain

A

Level
Rolling
Mountainous
Level

(

1120
1070
980
1690

Mountainous
Level
Rolling
IMountainous1
Level

1470
940
890
820
1410

Number of
Lanes
2

60

I
I

50

1

2

1

Service Volumes (vehlh)
C
B
D

(

1

1

1840
1760
1610
2770
2410
1540
1460
1340
2310

1
1

1

2650
2520
2310
3970
3460
2220
2120
1940
3340

1
1

1

3400
3240
2960
5100
4450
2910
2780
2540
4370

This table contains
approximate values. It is
meant for illustrativepurposes
only. The values are highly
dependent on the
assumptions and should not
be used for operational
analyses or final design. This
table was derived from the
assumed values listed in the
footnote.

E

1

1

1

3770
3590
3290
5660
4930
3430
3260
2990
5140

Notes:
Assumptions: highway with 60-milh FFS has 8 access poinWmi; highway with 50-milh FFS has 25 access points/mi; lane
width = 12 ft; shoulder width > 6 ft; divided highway; PHF = 0.88; 5 percent trucks; and regular commuters.

Ill. TWO-LANE HIGHWAYS

j

A two-lane highway is an undivided roadway with two lanes, one for use by traffic in
each direction. Passing a slower vehicle requires use of the opposing lane as sight
distance and gaps in the opposing traffic stream permit. As volumes and geometric
restrictions increase, the ability to pass decreases and platoons form. Motorists in
platoons are subject to delay because they are unable to pass. Illustration 12-9 shows a
typical view of a two-lane, two-way rural highway.

I

ILLUSTRATION
12-9. Typical two-lane, two-way highway in a
rural environment.

1

Two-lane highways are a key element in the highway systems of most countries.
They perform a variety of functions, are located in all geographic areas, and serve a wide
range of traffic. Any consideration of operating quality must account for these disparate
functions.

-
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Percent time-spentfollowing defined
Car-following criterion is
3s

Average travel speed
defined

Traffic operations on two-lane, two-way highways differ from those on other
uninterrupted-flow facilities. Lane changing and passing are possible only in the face of
oncoming traffic in the opposing lane. Passing demand increases rapidly as traffic
volumes increase, and passing capacity in the opposing lane declines as volumes increase.
Therefore, on two-lane highways, unlike other types of uninterrupted-flow facilities,
normal traffic flow in one direction influences flow in the other direction. Motorists must
adjust their travel speeds as volume increases and the ability to pass declines.
Efficient mobility is the principal function of major two-lane highways that connect
major traffic generators or that serve as primary links in state and national highway
networks. These routes tend to serve long-distance commercial and recreational
travelers, and long sections may pass through rural areas without traffic-control
interruptions. Consistent high-speed operations and infrequent passing delays are
desirable for these facilities.
Other paved, two-lane rural highways serve for accessibility. They provide allweather access to an area, often for relatively low traffic volumes. Cost-effective access
is the dominant consideration. Although beneficial, high speed is not the principal
concern. Delay-as indicated by the formation of platoons-is more relevant as a
measure of service quality.
Two-lane roads also serve scenic and recreational areas in which the vista and
environment are meant to be experienced and enjoyed without traffic interruption or
delay. A safe roadway is desired, but high-speed operation is neither expected nor
desired. For these reasons, there are two performance measures to describe service
quality for two-lane highways: percent time-spent-following and average travel speed.
Percent time-spent-following represents the freedom to maneuver and the comfort
and convenience of travel. It is the average percentage of travel time that vehicles must
travel in platoons behind slower vehicles due to the inability to pass. Percent time-spentfollowing is difficult to measure in the field. However, the percentage of vehicles
traveling with headways of less than 3 s at a representative location can be used as a
surrogate measure.
Average travel speed reflects the mobility on a two-lane highway: it is the length of
the highway segment divided by the average travel time of all vehicles traversing the
segment in both directions during a designated interval.
LOS criteria use both these performance measures. On major two-lane highways, for
which efficient mobility is paramount, both percent time-spent-following and average
travel speed define LOS. However, roadway alignments with reduced design speeds will
limit the LOS that can be achieved. On highways for which accessibility is paramount
and mobility less critical, LOS is defined only in terms of percent time-spent-following,
without consideration of average travel speed.

/
!
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CLASSIFICATION OF TWO-LANE HIGHWAYS
Class 1 highways

Class I1 highways
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Two-lane highways are categorized into two classes for analysis:
Class I-These are two-lane highways on which motorists expect to travel at
relatively high speeds. Two-lane highways that are major intercity routes, primary
arterials connecting major traffic generators, daily commuter routes, or primary links in
state or national highway networks generally are assigned to Class I. Class I facilities
most often serve long-distance trips or provide connecting links between facilities that
serve long-distance trips.
Class 11-These are two-lane highways on which motorists do not necessarily
expect to travel at high speeds. Two-lane highways that function as access routes to
Class I facilities, serve as scenic or recreational routes that are not primary arterials, or
pass through rugged terrain generally are assigned to Class 11. Class I1 facilities most
often serve relatively short trips, the beginning and ending portions of longer trips, or
trips for which sightseeing plays a significant role.
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The classes of two-lane roads closely relate to their functions-most arterials are
considered Class I, and most collectors and local roads are considered Class II. However,
the primary determinant of a facility's classification in an operational analysis is the
motorist's expectations, which might not agree with the functional classification. For
example, an intercity route that passes through rugged mountainous terrain might be
described as Class I1 instead of Class I if motorists recognize that a high-speed route is
not feasible in that corridor.
The LOS for Class I highways on which efficient mobility is paramount is defined in
terms of both percent time-spent-following and average travel speed. On Class 11
highways, mobility is less critical, and LOS is defined only in terms of percent timespent-following. Drivers generally tolerate higher levels of percent time-spent-following
on a Class I1 facility than on a Class I facility, because Class 11highways usually serve
shorter trips and different trip purposes.

I

For Class I highways, two
criteria define LOS: percent
time-spent-followingand
average travel speed. For
Class I1 highways, LOS is
based only on percent timespent-following.

BASE CONDITIONS
The base conditions for a two-lane highway are the absence of restrictive geometric,
traffic, or environmental factors. Base conditions are not the same as typical or default
conditions. The methodology in Chapter 20 accounts for the effects of geometric, traffic,
or environmental conditions that are more restrictive than the base conditions. The base
conditions include
Lane widths greater than or equal to 12 ft;
Clear shoulders wider than or equal to 6 ft;
No no-passing zones;
All passenger cars;
No impediments to through traffic, such as traffic control or turning vehicles; and
Level terrain.
For the analysis of two-way flow (i.e., both directions), a 50150 directional split of
traffic is also considered a base condition. Most directional distribution on rural two-lane
highways ranges from 50150 to 70130. On recreational routes, the directional distribution
may be as high as 80120 or more during holiday or other peak periods. Some variation in
speed and percent time-spent-following occurs with changing directional distribution and
volume. For directional analysis (i.e., separate analysis of each direction), directional
distribution is not a base condition.
Traffic can operate ideally only if lanes and shoulders are wide enough not to
constrain speeds. Lane and shoulder widths less than the base values of 12 ft and 6 ft,
respectively, are likely to reduce speeds and may increase percent time-spent-following.
The frequency of no-passing zones is used to characterize roadway design and to
analyze expected traffic conditions along a two-lane highway. A no-passing zone is any
zone marked for no passing or any section of road with a passing sight distance of 1,000
ft or less. The average percentage of no-passing zones in both directions along a section
is used for the analysis of two-way flow. The percentage of no-passing zones for a
particular direction of travel is used in directional analysis.
No-passing zones typically range from 20 to 50 percent of a rural two-lane highway.
Values approaching 100 percent can be found on sections of winding, mountainous roads.
No-passing zones have a greater effect in mountainous terrain than in level or rolling
terrain. Heavy platoon formation along a highway section also can cause greater-thanexpected operational problems on an adjacent downstream section with restricted passing
opportunities.

No-passing zone
The sight distance value of
1,000 ft is equivalent to that
used by the Manual on
Uniform Traffic Control
Devices for passing and nopassing zones on highways
with an 85th-percentilespeed
of 5 5 mi/h

BASIC RELATIONSHIPS
Exhibit 12-6 shows the relationship of flow rate, average travel speed, and percent
time-spent-following for base conditions on an extended two-way facility (7).
Highway geometric features include a general description of longitudinal section
characteristics and specific roadway cross-section information. Longitudinal section
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characteristics are described by the average percentage of the highway with no-passing
zones in either direction. Roadway cross-section data include lane width and usable
shoulder width. Geometric data and design speed are considered in estimating the FFS.
EXHIBIT 12-6. SPEED-FLOW AND PERCENT TIME-SPENT-FOLLOWING FLOW RELATIONSHIPS FOR
TWO-WAY SEGMENTS WITH BASE CONDITIONS
Analysis of two-way flow
usually is performed on
extended lengths; but
directional analysis is
applied to relatively
short, uniform segments
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Two-lane highways can be analyzed either as two-way segments obtaining traffic
performance measures for both directions of travel combined, or as directional segments,
with each direction of travel considered separately. Separate analysis by direction is
appropriate for steep grades and for segments with passing lanes.
Exhibit 12-7 illustrates the relationship of flow rate, average travel speed, and
percent time-spent-following for base conditions of a directional segment of a two-way
facility (7). These relationships are conceptually analogous to the relationships for the
two-way segments in Exhibit 12-6; however, the relationships for directional segments
incorporate the effect of the opposing flow rate on the average travel speed and percent
time-spent-following. In Exhibit 12-7(a), the y-intercept represents the FFS in the
analysis direction, incorporating the effect of the demand flow rate in the opposing
direction. Exhibit 12-7(b) graphs the relationships between directional flow rate and
percent time-spent-following when opposing flow rates range from 200 to 1,600 pcth.
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EXHIBIT 12-7. SPEED-FLOW AND PERCENT TIME-SPENT-FOLLOWING FLOW RELATIONSHIPS FOR
DIRECTIONAL SEGMENTS WITH BASE CONDITIONS
a. Average Travel Speed vs. Directional Flow
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PASSING LANES ON TWO-LANE HIGHWAYS
A passing lane is a lane added in one direction of travel on a conventional two-lane
highway to improve opportunities for passing. The addition of a passing lane to a twolane highway provides a three-lane cross section with two lanes in one direction of travel
and one lane in the other. Exhibit 12-8 illustrates a typical passing lane on a two-lane
highway. Depending on local practice, traffic in the opposing direction may be
prohibited from passing or may be permitted to pass if adequate sight distance is
available, as shown in Exhibit 12-8. On some two-lane highways, passing lanes are
provided intermittently or at intervals for each direction of travel. On other highways,
added passing lanes alternate continuously between the two directions of travel. Passing
lanes also can be provided in both directions of travel at the same location, resulting in a
short section of four-lane undivided highway with improved passing opportunities in both
directions.
EXHIBIT 12-8. PLAN VIEW OF ATYPICAL PASSING LANE

Lane addition
taper - ' -

Passina lane
'

Lane d r 0 ~
taper

LOS
The primary measures of service quality for Class I two-lane highways are percent
time-spent-following and average travel speed. For Class II two-lane highways, service
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quality is based only on percent time-spent-following. LOS criteria are defined for peak
15-min flow periods and are intended for application to segments of significant length.
LOS A describes the highest quality of traffic service, when motorists are able to
travel at their desired speed. Without strict enforcement, this highest quality would result
in average speeds of 55 mi/h or more on two-lane highways in Class I. The passing
frequency required to maintain these speeds has not reached a demanding level, so that
passing demand is well below passing capacity, and platoons of three or more vehicles
are rare. Drivers are delayed no more than 35 percent of their travel time by slowmoving vehicles. A maximum flow rate of 490 pc/h total in both directions may be
achieved with base conditions. On Class I1 highways, speeds may fall below 55 mi/h, but
motorists will not be delayed in platoons for more than 40 percent of their travel time.
LOS B characterizes traffic flow with speeds of 50 mi/h or slightly higher on levelterrain Class I highways. The demand for passing to maintain desired speeds becomes
significant and approximates the passing capacity at the lower boundary of LOS B.
Drivers are delayed in platoons up to 50 percent of the time. Service flow rates of 780
pc/h total in both directions can be achieved under base conditions. Above this flow rate,
the number of platoons increases dramatically. On Class I1 highways, speeds may fall
below 50 mi/h, but motorists will not be delayed in platoons for more than 55 percent of
their travel time.
LOS C describes further increases in flow, resulting in noticeable increases in
platoon formation, platoon size, and frequency of passing impediments. The average
speed still exceeds 45 mi/h on level-terrain Class I highways, even though unrestricted
passing demand exceeds passing capacity. At higher volumes the chaining of platoons
and significant reductions in passing capacity occur. Although traffic flow is stable, it is
susceptible to congestion due to turning traffic and slow-moving vehicles. Percent timespent-following may reach 65 percent. A service flow rate of up to 1,190 pc/h total in
both directions can be accommodated under base conditions. On Class I1 highways,
speeds may fall below 45 mi/h, but motorists will not be delayed in platoons for more
than 70 percent of their travel time.
LOS D describes unstable traffic flow. The two opposing traffic streams begin to
operate separately at higher volume levels, as passing becomes extremely difficult.
Passing demand is high, but passing capacity approaches zero. Mean platoon sizes of 5
to 10 vehicles are common, although speeds of 40 mi/h still can be maintained under base
conditions on Class I highways. The proportion of no-passing zones along the roadway
section usually has little influence on passing. Turning vehicles and roadside distractions
cause major shock waves in the traffic stream. Motorists are delayed in platoons for
nearly 80 percent of their travel time. Maximum service flow rates of 1,830 pclh total in
both directions can be maintained under base conditions. On Class I1 highways, speeds
may fall below 40 milh, but in no case will motorists be delayed in platoons for more than
85 percent of their travel time.
At LOS E, traffic flow conditions have a percent time-spent-following greater than
80 percent on Class I highways and greater than 85 percent on Class II. Even under base
conditions, speeds may drop below 40 mih. Average travel speeds on highways with
less than base conditions will be slower, even down to 25 mi/h on sustained upgrades.
Passing is virtually impossible at LOS E, and platooning becomes intense, as slower
vehicles or other interruptions are encountered.
The highest volume attainable under LOS E defines the capacity of the highway,
generally 3,200 pc/h total in both directions. Operating conditions at capacity are
unstable and difficult to predict. Traffic operations seldom reach near capacity on rural
highways, primarily because of a lack of demand.
LOS F represents heavily congested flow with traffic demand exceeding capacity.
Volumes are lower than capacity and speeds are highly variable.
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REQUIRED INPUT DATA AND ESTIMATED VALUES
Exhibit 12-9 lists default values for input parameters that may be used in the absence
of local data. However, taking field measurements for use as inputs to an analysis is the
most reliable means of generating parameter values. Only when this is not feasible
should the default values be considered.
EXHIBIT 12-9. REQUIRED INPUT DATA: TWO-LANE HIGHWAYS

Required Data

Default
Geometric Data
Exhibit 12-10
12 ft
6 ft
Exhibit 124
Level
Exhibit 12-11

Highway class
Lane width
Shoulder width
Access-point density
Specific grade or general terrain
Percent no-passing
Base FFS
Length of passing lane

Exhibit 12-12

Demand
Length of analysis period
PHF
Directional split
Heavy vehicles percentages

15 min
0.88 rural, 0.92 urban
Exhibit 12-13
Exhibit 12-14

Highway Classes
Two-lane highways are categorized into two classes. The general description of
these classes is summarized in Exhibit 12-10.

Class
I
II

EXHIBIT 12-10. SUMMARY OF TWO-LANE HIGHWAY CLASSES
Descriotion
Highways on which motorists expect to travel at relatively high speeds,
including major intercity routes, primary arterials, and daily commuter routes
Highways on which motorists do not necessarily expect to travel at high
speeds, including access routes, scenic and recreational routes that are not
primarily arterials, and routes through rugged terrain

Lane Width and Shoulder Width
Refer to the description of lane width and lateral clearance under the required input
data and estimated values for multilane highways.
Access-Point Density
Refer to the description of access-point density under the required input data and
estimated values for multilane highways.
Specific Grade or General Terrain
Refer to the description of specific grade or general terrain under the required input
data and estimated values for multilane highways.
Percentage of No-Passing Zones
The percentage of each segment length in which passing is prohibited should be
estimated from local data. In the absence of such data, Exhibit 12-11 may be used.

.,.-.
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EXHIBIT 12-1I . DEFAULT VALUES FOR PERCENTAGE OF NO-PASSING ZONES
Terrain Type
Level
Rolling
Mountainous

No-Passing Zones (%)

20
50
80

Base FFS
The base FFS for a two-lane highway is observed at base conditions and ranges from
45 to 65 milh, depending on the highway's characteristics.

Length of Passing Lane
Passing lanes on two-lane highways range in length from 0.2 to 3.0 rni (8). Research
has shown that the optimal lengths for passing lanes range from 0.5 to 2.0 rni, depending
on the traffic flow rate, as shown in Exhibit 12-12.
EXHIBIT 12-12. OPTIMAL LENGTHS OF PASSING LANES
Directional Flow Rate (pclh)

100
200
400
2 700

Optimal Passing Lane Length (mi)
2 0.50
> 0.50-0.75
> 0.75-1 .OO
> 1.00-2.00

Source: Hanrvood and St. John (8).

Length of Analysis Period
Refer to the description of the length of analysis period under the required data and
estimated values for multilane highways.

PHF
When feasible, the PHF should be determined from local field data. If field data are
not available, the factors presented in Exhibit 12-9 may be used for two-way and
directional two-lane highway analysis. In general, lower PHFs are typical of rural or
off-peak conditions, but higher PHFs are typical of urban or suburban peak-hour
conditions. Default PHF values of 0.88 for rural areas and 0.92 for urban areas may be
used in the absence of local data.

Directional Split
Directional distribution is defined as 50150 for base conditions. Most directional
distributions on rural two-lane highways range from 50150 to 70130. On recreational
routes, the directional distribution may be as high as 80120 or more during holiday or
other peak periods. Exhibit 12-13 lists default directional splits that may be used if fieldobserved data are not available.
EXHIBIT 12-13. DEFAULT VALUES FOR DIRECTIONAL SPLIT ON TWO-LANE HIGHWAYS
Type
Rural Highways
Urban Highways
Recreational Highways

Chapter 12 - Highway Concepts
Two-Lane Highways

Directional Split

60140
60140
80120

Highway Capacity Manual 2000
Percentage of Heavy Vehicles
The local HPMS may be used to obtain local information on the percentage of heavy
vehicles by facility and area type. When estimates of the traffic mix are not available,
Exhibit 12-14 presents default values that may be used for primary routes. Recreational
routes typically would have a higher proportion of RVs and often a lower proportion of
trucks than shown in Exhibit 12-14.
EXHIBIT 12-14. DEFAULT HEAVY-VEHICLE PERCENTAGES ON TWO-LANE HIGHWAYS
Tvoe of Heaw Vehicle
Trucks (including buses)
RVs

Rural f%)
14
4

.

Urban I%)
2
0

SERVICE VOLUME TABLE
An example service volume table for Class I highways is provided in Exhibit 12-15.
From the exhibit, the hourly volume that can be accommodated at a given LOS, terrain,
and FFS can be determined under specified conditions.
EXHIBIT 12-15. EXAMPLE SERVICE VOLUMES FOR A CLASS I TWO-LANE RURAL HIGHWAY
(SEE FOOTNOTE FOR ASSUMED VALUES)
FFS (milh)
65

60

55

50

45

Terrain
Level
Rolling
Mountainous
Level
Rolling
Mountainous
Level
Roll~ng
Mountainous
Level
Rolling
Mountainous
Level
Rolling
Mountainous

A
260
130
NIA
260
130
NIA
NIA
NIA
NIA
NIA
NIA
NIA
NIA
hlIA
NIA

B
480
290
160
480
290
160
330
170
110
NIA
NIA
NIA
NIA
NIA
NIA

Service Volumes (vehlh)
C
D
870
1460
710
1390
340
610
870
1460
710
1390
340
610
870
1460
710
1390
340
610
330
1000
170
790
420
110
330
NIA
NIA
170
NIA
110

E
2770
2590
1300
2770
2590
1300
2770
2590
1300
2770
2590
1300
2770
2590
1300

This table contains
approximate values and is
meant for illustrative purposes
only. The values depend on
the assumptions and should
not be used for operational
analyses or final design. This
table was derived using
assumed values listed in the
footnote.

Note:
Assumptions: 60140 directional split; 20-, 40-, and 60-percent no-passing zones for level, rolling, and mountainous terrain,
respectively; 14 percent trucks; and 4 percent RVs.
NIA = not achievable for the given condition
Source: Hanvood et al. (7).
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I.

INTRODUCTION

In this chapter capacity and quality-of-service concepts for freeways are introduced.
This chapter can be used in conjunction with the methodologies of Chapter 22 (Freeway
Facilities), Chapter 23 (Basic Freeway Segments), Chapter 24 (Freeway Weaving), and
Chapter 25 (Ramps and Ramp Junctions).
A freeway is defined as a divided highway with full control of access and two or
more lanes for the exclusive use of traffic in each direction. Freeways provide
uninterrupted flow. There are no signalized or stop-controlled at-grade intersections, and
direct access to and from adjacent property is not permitted. Access to and from the
freeway is limited to ramp locations. Opposing directions of flow are continuously
separated by a raised barrier, an at-grade median, or a continuous raised median.
Operating conditions on a freeway primarily result from interactions among vehicles
and drivers in the traffic stream and among vehicles, drivers, and the geometric
characteristics of the freeway. Operations can also be affected by environmental
conditions, such as weather or lighting, by pavement conditions, and by the occurrence of
traffic incidents.
A tollway or toll road is similar to a freeway, except that tolls are collected at
designated points along the facility. Although the collection of tolls usually involves
interruptions of traffic, these facilities may generally be treated as freeways. However,
special attention should be given to the unique characteristics, constraints, and delays
caused by toll collection facilities.
The freeway system is the sum total of all freeway facilities in a given area. The
analyst must realize that freeway facilities may have interactions with other freeway
facilities as well as local streets and take care to consider interactions with these other
facilities. The performance of the freeway may be affected when demand exceeds
capacity on nearby parts of the local street or freeway system or when the capacity of the
street or ramp metering system limits demand approaching the freeway.
If the street system cannot accommodate the demand exiting the freeway, the
oversaturation of the street system may result in queues backing onto the freeway, which
adversely affects freeway performance. In effect, the limited capacity of the street system
reduces the effective capacity of the exit ramp. Therefore, whether the downstream street
system capacity can accommodate the exiting freeway demand is an important factor in
whether the freeway facility analysis reflects freeway performance. Likewise, the
presence of ramp metering affects freeway demand and must be taken into consideration
in analyzing a freeway facility.
Freeway facilities are also assumed to have no interaction with adjacent freeways. In
reality, freeway facilities may have interactions with other freeway facilities, as they do
with surface streets. Free-flow conditions must therefore exist upstream and downstream
of the facility being analyzed. In other words, the analysis of a freeway facility can only
address local oversaturation within its time-space domain, not systemwide effects outside
of its time-space domain.

II. BASIC FREEWAY SEGMENTS
Basic freeway segments are outside of the influence area of ramps or weaving areas
of the freeway. Exhibit 13-1 illustrates a basic freeway segment.

Freeway defined

Toll road as freeway
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EXHIBIT 13-1. EXAMPLE OF BASIC FREEWAY SEGMENT

FREEWAY CAPACITY TERMS
Freeway capacity: the maximum sustained 15-min flow rate, expressed in
passenger cars per hour per lane, that can be accommodated by a uniform freeway
segment under prevailing traffic and roadway conditions in one direction of flow.
Traffic characteristics: any characteristic of the traffic stream that may affect
capacity, free-flow speed, or operations, including the percentage composition of the
traffic stream by vehicle type and the familiarity of drivers with the freeway.
Roadway characteristics: the geometric characteristics of the freeway segment
under study, including the number and width of lanes, right-shoulder lateral clearance,
interchange spacing, vertical alignment, and lane configurations.
Free-flow speed (FFS): the mean speed of passenger cars that can be
accommodated under low to moderate flow rates on a uniform freeway segment under
prevailing roadway and traffic conditions.
Base conditions: an assumed set of geometric and traffic conditions used as a
starting point for computations of capacity and level of service (LOS).
Capacity analysis is based on freeway segments with uniform traffic and roadway
conditions. If any of the prevailing conditions change significantly, the capacity of the
segment and its operating conditions change as well. Therefore, each uniform segment
should be analyzed separately.

FLOW CHARACTERISTICS
Traffic flow within basic freeway segments can be highly varied depending on the
conditions constricting flow at upstream and downstream bottleneck locations.
Bottlenecks can be created by ramp merge and weaving segments, lane drops,
maintenance and construction activities, accidents, and objects in the roadway. An
incident does not have to block a travel lane to create a bottleneck. For example, disabled
vehicles in the median or on the shoulder can influence traffic flow within the freeway
lanes.
/
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Freeway research has resulted in a better understanding of the characteristics of
freeway flow relative to the influence of upstream and downstream bottlenecks. Traffic
flow within a basic freeway segment can be categorized into three flow types:
undersaturated, queue discharge, and oversaturated. Each flow type is defined within
general speed-flow-density ranges, and each represents different conditions on the
freeway.
Undersaturated flow represents traffic flow that is unaffected by upstream or
downstream conditions. This regime is generally defined within a speed range of 55 to
75 mi/h at low to moderate flow rates and a range of 45 to 60 mi/h at high flow rates.
Queue discharge flow represents traffic flow that has just passed through a
bottleneck and is accelerating back to the FFS of the freeway. Queue discharge flow is
characterized by relatively stable flow as long as the effects of another bottleneck
downstream are not present. This flow type is generally defined within a narrow range of
2,000 to 2,300 pcklln, with speeds typically ranging from 35 mi/h up to the FFS of the
freeway segment. Lower speeds are typically observed just downstream of the
bottleneck. Depending on horizontal and vertical alignments, queue discharge flow
usually accelerates back to the FFS of the facility within 0.5 to 1 mi downstream from the
bottleneck. Studies suggest that the queue discharge flow rate from the bottleneck is
lower than the maximum flows observed before breakdown. A typical value for this drop
in flow rate is approximately 5 percent.
Oversaturated flow represents traffic flow that is influenced by the effects of a
downstream bottleneck. Traffic flow in the congested regime can vary over a broad
range of flows and speeds depending on the severity of the bottleneck. Queues may
extend several thousand feet upstream from the bottleneck. Freeway queues differ from
queues at intersections in that they are not static or "standing." On freeways, vehicles
move slowly through a queue, with periods of stopping and movement. Oversaturated
flow is discussed further in the freeway facilities section of this chapter and in Chapter
22.

The three flow types on basic
freeway segments are
undersaturated, queue
discharge, and oversaturated

Undersaturated flow defined

Queue discharge flow defined

Oversaturated flow defined

Speed-Flow and Density-Flow Relationships
Speed-flow and density-flow relationships for a typical basic freeway segment under
either base conditions or non-base conditions in which FFS is known are shown in
Exhibits 13-2 and 13-3 (1).
EXHIBIT 13-2. SPEED-FLOW RELATIONSHIPS FOR BASIC FREEWAY SEGMENTS

Flow Rate (pclhlln)
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EXHIBIT 13-3. DENSITY-FLOW RELATIONSHIPS FOR BASIC FREEWAY SEGMENTS
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All recent freeway studies indicate that speed on freeways is insensitive to flow in
the low to moderate range. This is reflected in Exhibit 13-2, which shows speed to be
constant for flows up to 1,300 p c M n for a 70-mi/h FFS. For lower free-flow speeds, the
region over which speed is insensitive to flow extends to even higher flow rates. FFS is
measured in the field as the average speed of passenger cars when flow rates are less than
1,300 pcMn. Field determination of FFS is accomplished by performing travel time or
spot speed studies during periods of low flows and low densities.
Although Exhibit 13-2 shows curves only for free-flow speeds of 75,70,65,60, and
55 mi/h, a curve representing any FFS between 75 and 55 mi/h can be defined by
interpolation. Also, the speed-flow curve representing a 75-milh FFS, which corresponds
with the posted speed limit on many rural freeways throughout the United States, shown
by a dashed line, is not based on empirical field research but was created by extrapolation
from the 70-mih FFS curve. Capacity at FFS greater than or equal to 70 m i h is
considered to be 2,400 pcMn.
The research leading to these curves found that a number of factors affect free-flow
speed (I). The factors include number of lanes, lane width, lateral clearance, and
interchange density or spacing. Other factors believed to influence FFS, but for which
little is known quantitatively, include horizontal and vertical alignment, speed limit, level
of enforcement, lighting conditions, and weather.
Under base traffic and geometric conditions, freeways will operate with capacities as
high as 2,400 pcMn. This capacity is typically achieved on freeways with FFS of 70
rnih or greater. As the FFS decreases, there is a slight decrease in capacity. For
example, the capacity of a basic freeway segment with a FFS of 55 mi/h is expected to be
approximately 2,250 pcMn.
The average speed of passenger cars at flow rates that represent capacity is expected
to range from 53 m i h (FFS of 70 m i h or greater) to 50 rnih for a segment with a 55mi/h FFS. Note that the higher the free-flow speed, the greater the drop in speed as flow
rates move toward capacity. Thus, for a 70-mi/h FFS, there is a 17-mi/h drop from lowvolume conditions to capacity conditions. The drop is only 5 mi/h for a freeway with a
55-mi/h FFS.
As indicated in Exhibit 13-2, the point at which an increase in flow rate begins to
affect the average passenger car speed varies from 1,300 to 1,750 pcMn. Speed will be
reduced beginning at 1,300 p c M n for freeway segments with free-flow speeds of 70
mi/h. For lower-FFS facilities, the average speed begins to diminish at higher flow rates.
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Queue Discharge and Oversaturation
Unlike free flow, queue discharge and congested flow have not been extensively
studied, and these traffic flow types can be highly variable. However, freeway research
performed since 1990 has provided valuable insight into possible speed-flow
relationships that describe these two flow regimes. Exhibit 13-4 presents one suggested
relationship and is displayed here for informational purposes only (2).
EXHIBIT 13-4. QUEUE DISCHARGE AN11 OVERSATIJFATION

Flow Rate (pc/hlln)

- - -- - - - Regime 1 (undersaturated)

.

Regime 2 (queue discharge)

------.

Regime 3 (wersaturated)

Source: Adapted from Hall et al. (2).

Analysts are cautioned that although the relationship in Exhibit 13-4 may provide a
general predictive model for speed under queue discharge and oversaturated flows, it
should be considered conceptual at best. Further research is needed to better define flow
in these two regimes.
FACTORS AFFECTING FFS
The FFS of a freeway depends on traffic and roadway conditions. These conditions
are described below.
Lane Width and Lateral Clearance
When lane widths are less than 12 ft, drivers are forced to travel closer to one another
laterally than they would normally desire. Drivers tend to compensate for this by
reducing their travel speed.
The effect of restricted lateral clearance is similar. When objects are located too
close to the edge of the median and roadside lanes, drivers in these lanes will shy away
from them, positioning themselves further from the lane edge. This has the same effect
as narrow lanes, which force drivers closer together laterally. Drivers compensate by
reducing their speed. The closeness of objects has been found to have a greater effect on
drivers in the rightmost travel lane than on those in the median lane.
Drivers in the median lane appear to be unaffected by lateral clearance when
minimum clearance is 2 ft, whereas drivers in the right (shoulder) lane are affected when
lateral clearance is less than 6 ft. Illustration 13-1 shows the influence of lane width and
lateral clearance on lateral placement of vehicles. Illustration 13-2 shows a freeway
segment considered to meet or exceed base conditions with respect to lane width and
lateral clearance.

Lateral clearance is measured
from edge of travel lane to
curb, guardrail, or other
physical obstruction
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Note how vehicles shy
away from both roadside
and median barriers,
driving as close to the
lane marking as possible.
The existence of narrow
lanes compounds the
problem, making it
difficult for two vehicles
to travel alongside each
other.

This cross section
illustrates base
conditions of lane width
and lateral clearance.
The concrete median
barrier does not cause
vehicles to shiff their lane
position and therefore
would not be considered
an obstruction.

Number of Lanes
The number of lanes on a freeway segment influences FFS. As the number of lanes
increases, so does the opportunity for drivers to position themselves to avoid slowermoving traffic. In typical freeway driving, traffic tends to be distributed across lanes
according to speed. Traffic in the median lane typically moves faster than in the lane
adjacent to the right shoulder. Thus, a four-lane freeway (two lanes in each direction)
provides less opportunity for drivers to move around slower traffic than does a freeway
with 6 , 8 , or 10 lanes. Decreased maneuverability tends to reduce the average speed of
vehicles.

Interchange Density
Freeway segments with closely spaced interchanges, such as those in heavily
developed urban areas, operate at lower FFS than suburban or rural freeways where
interchanges are less frequent. The merging and weaving associated with interchanges
affect the speed of traffic. Speeds generally decrease with increasing frequency of
interchanges. The ideal average interchange spacing over a reasonably long section of
freeway (5 to 6 mi) is 2 mi or greater. The minimum average interchange spacing
considered possible over a substantial length of freeway is 0.5 mi.

Other Factors
The horizontal and
vertical geomety may
influence free-flow speed
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The design speed of the primary physical elements of a freeway can affect travel
speed. In particular, the horizontal and vertical alignments may contribute to the FFS of a
given freeway segment. If a freeway has significant horizontal or vertical conditions, the
analyst is encouraged to determine FFS from field observation and field study.
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PASSENGER-CAR EQUIVALENTS
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The concept of vehicle equivalents is based on observations of freeway conditions in
which the presence of heavy vehicles, including trucks, buses, and recreational vehicles
(RVs), creates less than base conditions. The lesser conditions include longer and more
frequent gaps of excessive length both in front of and behind heavy vehicles. Also, the
speed of vehicles in adjacent lanes and their spacing may be affected by these generally
slower-moving large vehicles. Finally, physical space taken up by a large vehicle is
typically two to three times greater in terms of length than that taken up by a typical
passenger car. To allow the analysis method for freeway capacity to be based on a
consistent measure of flow, each heavy vehicle is converted into an equivalent number of
passenger cars. The conversion results in a single value for flow rate in terms of
passenger cars per hour per lane. The conversion factor used depends on the proportion
of heavy vehicles in the traffic stream as well as the length and severity of the upgrade or
downgrade.
Illustrations 13-3 and 13-4 show the effect of trucks and other heavy vehicles on
freeway traffic.

DRIVER POPULATION
Studies have noted that noncommuter driver populations do not display the same
characteristics as regular commuters. For recreational traffic, capacities have been
observed to be as much as 10 to 15 percent lower than for commuter traffic traveling on
the same segment, but FFS does not appear to be similarly affected. If the analyst elects
to account for this possible effect, locally derived data should be obtained and used in the
analysis.
Note the formation of large
gaps in front of slow-moving
trucks climbing the grade

Even on relative1 level
terrain, the devegpment of
large gaps in front of trucks
or other heavy vehicles is
common
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LOS
Although speed is a major concern of drivers as related to service quality, freedom to
maneuver within the traffic stream and proximity to other vehicles are equally noticeable
concerns. These qualities are related to the density of the traffic stream. Unlike speed,
density increases as flow increases up to capacity, resulting in a measure of effectiveness
that is sensitive to a broad range of flows.
Operating characteristics for the six LOS are shown in Illustrations 13-5 through
13-10. The LOS are defined to represent reasonable ranges in the three critical flow
variables: speed, density, and flow rate.
LOS A describes free-flow operations. Free-flow speeds prevail. Vehicles are
almost completely unimpeded in their ability to maneuver within the traffic stream. The
effects of incidents or point breakdowns are easily absorbed at this level.
LOS B represents reasonably free flow, and free-flow speeds are maintained. The
ability to maneuver within the traffic stream is only slightly restricted, and the general
level of physical and psychological comfort provided to drivers is still high. The effects
of minor incidents and point breakdowns are still easily absorbed.

I

ILLUSTRATION
13-5. LOS A.

ILLUSTRATION
13-6. LOS B.
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ILLUSTRATION13-7. LOS C.

ILLUSTRATION13-8. LOS D.

ILLUSTRATION13-9. LOS E.
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ILLUSTRATION
13-10. LOS F.

LOS C provides for flow with speeds at or near the FFS of the freeway. Freedom to
maneuver within the traffic stream is noticeably restricted, and lane changes require more
care and vigilance on the part of the driver. Minor incidents may still be absorbed, but
the local deterioration in service will be substantial. Queues may be expected to form
behind any significant blockage.
LOS D is the level at which speeds begin to decline slightly with increasing flows
and density begins to increase somewhat more quickly. Freedom to maneuver within the
traffic stream is more noticeably limited, and the driver experiences reduced physical and
psychological comfort levels. Even minor incidents can be expected to create queuing,
because the traffic stream has little space to absorb disruptions.
At its highest density value, LOS E describes operation at capacity. Operations at
this level are volatile, because there are virtually no usable gaps in the traffic stream.
Vehicles are closely spaced, leaving little room to maneuver within the traffic stream at
speeds that still exceed 49 miih. Any disruption of the traffic stream, such as vehicles
entering from a ramp or a vehicle changing lanes, can establish a disruption wave that
propagates throughout the upstream traffic flow. At capacity, the traffic stream has no
ability to dissipate even the most minor disruption, and any incident can be expected to
produce a serious breakdown with extensive queuing. Maneuverability within the traffic
stream is extremely limited, and the level of physical and psychological comfort afforded
the driver is poor.
LOS F describes breakdowns in vehicular flow. Such conditions generally exist
within queues forming behind breakdown points. Breakdowns occur for a number of
reasons:
Traffic incidents can cause a temporary reduction in the capacity of a short
segment, so that the number of vehicles arriving at the point is greater than the number of
vehicles that can move through it.
Points of recumng congestion, such as merge or weaving segments and lane drops,
experience very high demand in which the number of vehicles arriving is greater than the
number of vehicles discharged.
In forecasting situations, the projected peak-hour (or other) flow rate can exceed
the estimated capacity of the location.
Note that in all cases, breakdown occurs when the ratio of existing demand to actual
capacity or of forecast demand to estimated capacity exceeds 1.00. Operations
immediately downstream of such a point, however, are generally at or near capacity, and
downstream operations improve (assuming that there are no additional downstream
bottlenecks) as discharging vehicles move away from the bottleneck.
LOS F operations within a queue are the result of a breakdown or bottleneck at a
downstream point. LOS F is also used to describe conditions at the point of the
breakdown or bottleneck and the queue discharge flow that occurs at speeds lower than
Chapter 13 - Freeway COI
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the lowest speed for LOS E, as well as the operations within the queue that forms
upstream. Whenever LOS F conditions exist, they have the potential to extend upstream
for significant distances.
REQUIRED INPUT DATA AND ESTIMATED VALUES
Exhibit 13-5 gives default values for input parameters in the absence of local data.
The analyst should note that taking field measurements for use as inputs to an analysis is
the most reliable means of generating parameter values. Only when this is not feasible
should default values be considered.
EXHIBIT 13-5. REQUIRED INPLIT DATA AND DEFAULTVALUES FOR BASIC FREEWAY SEGMENTS
Defaults

Reauired Data
Geometric Data
Number of lanes
Lane width
Lateral clearance
Interchange density
Specific grade or general terrain
Base free-flow speed

12 17
10 17
Level
75 mi/h rural, 70 mi/h urban
Demand Data

Length of analysis period
Peak-hour factor
Percentage of heavy vehicles
Driver population factor

15 min
0.88 rural, 0.92 urban
10% rural, 5% urban
1.DO

Lane Width and Lateral Clearance
The standard lane width for new freeway construction in the United States is 12 ft.
The standard shoulder width is 10 ft, but this can be increased to 12 ft for high-speed
highways carrying large numbers of trucks (3, p. 338). These standards may be reduced
to accommodate special historical or environmental constraints.
Lane width data are needed only if it is known that the lanes are significantly
narrower than 12 ft. Shoulder widths are significant only if narrower than 6 ft. Default
values of 12 ft for lane widths and 6 ft for shoulder widths may be used in the absence of
local data unless the analyst is aware of any ovemding circumstances (such as
mountainous topography, historic structures, or a physical obstruction) that might restrict
the facility width.
In the case of minor variations in lane widths or shoulder widths within a segment,
the analyst should compute the average of the lane widths and use this average to
compute the effects on free-flow speed. Where variations in lane or shoulder widths
extend 2,500 ft or more, the segment should be divided to provide segments with
consistent physical features.
lnterchange Density
The mean number of interchanges per mile is computed for at least a 6-1-16length of
freeway in which the segment is located. The interchange density becomes significant for
speed estimation purposes only when the density exceeds 1 interchange per mile (an
average spacing of 1 mile or less).
Specific Grade or General Terrain
The general terrain type of analysis can be used instead of specific grades wherever
no single grade on the segment extends for more than 0.5 mi or exceeds 3 percent for
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more than 0.25 mi. The rate of grade along significant grades can be obtained from
geological survey maps.
The maximum extended grade for freeways is usually 6 percent (3, p. 585). If field
measurement is not possible and construction plans are not available, extended grades
can be approximated on the basis of the analyst's general knowledge of the local terrain.
Default values of 2 percent grade for an extended grade on Interstate freeways, 4 percent
for an extended grade in rolling terrain, and 6 percent for an extended grade in
mountainous terrain may be used in the absence of local data.

BaseFFSandFFS

Do not assume that FFS
is equal to the speed limit

If field measurements are unavailable, FFS can be estimated by applying adjustments
to a base free-flow speed (BFFS). The BFFS is 75 mi/h for rural freeways and is 70 mi/h
for urban/suburban freeways. The BFFS is reduced for the effects of lane width, rightside lateral clearance, number of lanes, and density of interchanges.
Analysts should be careful not to assume that the FFS for a freeway is equal to its
posted speed limit or the field-measured 85th percentile speed. The FFS is the mean
speed measured in the field when volumes are less than 1,300 pc/h/ln.

Length of Analysis Period
The planning, design, and analysis policies and the available resources of an agency
will determine the selection of the analysis period(s). The analyst may desire to evaluate
the peak hours occurring during the morning commute, at midday, and during the evening
commute on a typical weekday or during a peak hour on a Saturday or Sunday if the
roadway segment carries a high volume of weekend recreational traffic. Within each
hour analyzed, the highest 15-min volume is of primary interest. A peak-hour factor
(PHF) is applied to the hourly volume to convert it to a peak 15-min flow rate. A
procedure to compute peak-direction, peak-hour demand from an average daily traffic
volume is described in Chapter 8.

Peak-Hour Factor
In the absence of field measurements of PHF, approximations can be used. For
congested conditions, 0.95 is a reasonable approximation. The PHF tends to be higher
for oversaturated conditions and lower for undersaturated conditions. Default values of
0.92 for urban areas and 0.88 for rural areas may be used in the absence of local data.

Heavy Vehicles
The percentage of heavy vehicles in rolling and mountainous terrain should be
obtained from locally available data for similar facilities and demand conditions. If the
proportion of RVs, trucks, and buses is not known, all the heavy vehicles can be
considered to be trucks for the purposes of selecting passenger-car equivalents and
computing the heavy-vehicle adjustment factor. Default values of 5 percent heavy
vehicles for urban areas and 10 percent heavy vehicles for rural areas may be used in the
absence of local data.

Driver Population
The reciprocal of the driver population factor is used to increase the flow rate to
account for a driver population not familiar with the freeway facility. The factor should
normally be 1.00 but can be reduced to 0.85 for the analysis of weekend conditions in a
recreational area.

SERVICE VOLUME TABLE
Exhibit 13-6 may be used to estimate the number of through lanes required to obtain
a desired level of service for basic freeway segments under default conditions. The table
can be used to test the effect of different interchange densities and is sensitive to the
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different operating characteristics of urban and rural freeways. The example service
volumes in the exhibit are highly dependent on the assumptions given in the footnote.
EXHIBIT 13-6. EXAMPLE SERVICE VOLUMES FOR BASIC FREEWAY SEGMENTS
(SEE FOOTNOTE FOR ASSUMED VALUES)

1
Urban

Rural

Numberof
Lanes
2
3
4
5
2
3
4
5

1

FFS(mi/h)
.
.
63
65
66
68
75
75
75
75

I

A
1230
1900
2590
3320
1410
2110
2820
3520

I

Service Volumes (vehlh) for LOS
B
I
C
l
D
2030
3110
4250
5430
2310
3460
4620
5780

2930
4500
6130
7820
3340
5010
6680
8350

3840
5850
7930
10.070
4500
6750
9000
11,250

I

E
4560
6930
9360
11.850
5790
8680
11,580
14,470

This table contains
approximate values. It is
meant for illustrative purposes
only. The values are highly
dependent on the
assumptions used. It should
not be used for operational
analyses or final design. This
table was derived using
assumed values given in the
footnote.

Notes:
Assumptions: Urban: 70-milh base free-flow speed, 12-ft-wide lanes, 6-ft-wide shoulders, level terrain, 5 percent heavy
vehicles, no driver population adjustment, 0.92 PHF, 1 interchange per mile.
Rural: 75-milh base free-flow speed, 12-ft-wide lanes. 6-ft-wide shoulders, level terrain, 5 percent heavy vehicles, no driver
population adjustment, 0.88 PHF, 0.5 interchanges per mile.

Ill. FREEWAY WEAVING
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Weaving is defined as the crossing of two or more traffic streams traveling in the
same general direction along a significant length of highway without the aid of traffic
control devices (with the exception of guide signs). Weaving segments are formed when
a merge area is closely followed by a diverge area, or when an on-ramp is closely
followed by an off-ramp and the two are joined by an auxiliary lane. Note that if a onelane on-ramp is closely followed by a one-lane off-ramp and the two are not connected by
an auxiliary lane, the merge and diverge movements are considered separately using
procedures for the analysis of ramp terminals.
Weaving segments require intense lane-changing maneuvers as drivers must access
lanes appropriate to their desired exit points. Thus, traffic in a weaving segment is
subject to turbulence in excess of that normally present on basic freeway segments. The
turbulence presents special operational problems and design requirements that are
addressed by the procedures described in Chapter 24.
Exhibit 13-7 shows a weaving segment. If entry and exit roadways are referred to as
legs, vehicles traveling from Leg A to Leg D must cross the path of vehicles traveling
from Leg B to Leg C. Flows A-D and B-C are, therefore, referred to as weaving flows.
Flows A-C and B-D may also exist, but they need not cross the path of other flows and
are referred to as nonweaving flows.
Exhibit 13-7 shows a simple weaving segment formed by a single merge point
followed by a single diverge point. Multiple weaving segments may be formed where
one merge is followed by two diverge points or where two merge points are followed by
one diverge point.

Lane changing is a key
descriptor of weaving
operation
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EXHIBIT 13-7. FORMATION OF A WEAVING SEGMENT

Three key geometric
features affect weaving
operation:
Configuration
Length
Width

Weaving segments may exist on any type of facility: freeways, multilane highways,
two-lane highways, interchange areas, urban streets, or collector-distributor roadways.
Whereas the methodology of Chapter 24 was developed for freeways, guidance is given
on adapting the procedure to weaving segments on multilane highways. No guidance is
given for analysis of weaving on urban streets, which is considerably more complex and
involves signalization issues. At present, there are no generally accepted procedures for
the analysis of weaving on urban streets.
Three geometric variables influence weaving segment operations: configuration,
length, and width. These variables are discussed in the following sections.

WEAVING CONFIGURATIONS
The most critical aspect of operations within a weaving segment is lane changing.
Weaving vehicles, which must cross a roadway to enter on the right and leave on the left,
or vice versa, accomplish these maneuvers by making the appropriate lane changes. The
configuration of the weaving segment (i.e., the relative placement of entry and exit lanes)
has a major effect on the number of lane changes required of weaving vehicles to
successfully complete their maneuver. There is also a distinction between lane changes
that must be made to weave successfully and additional lane changes that are
discretionary (i.e., are not necessary to complete the weaving maneuver). The former
must take place within the confined length of the weaving segment, whereas the latter are
not restricted to the weaving segment itself.
The methodology of Chapter 24 identifies three major categories of weaving
configurations: Type A, Type B, and Type C. Each has unique characteristics that are
described below.

Type A Weaving Configuration
Type A: all weaving
vehicles must make one
lane change
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Exhibit 13-8 illustrates two subcategories of Type A weaving segments. The
identifying characteristic of a Type A weaving segment is that all weaving vehicles must
make one lane change to complete their maneuver successfully. All of these lane changes
occur across a lane line that connects from the entrance gore area directly to the exit gore
area. Such a line is referred to as a crown line. Type A weaving segments are the only
such segments to have a crown line.
The most common form of Type A weaving segment is shown in Exhibit 13-8(a).
The segment is formed by a one-lane on-ramp followed by a one-lane off-ramp, with the
two connected by a continuous auxiliary lane. The lane line between the auxiliary lane
and the right-hand freeway lane is the crown line for the weaving segment. All on-ramp
vehicles entering the freeway must make a lane change from the auxiliary lane to the
shoulder lane of the freeway. All freeway vehicles exiting at the off-ramp must make a
lane change from the shoulder lane of the freeway to the auxiliary lane. This type of
configuration is also referred to as a ramp-weave.
Exhibit 13-8(b) illustrates a major weaving segment that also has a crown line. A
major weaving segment is formed when three or four of the entry and exit legs have
multiple lanes. As in the case of a ramp-weave, all weaving vehicles, regardless of the
direction of the weave, must execute one lane change across the crown line of the
segment.

I

Highway Capacity Manual 2000
EXHIBIT 13-8. TYPE A WEAVING SEGMENTS

a. Ramp-Weave

A>

('
f

b. Major Weave
/

The two segments differ primarily in the effect of ramp geometrics on speed. For
most ramp-weave segments, the design speed of the ramps is significantly lower than the
design speed of the freeway. Thus, on- and off-ramp vehicles must accelerate or
decelerate as they traverse the weaving segment. For major weaving segments, entry and
exit legs often have design speeds that are similar to that of the mainline freeway, and
such acceleration and deceleration are not required. It should be noted that the
methodology of Chapter 24 was calibrated for ramp-weave configurations.
Because all weaving vehicles in a Type A configuration must execute a lane change
across the crown line, weaving vehicles are generally confined to occupying the two lanes
adjacent to the crown line. Some nonweaving vehicles will share these lanes. This will
essentially limit the number of lanes that weaving vehicles can occupy.

The anal sis of a major weave
in the H ~ is
Man
approximation

Type B Weaving Configuration
Type B weaving segments are shown in Exhibit 13-9. All Type B weaving segments
fall into the general category of major weaving segments in that such segments always
have at least three entry and exit legs with multiple lanes (except for some collectordistributor configurations).
Once again, it is the lane changing required of weaving vehicles that characterizes
the Type B configuration:
One weaving movement can be made without making any lane changes, and
The other weaving movement requires at most one lane change.
Exhibits 13-9(a) and 13-9(b) show two Type B weaving segments. In both cases,
Movement B-C (entry on the right, departure on the left) may be made without executing
any lane changes, whereas Movement A-D (entry on the left, departure on the right)
requires only one lane change. Essentially, there is a continuous lane that allows for
entry on the right and departure on the left. In Exhibit 13-9(a), this is accomplished by
providing a diverging lane at the exit gore. From this lane, a vehicle may proceed down
either exit leg without executing a lane change. This type of design is also referred to as
lane balance, that is, the number of lanes leaving the diverge is one more than the number
of lanes approaching it.
In Exhibit 13-9(b), the same lane-changing scenario is provided by having a lane
from Leg A merge with a lane from Leg B at the entrance gore. This is slightly less
efficient than providing lane balance at the exit gore but produces similar numbers of lane
changes by weaving vehicles.

Lane-changing characteristics
for Type B

Lane balance defined
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EXHIBIT 13-9. TYPE B WEAVING SEGMENTS
a. Major Weave with Lane Balance
at Exit Gore
A

----........................

1

b. Major Weave with Merge at
Entry Gore

n

T

\
A

----

c. Major Weave with Merge at Entry
Gore and I-ane Balance at Exit Gore

/
/

/

c

The configuration shown in Exhibit 13-9(c) is unique, having both a merge of two
lanes at the entrance gore and lane balance at the exit gore. In this case, both weaving
movements can take place without making a lane change. Such configurations are most
often found on collector-distributorroadways as part of an interchange.
Type B weaving segments are extremely efficient in carrying large weaving flows,
primarily because of the provision of a throngh lane for at least one of the weaving
movements. Weaving movements can also be made with a single lane change from either
of the lanes adjacent to the through lane. Thus, weaving vehicles can occupy a
substantial number of lanes in the weaving segment and are not as restricted as in Type A
segments.
Type C Weaving Configuration
Type C: one weaving
maneuver requires at
least two lane changes

Analysis of two-sided
weaving in the HCM is
only a rough
approximation

-
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Type C weaving segments are similar to those of Type B in that one or more through
lanes are provided for one of the weaving movements. The distinguishing characteristic
of a Type C weaving segment is that the other weaving movement requires a minimum of
two lane changes for successful completion of a weaving maneuver. Thus, a Type C
weaving segment is characterized by the following:
One weaving movement may be made without making a lane change, and
The other weaving movement requires two or more lane changes.
Exhibit 13-10 shows two types of Type C weaving segments. In Exhibit 13-10(a),
Movement B-C does not require a lane change, whereas Movement A-D requires two
lane changes. This type of segment is formed when there is neither merging of lanes at
the entrance gore nor lane balance at the exit gore, and no crown line exists. Although
such a segment is relatively efficient for weaving movements in the direction of the
freeway flow, it cannot efficiently handle large weaving flows in the other direction.
Exhibit 13-10(b) shows a two-sided weaving segment. It is formed when a righthand on-ramp is followed by a left-hand off-ramp, or vice versa. In such cases, the
through freeway flow operates functionally as a weaving flow. Ramp-to-ramp vehicles
must cross all lanes of the freeway to execute their desired maneuver. Freeway lanes are,
in effect, through weaving lanes, and ramp-to-ramp vehicles must make multiple lane
changes as they cross from one side of the freeway to the other. Although it is technically

(
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a Type C configuration, there is little information concerning the operation of such
segments. The methodology of Chapter 24 was calibrated for the type of segment in
Exhibit 13-10(a) and provides on1y the roughest of approximations when applied to twosided weaving segments.

\

.

EXHIBIT 13-10. TYPE C WEAVING SEGMENTS
a. Major Weave Without Lane Balance or Merging
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b. Two-sided Weave
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Effects of Weaving Configuration

\
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The configuration of the weaving segment has a marked effect on operations because
of its influence on lane-changing behavior. A weaving segment with 1,000 vehh
weaving across 1,000 vehh in the other direction requires at least 2,000 lane changes per
hour in a Type A segment, since each vehicle makes one lane change. In a Type B
segment, only one movement must change lanes, reducing the number of required lane
changes per hour to 1,000. In a Type C segment, one weaving flow would not have to
change lanes, while the other would have to make at least two lane changes, for a total of
2,000 lane changes per hour.
Because of this, the models and algorithms of Chapter 24 are keyed to the type of
configuration, with parameters that depend specifically on configuration. Thus, for a
given number of lanes and length of segment, models will predict different operating
characteristics for different configurations.
Configuration has a further effect on the proportional use of lanes by weaving and
nonweaving vehicles. Since weaving vehicles must occupy specific lanes to efficiently
complete their maneuvers, the configuration can limit the ability of weaving vehicles to
use outer lanes of the segment. This effect is most pronounced for Type A segments,
because weaving vehicles must primarily occupy the two lanes adjacent to the crown line.
It is least severe for Type B segments, since these segments require the fewest lane
changes for weaving vehicles, thus allowing more flexibility in lane use.

configuration affects use of
lanes

WEAVING LENGTH

L..

Because weaving vehicles must execute all the required lane changes for their
maneuver within the weaving segment boundary from the entry gore to the exit gore, the
parameter of weaving length is important. The length of the weaving segment constrains
the time and space in which the driver must make all required lane changes. Thus, as the
length of a weaving segment decreases (configuration and weaving flow being constant),
the intensity of lane changing, and the resulting turbulence, increase.
The measurement of weaving length is shown in Exhibit 13-1 1. Length is measured
from a point at the merge gore where the right edge of the freeway shoulder lane and the
left edge of the merging lane(s) are 2 ft apart to a point at the diverge gore where the two
edges are 12 ft apart.
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EXHIBIT 13-11. MEASURING THE LENGTH OF A WEAVlhlG SEGMENT

2ft

y--

---------------

'TI2

ft

/

Length of Weaving Segrnent-

4

Segments may become
so long that the
procedure no longer
applies

Procedures in Chapter 24 generally apply to weaving segments up to 2,500 ft long.
Weaving may exist in longer segments, but merging and diverging movements are often
separated, with lane changing tending to concentrate near merge and diverge gore areas.
Weaving turbulence may exist to some degree throughout longer segments, but
operations are approximately the same as those for a basic freeway segment, except for
the ramp influence areas near the entry and exit gore areas.

WEAVING WIDTH
The third geometric variable influencing the operation of the weaving segment is its
width, which is defined as the total number of lanes between the entry and exit gore areas,
including the auxiliary lane, if present. As the number of lanes increases, the throughput
capacity increases. At the same time, the opportunity for lane changing also increases for
discretionary lane changes that may take place within the weaving segment.

TYPE OF OPERATION
The relative use of lanes
by weaving and
nonweaving vehicles is
an important
consideration

Whereas the total number of lanes in the weaving segment is important, the
proportional use of those lanes by weaving and nonweaving vehicles is even more
important. Under normal circumstances, weaving and nonweaving vehicles compete for
space, and operations across all lanes tend to reach an equilibrium in which all drivers
experience similar conditions. In a weaving segment, there is some segregation of
weaving and nonweaving flows as nonweaving vehicles tend to stay in outside lanes and
weaving vehicles tend to occupy the lanes involved in crossing the roadway.
Nevertheless, there is substantial sharing of lanes by weaving and nonweaving vehicles.
Under normal circumstances, weaving and nonweaving vehicles will reach
equilibrium operation in which weaving vehicles effectively occupy N, lanes of the
segment, with nonweaving vehicles occupying the remaining lanes.
In a very real sense, however, the lane configuration limits the total number of lanes
that can be used by weaving vehicles because of the lane changes that must be made. The
following statements describe this effect.
Weaving vehicles may occupy all of a lane in which weaving is accomplished
without a lane change.
Weaving vehicles may occupy most of a lane from which a weaving maneuver can
be accomplished with a single lane change.
Weaving vehicles may occupy a small portion of a lane from which a weaving
maneuver can be completed by making two lane changes.
Weaving vehicles cannot occupy a measurable portion of any lane from which a
weaving maneuver would require three or more lane changes.
This translates into limitations on the maximum number of lanes that weaving
vehicles can occupy based on the configuration of the segment, as shown in Exhibit
13-12.
In a typical Type A configuration, almost all ramp vehicles are weaving (i.e., there is
little ramp-to-ramp flow). Thus, the auxiliary lane is almost fully occupied by weaving
vehicles. However, the shoulder lane of the freeway is shared by weaving and
nonweaving vehicles. Studies have shown that weaving vehicles rarely occupy more
than 1.4 lanes of a Type A configuration.

Guidelines on lane use
characteristics

-
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EXHIBIT 13-12. MAXlMlJM USE OF LANES BY WEAVING VEHICLES
a. Type A Weaving Segments

b. Type B Weaving Segments

c. Type C Weaving Segments

(I'

/
/

Type B configurations are far more flexible. There is always one through lane for
weaving vehicles that can be fully occupied by those vehicles. In addition, the two lanes
adjacent to the through lane can also be substantially used by weaving vehicles. There
can be some usage of the next adjacent lanes as well. Studies have shown that weaving
vehicles can occupy up to 3.5 lanes in a Type B configuration.
Type C configurations are somewhat more restrictive than Type B configurations,
particularly for the movement requiring two or more lane changes. Weaving vehicles can
still occupy all of the through lane and substantial portions of the lanes adjacent to the
through lane. Partial use of other lanes, however, is usually quite restricted. Studies
indicate that the practical limit on lane usage by weaving vehicles in a Type C
configuration is 3.0.
In this discussion, two important parameters have been defined:
Nw = number of lanes weaving vehicles must occupy to achieve equilibrium
operation with nonweaving vehicles, and
Nw(max) = maximum number of lanes that can be occupied by weaving vehicles,
based on geometric configuration.
The methodology of Chapter 24 includes models for determining values of N,,
whereas values of N,(max) have been specified herein. The comparison of the two
values determines the type of operation that is present in the weaving segment.
Where N, I N,(max), equilibrium operation will be established. This is referred to
as unconstrained operation, because there are no constraints preventing the equilibrium
from occurring. Where N, > N,(max), weaving vehicles can only occupy N,(max)
lanes. Thus, they will occupy less space than is needed to establish equilibrium, while
nonweaving vehicles occupy more space than normal. Operations for weaving vehicles
become worse, while those for nonweaving vehicles get better. This is referred to as
constrained operation, because the configuration constrains weaving vehicles from
establishing equilibrium with nonweaving vehicles.

I
unconstrained
Constrained and
operation
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Under unconstrained operation, weaving and nonweaving vehicles usually
experience similar operational characteristics. In constrained operation, weaving vehicles
often experience operating conditions that are markedly worse than those of nonweaving
vehicles in the same segment. Thus, determining the type of operation is a key step in the
Chapter 24 analysis methodology.

SERVICE VOLUME TABLE
The Chapter 24 methodology does not readily produce service volumes. The
procedure is set up to determine LOS, with flows and geometrics being fully specified.
Nevertheless, service volumes can be produced by trial-and-error computations of
volume levels that result in threshold densities for the various LOS.
Service volumes depend on the type of configuration, the length of the segment, the
volume ratio (the proportion of total flow that is weaving), the number of lanes in the
segment, and the FFS of the freeway. Exhibit 13-13 gives example service volumes for
weaving segments.
EXHIBIT 13-13. EXAMPLE SERVICE VOLUMES FOR FREEWAY WEAVING SEGMENTS
(SEE FOOTNOTE FOR ASSUMED VALLIES)
This table contains
approximate values. It is
meant for illustrative
purposes only. The
values are highly
dependent on the
assumptions used. It
should not be used for
operational analyses or
final design. This table
was derived using
assumed values given in
the footnote.

Service Volumes (vehth) for LOS
Weaving Section
Number of Lanes

A

B

3
4

1790
2380

3400
4530

C

D

E

4500
6000

5390
7190

6340
8450

Type C

Note:
Assumptions: FFS = 75 milh, PHF = 0.90,5 percent trucks, level terrain, volume ratio = 0.20, weaving segment length =
1.000 ft.

IV. RAMPS AND RAMP JUNCTIONS
A ramp is a length of roadway providing an exclusive connection between two
highway facilities. On freeways, all entering and exiting maneuvers take place on ramps
that are designed to facilitate smooth merging of on-ramp vehicles into the freeway traffic
stream and smooth diverging of off-ramp vehicles from the freeway traffic stream onto
the ramp. Computational procedures for the analysis of ramps are contained in Chapter
25 of this manual.
RAMP COMPONENTS
The focus of this section
is on the ramp-freeway
junction
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A ramp may consist of three geometric elements of interest: the ramp-freeway
junction, the ramp roadway, and the ramp-street junction. A ramp-freeway junction is
typically designed to permit high-speed merging or diverging with minimum disruption
to the adjacent freeway traffic. The geometric characteristics of ramp-freeway junctions
v a r y . The length and type (taper, parallel) of acceleration or deceleration lanes, FFS of

[
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the ramp in the immediate vicinity of the junction, sight distances, and other elements all
influence ramp operations.
Geometric characteristics of ramp roadways vary from location to location. Ramps
may vary in terms of number of lanes (usually one or two), design speed, grades, and
horizontal curvature. The design of ramp roadways is seldom a source of operational
difficulty unless a traffic incident causes disruption along their length. Ramp-street
terminal problems can cause queuing along the length of a ramp, but this is generally not
related to the design of the ramp roadway.
Freeway-to-freeway ramps have two ramp-freeway terminals and do not have a
ramp-street terminal. However, many ramps connect limited-access facilities to local
arterials and collectors. For such ramps, the ramp-street terminal is often a critical
element in the overall design. Ramp-street junctions can permit uncontrolled merging
and diverging movements, or they can take the form of an at-grade intersection. Queues
forming at a ramp-street junction can, under extreme conditions, back up into the rampfreeway junction and indeed onto the freeway mainline itself.

OPERATIONAL CHARACTERISTICS
A ramp-freeway junction is an area of competing traffic demands for space.
Upstream freeway traffic competes for space with entering on-ramp vehicles in merge
areas. On-ramp demand is usually generated locally, although urban streets may bring
some drivers to the ramp from more distant origins.
In a merge area, individual on-ramp vehicles attempt to find gaps in the adjacent
freeway lane traffic stream. Because most ramps are on the right side of the freeway, the
freeway lane in which on-ramp vehicles seek gaps is designated as Lane 1 in this manual.
By convention, freeway lanes are numbered from 1 to N, from the right shoulder to the
median.
The action of individual merging vehicles entering the Lane 1 traffic stream creates
turbulence in the vicinity of the ramp. Approaching freeway vehicles move toward the
left to avoid this turbulence. Studies (4) have shown that the operational effect of
merging vehicles is heaviest in Lanes 1 and 2 and the acceleration lane for a distance
extending from the physical merge point to 1,500 ft downstream. Exhibit 13-14 shows
this influence area for on-ramp and off-ramp junctions.

--

Lane numbering convention
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EXHIBIT 13-14. ON- AND OFF-RAMP INFLUENCE AREAS
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Merge Influence Area
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1,500 fl

Diverge Influence Area

Interactions are dynamic in ramp influence areas. Approaching freeway vehicles
will move left as long as there is capacity to do so. Whereas the intensity of ramp flow
influences the behavior of freeway vehicles, general freeway congestion can also act to
limit ramp flow, causing diversion to other interchanges or routes.

-
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At off-ramps, the basic maneuver is a diverge, that is, a single traffic stream
separating into two streams. Exiting vehicles must occupy the lane adjacent to the offramp (Lane 1 for a right-hand off-ramp). Thus, as the off-ramp is approached, diverge
vehicles move right. This effects a redistribution of other freeway vehicles, as they move
left to avoid the turbulence of the immediate diverge area. Studies (4) show that the area
of greatest turbulence is the deceleration lane plus Lanes 1 and 2 for a distance extending
1,500 ft upstream from the physical diverge point, as shown in Exhibit 13-14.

i
\,

I P O R T A N T PARAMETERS

Length of acceleration
and deceleration lanes

Ramp FFS

Upstream mainline lane
distribution

A number of variables influence the operation of ramp-freeway junctions. They
include all of the variables affecting basic freeway segment operation: lane widths, lateral
clearances, terrain, driver population, and the presence of heavy vehicles. There are
additional parameters of particular importance to the operation of ramp-freeway
junctions, including length of acceleration/deceleration lane, ramp free-flow speed, and
lane distribution of upstream traffic.
The length of the acceleration or deceleration lane has a significant effect on merging
and diverging operations. Short lanes provide on-ramp vehicles with restricted
opportunity to accelerate before merging and off-ramp vehicles with little opportunity to
decelerate off-line. The result is that most acceleration and deceleration must take place
on the mainline, which disrupts through vehicles. Short acceleration lanes also force
many vehicles to slow significantly and even stop while seeking an appropriate gap in the
Lane 1 traffic stream.
Many characteristics influence the free-flow speed of the ramp, including degree of
curvature, number of lanes, grades, and sight distances, among others. FFS is an
influential factor, since it determines the speed at which merging vehicles enter the
acceleration lane and the speed at which diverging vehicles must enter the ramp. This, in
turn, determines the amount of acceleration or deceleration that must take place. Ramp
FFS generally vary between 20 and 50 mi/h. Although FFS is best determined in the
field, a default value of 35 mi/h may be used where specific measurements or predictions
are unavailable.
Several factors influence the lane distribution of traffic immediately upstream of an
on- or off-ramp: number of lanes on the facility, proximity of adjacent upstream and
downstream ramps, and the activity on those ramps. As conditions force more
approaching freeway flow into Lanes 1 and 2, merging and diverging maneuvers become
more difficult. Therefore, estimation of the upstream freeway flow approaching in Lanes
1 and 2 of the freeway (which are the freeway lanes included in the merge and diverge
influence areas) is important.

i

CAPACITY OF MERGE AND DIVERGE AREAS
Downstream capacity is
not influenced by
turbulence at an
upstream merge

Upstream capacity is not
influenced by turbulence
at a downstream diverge

There is no evidence that merging or diverging maneuvers restrict the total capacity
of the upstream or downstream basic freeway segments. Their influence is primarily to
add or subtract demand at the ramp-freeway junction. Thus, the capacity of a
downstream basic freeway segment is not influenced by turbulence in a merge area. The
capacity will be the same as if the segment were a basic freeway segment. As on-ramp
vehicles enter the freeway at a merge area, the total number of ramp and approaching
freeway vehicles that can be accommodated is the capacity of the downstream basic
freeway segment, as shown in Exhibit 13-15.
Similarly, the capacity of an upstream basic freeway segment is not influenced by the
turbulence in a diverge area. The total capacity that may be handled by the diverge
junction is limited either by the capacity of the approaching (upstream) basic freeway
segment or by the capacity of the downstream basic freeway segment and the ramp itself,
as shown in Exhibit 13-16. Most breakdowns at diverge areas occur because the capacity
of the exiting ramp is insufficient to handle the ramp demand flow. This results in
queuing that backs up into the freeway mainline.
,
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EXHIBIT 13-15. CAPACITY OF MERGE AREAS

I

c, = capacity of merge area, controlled by the capacity of the downstream basic freeway segment
c, = maximum flow into the merge influence area (4,600 pclh).

EXHIBIT 13-16. CAPACITY OF DIVERGE AREAS

Total diver e capacity cannot be more than the upstream basic freeway capacity (c,) or the total downstream
capacity ofthe basic freeway (c ) plus the ramp ( c i
c, = maximum freeway flow in Panes 1 and 2 that &ay enter the diverge influence area (4,400 pclh).

i

Another capacity value that affects ramp-freeway junction operation is an effective
maximum number of freeway vehicles that can enter the ramp junction influence area
without causing local congestion and local queuing. For on-ramps, the total entering flow
in Lanes 1 and 2 of the freeway plus the on-ramp flow cannot exceed 4,600 pch. For offramps, the total entering flow in Lanes 1 and 2 of the freeway (which includes the offramp flow) cannot exceed 4,400 pch. Demands exceeding these values will cause local
congestion and queuing. However, as long as demand does not exceed the capacity of the
upstream or downstream freeway sections or the off-ramp, breakdown will normally not
occur. Thus, this condition is not labeled as LOS F, but rather at an appropriate LOS
based on density in the section.
If local congestion occurs because too many vehicles try to enter the merge (c2 in
Exhibit 13- 15) or diverge (c4 in Exhibit 13-16) influence area, the capacity of the merge
or diverge area is unaffected. In such cases, more vehicles move to outer lanes (if they
are available), and the lane distribution predicted by the methodology of Chapter 25 is
approximate.

The HCM allows analysis of
the capacity of the ramp
influence area

LOS

i

Levels of service in merge and diverge influence areas are defined in terms of
density for all cases of stable operation, LOS A through E. LOS F exists when the
demand exceeds the capacity of upstream or downstream freeway sections or the capacity
of an off-ramp.
LOS A represents unrestricted operations. Density is low enough to pennit smooth
merging and diverging, with virtually no turbulence in the traffic stream. At LOS B,
merging and diverging maneuvers become noticeable to through drivers, and minimal
turbulence occurs. Merging drivers must adjust speeds to accomplish smooth transitions
from the acceleration lane to the freeway. At LOS C, speed within the influence area
begins to decline as turbulence levels become noticeable. Both ramp and freeway
vehicles begin to adjust their speeds to accomplish smooth transitions. At LOS D,
turbulence levels in the influence area become intrusive, and virtually all vehicles slow to
C h a p t e r 13 - F r e e w a y C o n c e p t s
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accommodate merging and diverging. Some ramp queues may form at heavily used onramps, but freeway operation remains stable. LOS E represents conditions approaching
capacity. Speeds reduce significantly, and turbulence is felt by virtually all drivers. Flow
levels approach capacity, and small changes in demand or disruptions within the traffic
stream can cause both ramp and freeway queues to form.
REQUIRED INPUT DATA AND ESTIMATED VALUES

Exhibit 13-17 gives default values for input parameters in the absence of local data.
The analyst should note that taking field measurements for use as inputs to an analysis is
the most reliable means of generating parameter values. Only when this is not feasible
should default values be considered.
EXHIBIT 13-17. REQUIRED INPUT DATA AND DEFAUL'I' VALUES
Item

I

Default

Geometric Data
Ramp lanes
Acceleration lane length
Deceleration lane length
Ramo free-flow S~eed

590 ft
140 ft
35 milh
Demand Data

Demand volume
PHF
Percentage of heavy vehicles
Driver oooulation factor

0.88 rural, 0.92 urban
10% rural, 5% urban
1.O

Ramp Lanes

The analyst should assume single-lane ramps unless there is an indication of
particularly heavy ramp demand. Ramp demands in excess of 1,500 vehh generally
warrant a second lane (3, p. 87). A metered on-ramp may have two approach lanes to
accommodate demand levels that could otherwise be accommodated by a single lane.
One lane may be a high-occupancy vehicle (HOV) bypass lane.
Length of Acceleration/Deceleration Lane

The typical length of acceleration and deceleration lanes for ramps should be
obtained from the design standards used by the highway operating agency. The length of
the acceleration or deceleration lane is measured from the intersection of the edge of the
travel way for the freeway and the ramp (Point A) and the downstream intersection of the
freeway and ramp edges of the travel way (Point B). These features are shown in
Exhibits 13-18 and 13-19. In the absence of design information or field measurements, a
default value of 590 ft may be used for the length of the acceleration lane, and a default
value of 140 ft may be used for the length of the deceleration lane.
Ramp FFS

Ramp free-flow speeds usually range between 20 and 50 mi/h depending on the
grade, alignment, and control. In the absence of field-observed or locally developed
values, 35 mi/h may be assumed.
Length of Analysis Period

Refer to basic freeway segment description of length of analysis period under
required input data and estimated values.
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EXHIBIT 13-1 8. ACCELERATION LANE LENGTH DIAGRAM

-

EXHIBIT 13-19. DECELERATION LANE LENGTH DIAGRAM

PHF

Refer to basic freeway segment description of peak-hour factor under required input
data and estimated values.
Percentage of Heavy Vehicles

Refer to basic freeway segment description of percentage of heavy vehicles under
required input data and estimated values.
Driver Population Factor

Refer to basic freeway segment description of driver population factor under required
input data and estimated values.

SERVICE VOLUME TABLE
Service volumes for ramps are difficult to describe because of the number of
variables that affect operations. Exhibit 13-20 gives example service volumes of a single
lane on-ramp and off-ramp under a set of assumptions described in the footnote of the
exhibit.
Service volumes for LOS A through D are based on conditions producing the
limiting densities for these LOS. Service volumes for LOS E are based on the minimum
of three limiting criteria: the capacity of the freeway, the maximum volume that can enter
the ramp influence area, and the capacity of the ramp. In some cases, capacity constraints
are more severe than density constraints. In such cases, some levels of service may not
exist in practical terms for combinations of ramp and freeway volumes.
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EXHIBIT

13-20. EXAMPLE SERVICE VOLUMES FORSINGLE-LANE ON- AND OFF-RAMPS
(SEE FOOTNOTE FOR ASSUMED VALUES)

This table contains
approximate values. It is
meant for illustrative
purposes only. The
values are highly
dependent on the
assumptions used. It
should not be used for
operational analyses or
final design. This table
was derived using
assumed values given in
the footnote.

Service Volumes (vehth) for LOS
Mainline Number
of Lanes

A

B

2
3
4

N/A

2
3
4

C

D

E

10
220

360
1200
1760

1320
1760
1760

1760
1760
1760

1760
1760
1760

N/A
N/A
N/A

N/A

1340
1570

1760
1760
1760

1760
1760
1760

1760
1760
1760

On-Ramp

Notes:
Assumptions: mainline FFS = 75 mi/h, mainline volume = 2,000 veh/h/ln, ramp FFS = 35 mi/h, acceleration lane length =
1,000 ft, deceleration lane length = 160 ft level terrain for both ramp and freeway, 5 percent trucks, PHF = 0.90, lane width =
12 ft, and standard shoulder widths.

V. FREEWAY FACILITIES
Basic freeway segments
are outside the influence
of ramps or weaving
Refer to Chapter 22 for a
more detailed discussion
of freeway facilities

HOV facility with two or
more lanes and limited
access can be analyzed
as a basic freeway
segment

A freeway facility is composed of three types of segments. Weaving segments are
segments of the freeway where two or more vehicle flows must cross each other's path.
They are usually formed when merge areas are followed by diverge areas. They are also
formed when an on-ramp is followed by an off-ramp and the two are connected by an
auxiliary lane. Ramp junctions are points at which on- and off-ramps join the freeway.
The junction formed at this point is an area of turbulence due to concentrations of
merging or diverging vehicles. Basic freeway segments are outside the influence area of
ramps or weaving segments of the freeway.
HOV lanes are adjacent to general freeway lanes and are designated for use by buses
and vehicles with two or more persons. If an HOV facility has two or more lanes in each
direction all or part of the day and if access to the HOV facility is limited from adjacent
freeway lanes (e.g., 1 mi or greater access point spacing), these procedures may be used.
Otherwise, HOV lane(s) will have lower lane capacities. Exhibit 13-21 shows segments
of an extended freeway facility (5).
EXHIBIT
HOV Lane
+
+
+
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TRAFFIC MANAGEMENT STRATEGIES

i
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Freeway traffic management is the implementation of strategies to improve freeway
performance, especially when the number of vehicles desiring to use a portion of the
freeway at a particular time exceeds its capacity. There are two approaches to improving
system operation. Supply management strategies work on improving the efficiency and
effectiveness of the existing freeway or adding additional freeway capacity. Demand
management strategies work on controlling, reducing, eliminating, or changing the time
of travel of vehicle trips on the freeway while providing a wider variety of mobility
options to those who wish to travel. However, in actual application, some strategies may
address both sides of the supplyldemand equation. The important point is that there are
two basic ways to improve system performance.
Supply management strategies are intended to increase capacity. Capacity may be
increased by building new pavement or by managing existing pavement. Supply
management has been the traditional form of freeway system management for many
years. Increasingly, the focus is turning to demand management as a tool to address
freeway problems. Demand management programs include alternatives to reduce
freeway vehicle demand by increasing the number of persons in a vehicle, diverting
traffic to alternate routes, influencing the time of travel, or reducing the need to travel.
Demand management programs must rely on incentives or disincentives to make these
shifts in behavior attractive.
Freeway traffic demand management strategies include the use of priority for highoccupancy vehicles, congestion pricing, and traveler information systems. Some
alternative strategies such as ramp metering may restrict demand and possibly increase
the existing capacity. In some cases, spot capacity improvements such as the addition of
auxiliary lanes or minor geometric improvements may be implemented to better utilize
overall freeway system capacity. In the remainder of this section the process of
evaluating freeway management strategies and the most common freeway traffic
management techniques will be presented. The freeway traffic management process is
used to assess the effect on freeway performance that these strategies might produce.

Demand management

Supply management and
demand management

Freeway Traffic Management Process
Freeway traffic management is the application of strategies that are intended to
reduce the traffic using the facility or increase the capacity of the facility. Person demand
can be shifted in time or space, vehicle demand can be reduced by a shift in mode, or total
demand can be reduced by a variety of factors. Factors affecting total demand include
changes in land use and elimination of trips due to telecommuting, reduced workweek, or
a decision to forgo travel. By shifts of demand in time (e.g., leaving earlier), shifts of
demand in space (e.g., taking an alternative route), shifts in mode, or changes in total
demand, traffic on a freeway segment can be reduced. Likewise, if freeway capacity has
been reduced (e.g., as the result of an incident that has closed a lane or adverse weather
conditions), improved traffic management can return the freeway to normal capacity
sooner, reducing the total delay to travelers.
The basic approach used to evaluate traffic management is to compare alternative
strategies. The base case would be operation of the facility without any freeway traffic
management. The alternative case would be operation of the facility with the freeway
traffic management strategy or strategies being evaluated. The alternative case could
have different demands and capacities based on the conditions being evaluated. The
evaluations could also be made for existing or future traffic demands. Combinations of
strategies are also possible, but some combinations may be difficult to evaluate because
of limited quantifiable data.

Basic approach to evaluating
management strategies

Freeway Management Strategies

I\-.

Freeway traffic management strategies are implemented to make the most effective
and efficient use of the freeway system. Activities that reduce capacity include incidents
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(including traffic accidents, disabled or stalled vehicles, spilled cargo, emergency or
unscheduled maintenance, traffic diversions, or adverse weather), construction activities,
scheduled maintenance activities, and major emergencies (such as earthquakes or
flooding). Activities that increase demand include special events. Freeway traffic
management strategies that mitigate capacity reductions include incident management;
traffic control plans for construction, maintenance activities, special events, and
emergencies; and minor design improvements (e.g., auxiliary lanes, emergency pullouts,
and accident investigation sites). Freeway traffic management strategies to reduce
demand include plans for incidents, special events, construction, and maintenance
activities; entry controYramp metering; on-freeway HOV lanes; HOV bypass lanes on
ramps; traveler information systems; and road pricing.

I
Incident management

Capacity Management Strategies
Incident management is the most significant freeway strategy generally used by
operating agencies. Incidents can cause significant delays even on facilities that do not
routinely experience congestion. It is generally believed that more than 50 percent of
freeway congestion is the result of incidents. Strategies to mitigate the effects of
incidents include early detection and quick response with the appropriate resources.
During an incident, effective deployment of management resources can result in a
significant reduction in the effects of the incident. Proper application of traffic control
devices, including signage and channelization, is part of effective incident management.
Quick removal of vehicles and debris is another part. Incident management may also
include the use of accident investigation sites on conventional streets near freeways for
follow-up activities.
Lane control signals are a way to convey the status of individual freeway lanes to
motorists. By providing positive guidance through incident sites and maintenance
activities, the capacity of the location, as well as safety, may be maintained.
Geometric adjustments can be made to a freeway to enhance overall freeway
capacity. Examples include the use of auxiliary lanes, the addition of capacity through
the use of narrow lanes or shoulders to eliminate isolated bottlenecks, and the
reconfiguration of ramps or ramp geometry.
Construction and reconstruction activities also reduce freeway capacity. These
reductions can be minimized through the use of effective traffic control plans.
Maintenance activities are similar to construction and reconstruction activities except that
the duration tends to be shorter. Scheduling this capacity reduction durin'2periods of
lower demand can mitigate the effects of the reduction.

Lane control signals

Geometrics

Construction and
maintenance

I
Ramp closure and
metering

HOV alternatives
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Demand Management Strategies
The number of vehicles entering the freeway system is the primary determinant of
freeway system performance. Entry control is the most straightforward way to limit
freeway demand. Entry control can take the form of temporary or permanent ramp
closure. Ramp metering, which can limit demand on the basis of a variety of factors that
can be either preprogrammed or implemented in response to measured freeway
conditions, is a more dynamic form of entry control. Freeway demand can be delayed
(changed in time), diverted (changed in space to an alternative route), changed in mode
(such as HOV), or eliminated (the trip avoided). The difficult issue in assessing rampmetering strategies is estimating how demand will shift as a result of metering.
HOV alternatives such as mainline HOV lanes or ramp meter bypass lanes are
intended to reduce the vehicle demand on the facility without changing the total number
of person trips. Assessing these types of alternatives also requires the ability to estimate
the number of persons who make a change of mode to HOV. In addition, it is necessary
to know the origin and destination of the HOV travelers to determine what portions of the
HOV facility they can use, since many HOV facilities have some form of restricted
access.
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Special events result in traffic demands that are based on the particular event. These
occasional activities are amenable to the same types of freeway traffic management used
for more routine activities such as daily commuting. In the case of special events, more
planning and promotion are required than are typically needed for more routine activities.
Road pricing is a complex and evolving freeway traffic management alternative.
Initially, road pricing involved a user fee to provide a means to finance highways. More
recently, toll roads have been built as alternatives to congestion. Now, congestionpricing schemes are being implemented to manage demand on various facilities or in
some cases to sell excess capacity on HOV facilities. The congestion-pricing approach to
demand management is to price the facility such that demand at critical points in time and
space along the freeway is kept below capacity by encouraging some users during peak
traffic periods to consider alternatives. Nontraditional road pricing schemes are still in
their infancy, so little information is currently available on their effects compared with
more traditional toll roads, which view tolls only as a means to recover facility costs.

Special events

Road pricing

PERFORMANCE MEASURES
Performance measures for freeway facilities can be summarized by the user in the
form of time-space domain contour maps. The most common contour maps are based on
speed and density. The contours on the maps join points of similar traffic performance
values. For example, the valleys in the speed contour maps indicate time-space regions
of lower-speed operations, whereas the ridges in the density contour maps indicate timespace regions of higher-density operations. Careful selection of speed and density
contour threshold values associated with capacity operations will clearly indicate
boundaries between undersaturated and oversaturated flow conditions. Other contour
threshold values can be selected to further identify different levels of undersaturated and
oversaturated flow conditions.
Contour maps can also be constructed for volume-to-capacity ratios and congestion
status. The volume-to-capacity ratio contour map is helpful in identifying bottlenecks
(VICvalues of 1.00) and segments operating close to capacity (vlc values > 0.90).
Congested portions of the freeway are identified by negative vlc ratios. The main
purpose of the congestion status contour map is to provide the shapes and locations of
congested regions. The vertical projection of the congested region denotes the duration
of the congestion, whereas the horizontal projection of the congested region denotes the
geographic extent of the congestion. An interesting means of summarizing the
congestion status map is to calculate the area of the congested region on the contour map,
which results in units of distance-hours of congestion.
Aggregating the estimated traffic performance measures over the entire length of the
freeway facility provides facilitywide estimates for each 15-min time interval. Average
and cumulative distributions of speed and density for each time interval can be
determined, and patterns of their variation over the connected 15-min time intervals can
be assessed. Trip times, vehicle miles (or person miles) of travel, and vehicle hours (or
person-hours) of travel can be computed, and patterns of their variation over the
connected 15-min time intervals can be assessed.
Aggregating the estimated segment traffic performance measures over the study time
duration provides an assessment of the performance of each segment along the freeway
facility. Average and cumulative distributions of speed and density for each segment can
be determined, and patterns of their variation over connected freeway segments can be
compared. Trip times, vehicle miles (or person miles) of travel, and vehicle hours (or
person-hours) of travel can be assessed for each segment and compared.
The user can aggregate the estimated traffic performance measures over the entire
time-space domain to provide an overall assessment of the entire freeway facility over the
study time period. Average speeds, average trip times, vehicle miles (or person miles) of
travel, and vehicle hours (or person-hours) of travel can be used to assess the overall
traffic performance.
13-29

7'ime-space domain contour
maps are effective tools for
displaying performance
measures

Frequency distributions are
useful in displaying
perfomlance measures
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I

INTRODUCTION

This chapter introduces capacity and level-of-service (LOS) concepts for transit
modes-bus, streetcar, and light rail-that operate on public streets and interact with
other users of streets and highways. Transit modes that operate only on exclusive rightsof-way-such as rapid transit, commuter rail, and automated guideway transit-are not
discussed here. All transit modes are addressed in more detail in the Transit Capacity
and Quality of Service Manual ( I ) .
This chapter may be used in conjunction with Chapter 27 and Part IV of the HCM.
Chapter 27 provides analytical procedures and applications for determining transit
capacity and LOS for transit stops and route segments. Part IV of this manual integrates
the application of transit system capacity and quality-of-service concepts into multimodal
corridor and areawide analyses.

For more information on
transit, see the TRB Transit
Capacity and Quality of
Service Manual

ROLE OF TRANSIT
Transit plays two major roles in North America. First, it accommodates choice
riders-those who choose transit for their trip-making even though they have other means
of travel, such as a motor vehicle. Many commuters choose transit because they are
unwilling to deal with traffic congestion during peak periods. Choice riders dominate
transit during the peak periods for work trips. In this way, transit increases the number of
people who can be carried by urban transportation systems and reduces4r at least
constrains-the growth of more than 4.36 billion person-hours (2) lost to urban traffic
congestion annually in the United States. Transit is essential for mobility in the central
business districts (CBD) of some major cities, which could hot survive without it.
Accommodating choice riders is especially critical in cities with high CBD densities and
costly and limited parking.
The other major role of transit is providing basic mobility for segments of the
population that are too young, too old, or otherwise unable to drive due to physical,
mental, or financial situations. About 35 percent of the adult population in the United
States and Canada do not have a driver's license (2) and must depend on others to
transport them in autos, on transit, or on other modes, including walking, cycling, and
taxis. This is the principal role of transit services provided specifically for people with
disabilities and it is the dominant role of many smaller transit systems. These transit
users have been called captive riders.
Rail service offers higher capacities than buses for heavily traveled corridors, and its
use of fixed routes makes it more visible and attractive in densely populated areas. Light
rail is characterized by a versatility of operation-it can operate separated from other
traffic below grade, at grade, or on an elevated structure, as well as at grade in mixed
traffic.
Exhibit 14-1 provides examples of peak-hour trips to the CBD by transit in selected
North American cities. The variations in transit use reflect differences in population,
CBD employment, extent of bus and rail transit services, and geographic characteristics.

Rail service offers higher
capacities than buses

TRANSIT CHARACTERISTICS
Several characteristics differentiate transit from the automobile in terms of
availability and capacity. Although the automobile has widespread access to roadway
facilities, transit service is available only in certain locations during certain times.
Roadway capacity is available 24 hlday once constructed, but transit capacity is limited
by the number of transit vehicles operated at a given time.

Unlike the auto mode, transit
availability is an important
consideration
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EXHIBIT 14-1. PEAK-HOUR NORTH AMERICAN CBD TRANSIT TRIPS
City
New York City
Chicago
Toronto
Ottawa
Montreal
Philadelphia
Vancouver
Seattle
Los Angeles
Calgary
Edmonton
San Diego

Transit passengers are
typically pedestrians,
bicyclists, or motorists for
parts of their trips

I

Transit goals are to move
large numbers of people,
rather than large
numbers of vehicles

All transit modes are
addressed in the Transit
Capacity and Quality of
Sewice Manual

Year
1988
1983
1994
1997
1994
1997
1997
1997
1980
1997
1994
1997

Percent of Peak-Hour Trips by Transit
87
77
64
60
49
42
40
40
39
39
32
15

Sources: Transit Capacity and Quality of Service Manual(1). Levinson and S t Jacques (3).and Morrall and Bolger (4).

Transit passengers frequently rely on other modes to gain access to transit. Transit
use is greatest where population densities are highest and pedestrian access is good. A
typical transit user does not have transit service available at the door and must walk, bike,
or drive to a transit stop and then must walk or bike from the transit discharge point to the
destination. In contrast, suburban areas are mainly automobile-oriented, with
employment and residents dispersed, often without sidewalks, and without direct access
to many transit lines. If potential passengers cannot have access to transit from both their
trip origin and destination, transit is not an option.
Finally, transit is about moving people rather than vehicles. Transit operations at
their most efficient involve relatively few vehicles, each potentially carrying a relatively
large number of passengers. In contrast, roadway analysis traditionally involves
relatively large numbers of vehicles, each usually carrying only one occupant. When
evaluating transit priority measures for transit and automobile users, it is the number of
people affected that should be compared, rather than the number of vehicles.
This manual addresses only those major transit modes (in terms of passengers
carried) that operate on streets and interact with other users of streets and highways.
These modes include buses, streetcars, and light rail (see Illustration 14-1).

Bus (Los Angeles)

Light Rail (Baltimore)

Streetcar (San Francisco)

ILLUSTRATION
14-1. Transit modes covered in the Highway Capacity Manual.

Bus services can be provided by several vehicle types, ranging from minibuses to
articulated and double-deck buses. Standard 40-ft buses with more than 35 seats are the
dominant type of bus in U.S. transit systems and comprise more than 80 percent of the
national bus fleet. Articulated buses 60 ft in length have been adopted by a few agencies,
but their use is increasing as agencies seek to improve capacity and comfort with only
small increases in operating costs. Double-deck buses have had tryouts but have not
found widespread use in either Canada or the United States. A few transit agencies
operate trolleybuses (both standard and articulated), powered from overhead electrical
lines.
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During the first half of the 20th century, streetcars were common in most larger
North American cities but nearly disappeared in the 1950s as automobile use increased
and the spreading suburbs could not be served efficiently by rail. The modem
equivalents of the streetcar are the light-rail systems that have started up since 1978. The
two modes are similar; however, light rail provides higher speeds and somewhat higher
capacity than streetcars. Also, in North America, light-rail tracks usually are separated
from general traffic, even when operating on the same street as other traffic, but streetcars
sometimes share a lane with other traffic.

Streetcars can share a lane
with other traffic; light rail
trains are almost always
separated from other traffic,
even when running on-street

GENERAL TRANSIT CAPACI'IY CONCEPTS
Transit capacity is different from highway capacity. It deals with the movement of
both people and vehicles; it depends on the size of the transit vehicles and how often they
operate; and it reflects the interaction of passenger traffic and vehicle flow. Transit
capacity depends on the operating policy of the transit agency, which specifies service
frequencies and allowable passenger loadings. Accordingly, the traditional concepts
applied to highway capacity must be adapted and broadened.

Definitions
Throughout this chapter and Chapter 27, a distinction is made between vehicle and
person capacity. Vehicle capacity reflects the number of transit units (buses or trains)
that can be served by a loading area, transit stop, guideway, or route during a specified
period of time. Person capacity reflects the number of people that can be carried past a
given location during a given time period under specified operating conditions, without
unreasonable delay, hazard, or restriction, and with reasonable certainty. In this chapter
and Chapter 27, the term capacity applies both to persons and vehicles.
Exhibit 14-2 illustrates the two-dimensional nature of on-street urban transit
capacity, using buses. It is possible to operate many buses, each carrying only a few
passengers. Whether the buses are full or empty, a larger number of buses can have a
negative impact on LOS in terms of highway capacity. Alternatively, a few vehicles
could operate, each overcrowded. This represents a poor quality of service from the
passenger perspective, and long waiting times would detract from user convenience.

Capacity, vehicle capacity,
and person capacity

Vehicle Capacity
Transit vehicle capacity is commonly determined for three locations: loading areas or
berths; transit stops and stations; and bus lanes and transit routes. Each location directly
influences the next. The vehicle capacity of a bus stop or rail station is controlled by the
vehicle capacities of the loading areas, and the vehicle capacity of a bus lane or transit
route is controlled by the vehicle capacity of the critical stops along the lane or route.
The two greatest influences on loading area vehicle capacity are the dwell time and
the ratio of the green time to the cycle length (glC ratio) for the street on which the transit
operates. Dwell time and the g/C ratio also have major influences on the vehicle capacity
of transit stops and routes. However, dwell time-the time required to serve passengers
at the busiest door plus the time required to open and close the doors-has the greater
influence on loading-area vehicle capacity.
The amount of green time provided to a street controls the number of transit vehicles
that theoretically can arrive at a loading area during an hour. In addition, the length of
red in relation to a vehicle's dwell time also affects vehicle capacity: if passenger
movements have finished, but the vehicle must wait for a traffic signal to turn green,
vehicle capacity will be less than if the vehicle can leave immediately, so that another
vehicle can use the loading area.

Dwell times and g/C ratios
have the greatest influence on
loading area vehicle capacity

-
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EXHIBIT 14.-2. RELATIONSHIP BETWEEN PERSON AND VEHICLE CAPACITY

Y

I

A

I

B

I
C
I
D
I
Level of Service - Bus (vehlh)

E

I

F

I

Person Capacity
Person capacity typically is calculated for transit stops and stations and for the
maximum load point of a transit route or bus lane; it is calculated for three locations:
Transit stops and stations,
Transit routes at their maximum load points, and
Bus lanes at their maximum load points.
Exhibit 14-3 shows the factors that control person capacity.

Operator Policy
A transit operator directly controls the maximum passenger loads allowed on transit
vehicles and the service frequency. An operator with a policy requiring all passengers to
be seated will have a lower potential person capacity for a given number of vehicles than
an operator with a policy allowing standees. However, passengers experience a higher
quality of service with the first operator. The service frequency determines how many
passengers actually can be carried, even though a transit stop, transit route, or bus lane
can serve more vehicles than actually are scheduled.

Increasing the maximum
allowed passenger load
increases person

Passenger Demand Characteristics
How passenger demand is distributed spatially along a route and how it is distributed
over time during the analysis period affects the number of boarding passengers that can
be carried. Because of the spatial aspect of passenger demand, person capacity must be
stated for a location (typically the maximum load point), not for a route or a street as a
whole.
Passenger demand fluctuates during the peak hour. The peak-hour factor (PHF)
reflects peak demand volumes typically over a 15-min period during the hour. A transit
system should provide sufficient capacity to accommodate peak passenger demand.
However, since peak demand is not sustained over the entire hour, and since every transit
vehicle will not experience the same peak loadings, actual person capacity during the
hour will be less than the peak 15-min demand volumes.

2'

Person capacr is
typically state for the
maximum load point

Peak-hour factors reflect
fluctuations in passenger
demand

I

-

Chapter 14 Transit Concepts
Introduction

Highway Capacity Manual 2000
EXHIBIT 14-3, INFLUENCES ON TRANSIT PERSON CAPACITY
I

I

Allowed Passenger
Operator
Transit

Peak-Hour

Passenger Trip
Lengths

Person
Capacity

Passenger Demand
Characteristics

Boarding Volume
Distribution Among
Stops
Loading-Area

Transit-Stop Vehicle
Capacity

Vehicle
Capacity

A

Capacity

I

.

'f

The average passenger trip length affects how many passengers can board a transit
vehicle as it travels its route. If trips tend to be long with passengers boarding near the
start of the route and alighting near the end, vehicles will not board as many passengers
as when passengers board and alight at many locations. However, the total number of
passengers onboard at the maximum load points may be similar for each route.
The distribution of boarding passengers among transit stops affects the dwell time of
vehicles at each stop. If passenger boardings are concentrated at one stop, the vehicle
capacity of a transit route or bus lane will be lower, since the dwell time at that stop will
control the vehicle capacity (and, in turn, the person capacity) of the entire route or lane.
Vehicle capacity (and person capacity at the maximum load point) is greater when
passenger boarding volumes (and dwell times) are evenly distributed among stops.

Vehicle Capacity
The vehicle capacity of various transit facilities-loading areas, stops and stations,
and bus lanes-sets an upper limit to the number of passengers that may use a transit stop
or that may be camed past the maximum load point. The relationship between the
vehicle capacity of transit facilities and the elements of person capacity is illustrated in
Exhibit 14-4.

Passenger trip length

Passenger distribution among
transit stops

Person capacity is
constrained by vehicle
capacity

Dwell Time
Just as dwell times are key to determining capacity, passenger demand volumes and
passenger service times are key to determining dwell times. Dwell times may be
governed by boarding demand, alighting demand, or total interchanging passenger
demand (i.e., at a major transfer point). In all cases, dwell time is proportionate to the
boarding and alighting volumes times the service time per passenger. Dwell time also
can influence a transit operator's service costs: if average vehicle speeds can increase by
reducing dwell time, and if the cumulative change exceeds the route headway, then fewer
vehicles may be required to provide the same service frequency.

-
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EXHIBIT 14-4. CALCULATING TRANSIT PERSON CAPACITY

~

l

Vehicle Capacity

Route
Frequency

Stop/Station
Vehicle Capacity

Influences on dwell time

Wheelchair and bicycle
boarding times need to
be considered when
calculating dwell time

-
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1

Allowed Passenger
Loading

x

II

Peak l d r n i n Passenger
Interchange Volume perVehicle~

'

1

at Maximum Load Point

~

Person Capacity
Pe?iipr
I = ( Transit-Route
at Maximum Load Point

Peak-Hour
Factor

11
=

Transit-Stop
Person Capacity

There are six main influences on dwell time. Two relate to passenger demand; the
others relate to passenger service time:
Passenger demand and loading. The number of people boarding and alighting
through the highest-volume door determines how long it will take to serve all passengers.
If standees are present on a transit vehicle as it arrives at a stop, or if all seats are filled as
passengers board, service times will be higher than normal because of congestion in the
vehicle.
Stop and station spacing. The fewer the stops along a route, the greater the number
of passengers boarding at each stop. A balance must be found between too few stops and
too many. Too few stops increase both the distance riders must walk to gain access to
transit and the amount of time a vehicle occupies a loading area. Too many stops reduce
overall travel speeds due to the time lost in accelerating and decelerating as well as
waiting at traffic signals because stops were made.
Fare payment procedures. The amount of time passengers spend paying fares is a
major factor in the total time for passenger boarding. This time can be reduced by
minimizing the number of bills and coins required to pay a fare; encouraging the use of
prepaid tickets, tokens, passes, or smart cards; using a proof-of-payment fare collection
system; or collecting fares before boarding. Besides eliminating the time required for
each passenger to pay a fare onboard, proof-of-payment and paid-fare waiting-area
collection systems allow an even distribution of boarding passengers among the vehicle
doors, rather than concentrating them at a single door.
Vehicle types. Low-floor buses decrease passenger service time by eliminating the
need to ascend and descend steps. This particularly applies to routes frequently used by
the elderly, persons with disabilities, or persons with strollers or bulky carry-on items.
Wide doors also allow more passengers to board and alight simultaneously.
On-board circulation. Encouraging people to exit via the rear doors of buses with
more than one door decreases passenger congestion at the front door and reduces
passenger service times.
Wheelchair and bicycle boarding. Dwell time also can be affected by the time to
board and disembark passengers in wheelchairs and for bicyclists to load and unload
bicycles onto a bus-mounted bicycle rack.

(
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BUS CONCEPTS

TYPES OF SERVICE
Bus transit service can be either fixed route or demand responsive. Fixed-route
service is ideal for large, densely populated urban areas. In less dense areas, which
cannot support fixed-route service, demand-responsive transit can be an essential part of
transportation for the nondriving population. With this type of service, the passenger
calls a dispatcher, who then radios the caller's location to a driver. Generally taxicabs or
vans provide this type of door-to-door service.
Demand-responsive service accounts for less than 0.1 percent of U.S. transit
passengers. It is used primarily for custom services for senior citizens and persons with
disabilities. A variant is route-deviation service. In selected low-density areas, buses
operate on fixed routes according to a set schedule. Passengers may ask the driver for a
deviation from the fixed route. These deviations usually are limited in distance and
number per run. Passengers must telephone or prebook a route deviation beforehand.
Public transportation service in which the transit vehicle anives at designated transit
stops on a prearranged schedule but does not follow a specific route between stops is
referred to as point-deviation service. This allows the vehicle to provide curbside service
on request.

Fixed-route, demandresponsive, and route- and
point-deviation service

BUS CAPACITY CONCEPTS
Loading Areas

(.-

A loading area, or bus berth, is a space for buses to stop to pick up and discharge
passengers. Bus stops, discussed below, contain one or more loading areas. The most
common form of loading area is a linear bus stop along a street curb. In this case, loading
areas either can be provided in the travel lane (i.e., on-line), so that following buses
cannot pass the stopped bus; or they can be pullouts out of the travel lane (i.e., off-line),
so that following buses may pass. Exhibit 14-5 depicts these two types of loading areas.

On-line and off-line loading
areas defined

EXHIBlf 14-5. ON-LINE AND OFF-LINE BUS LOADING AREAS
On-Line

IJ
+If(\

Off-Line

I

C

JS $1' &

+

C

+

Source: Fitzpatrick et al. (s).

Loading areas in bus terminals may be linear or may take other forms. Angle berths
are limited to one bus per berth and require the buses to back out. Drive-through berths
are also feasible and may accommodate multiple vehicles. Shallow sawtooth berths are
popular in urban transit centers, because they permit independent movements into and out
of each berth. Exhibit 14-6 and Illustration 14-2 show common bus loading-area
configurations. The National Transportation Safety Board recommends that transit
facility designs incorporating sawtooth berths or other similar types of berths provide a

14-7

Sawtooth, drive-through, and
angle loading-area designs
should provide positive
protection (such as bollards)
to shield pedestrians from
errant buses
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positive separation (such as bollards) along the roadway, to stop an errant bus at parkingarea speed from intruding into the pedestrian area (6).
EXHIBIT 14-6. BUS LOADING AREA (BERTH) DESIGNS
Linear Berths
I

Sawtooth Berths
I

Angle Berths

Drive-Through Berths
I

I

Linear (Miami)

Drive-through (Copenhagen)

Sawtooth (San Diego)

Angle (Newark Airport)

ILLUSTRATION
14-2. Bus loading area (berth) examples.

Linear berths are not as efficient as the other types and typically are used when buses
occupy a berth for only a short time (for example, at an on-street bus stop).
Sawtooth berths allow independent movements by buses into and out of berths and are
commonly used at bus transfer centers. Angle berths, which require buses to back out,
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typically are used when a bus occupies a berth for a long time (for example, at an
intercity bus terminal). Drive-through berths allow bus stops to be located in a compact
area, and also can allow all buses to wait with their front destination signs facing the
direction from which passengers arrive (e.g., from a rail station exit).
The main elements that determine loading area capacity are dwell time, dwell-time
variability, and clearance time. Dwell time was discussed earlier. Dwell-time variability
recognizes that buses do not stop for the same amount of time at a stop because of
fluctuations in passenger demand for buses and routes. The effect of variability in bus
dwell times on bus capacity is reflected by the coefficient of variation of dwell times,
which is the standard deviation of dwell-time observations divided by the mean dwell
time. Dwell-time variability is influenced by the same factors that influence dwell time.
Once a bus closes its doors and prepares to depart from a stop, there is a period,
known as the clearance time, during which the loading area is not available for use by the
following bus. Part of this time is fixed, consisting of the time for a bus to start up and
travel its own length, clearing the stop. For on-line stops, this is the only component of
clearance time. For off-line stops, however, there is another component of clearance
time: the time required for a suitable gap in traffic to allow the bus to reenter the traffic
stream and accelerate. This reentry delay varies depending on the traffic volume in the
curb lane-it increases as the traffic volumes increase. The delay also depends on the
platooning effect due to upstream traffic signals. Some states have laws requiring
motorists to yield to buses reentering a roadway; motorist compliance can reduce or even
eliminate the reentry delay. Many bus operators forgo using off-line stops on busy streets
to avoid reentry delay.

Dwell-time variability

The time required for a bus to
start up and travel its own
length is fixed; re-enty delay
for off-line stops depends on
traffic volumes in the curb lane

Bus Stops

d

A bus stop is an area where one or more buses load and unload passengers. It
consists of one or more loading areas. Bus stop capacity is related to the capacity of the
individual loading areas at the stop, loading area design (linear or nonlinear), and the
number of loading areas. Off-line bus stops provide greater capacity than on-line stops
for loading areas, but in mixed traffic, bus speeds may be reduced if heavy volumes delay
the buses exiting a stop. On the other hand, skip-stop operations are possible with offline stops, but not with on-line stops.

Bus Terminals
The design of off-street bus terminals and transfer centers involves additional
considerations-not only estimates of passenger service times of buses, but also a clear
understanding of how each bus route will operate. Therefore, schedule recovery times,
driver relief times, and layovers to meet scheduled departure times become key in
establishing loading area requirements and in sizing the facility. In addition, good
operating practice suggests that each bus route, or geographically compatible groups of
routes, should have a separate loading position clearly distinguished for passengers.
Loading-area space requirements should recognize the specific type of transit
operations, fare collection practices, bus door configurations, passenger arrival patterns,
amount of baggage, driver layover-recovery times, terminal design, and loading area
configuration. They should reflect both scheduled and actual peak-period bus arrivals
and departures, since intercity bus services regularly run extra vehicles during the busiest
travel periods. Bus routes and service patterns also influence loading area requirements.
Under good operating practices a maximum of two distinct routes (i.e., services) share a
loading position.
On-Street Bus Stops
On-street bus stops typically are located curbside in one of three locations: (a)
nearside, when the bus stops immediately before an intersection; (b) farside, when the bus
stops immediately after an intersection; and (c) midblock, when the bus stops in the

Bus stop design for bus
terminals must consider
passengers and take into
account longer loading area
occupancies by buses

The three typical on-street bus
stop locations are nearside,
farside, and midblock
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middle of a block, between intersections. Under certain circumstances, such as when
buses share a stop with streetcars running in the center of the street, or when exclusive
bus lanes are located in the center of the street, a bus stop may be located on a boarding
island within the street rather than curbside. When boarding islands are used, pedestrian
safety and Americans with Disabilities Act (ADA) accessibility issues should be carefully
considered. Exhibit 14-7 depicts typical on-street bus stop locations.
EXHIBIT 14-7. ON-STREET BLlS STOP LOCATIONS

- t

+

I

Source: Morrall and Bolger (4).
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The bus stop location influences capacity, particularly when passenger vehicles are
allowed to make right turns from the curb lane (as is the case in most situations, except
for certain kinds of exclusive bus lanes). Farside stops have the least effect on capacity
(when buses are able to use an adjacent lane to avoid right-turn queues), followed by
midblock stops, and nearside stops.

Bus Stop Loading-Area Requirements

Failure rate

Linear loading areas are
less efficient than other
loading area designs
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The key factors influencing the number of loading areas required at a bus stop are the
following:
Bus volumes. The number of buses scheduled to use a bus stop during an hour
directly affects the number of buses that may need to use the stop. If loading areas are
insufficient, buses will queue behind the stop, decreasing its vehicle capacity. This
increases passenger travel times and decreases on-time reliability, negatively affecting
quality of service.
Probability of queue formation. The failure rate-the probability that queues of
buses will form at a bus s t o p i s a design factor that should be considered when sizing a
bus stop.
Loading area design. With the exception of the linear model, loading area
designs-such as sawtooth and drive through-are 100 percent effective: the bus-stop
vehicle capacity equals the number of loading areas times the vehicle capacity of each
loading area, since buses are able to maneuver in and out of the loading areas
independently of other buses. Linear loading areas, on the other hand, decrease in
effectiveness as the number of loading areas increases, because it is not likely that the
loading areas will be used equally. Buses entering or leaving a linear loading area also
may be blocked and delayed by buses stopped in adjacent loading areas.

\
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Traffic signal timing. The amount of green signal time provided to a street that
buses operate on affects the maximum number of buses that potentially can arrive at a bus
stop during an hour. The amount of red signal time influences how much additional time
a bus occupies a stop after passenger movements are completed.

Bus Lanes
For the purpose of determining capacity, a bus lane is any lane on a roadway in
which buses operate. It may be used exclusively by buses, or it may be shared with other
traffic. The vehicle capacity of a bus lane is influenced by the capacity of the critical bus
stop located along the lane, typically the stop with the highest volume of passengers.
However, the critical stop also might have an insufficient number of loading areas. Bus
lane capacity also is influenced by the following:
Bus lane type. The vehicle capacity procedures identify three types of bus lanes
(7). Type 1 bus lanes have no use of the adjacent lane; Type 2 bus lanes have partial use
of the adjacent lane, which is shared with other traffic; and Type 3 bus lanes provide for
exclusive use of two lanes by buses. The curb lane of Type 1 and 2 lanes may or may not
be shared with other traffic. When the lane is primarily for mixed traffic, typically there
is no formal designation of a bus lane either with signing or with pavement markings.
The greater the degree of exclusivity of the bus lane and the greater the number of lanes
available for buses to maneuver, the greater the bus lane capacity. Bus lane types are
illustrated and discussed in more detail in Chapter 27.
Skip-stop operation. Bus lane capacity can be increased by dispersing bus stops,
so that only a portion of the buses use the bus lane stop at a particular set of stops. This
block-skipping pattern allows for a faster trip and reduces the number of buses stopping
at each stop, although it also increases the complexity of the bus system for new riders
and may increase passenger walking distances to bus stops. Skip-stop operation is
discussed further in Chapter 27.
Platooning. When skip stops are used, gathering buses into platoons at the
beginning of the skip-stop section maximizes the efficiency of the operation. Each
platoon is assigned a group of stops, and the platooned buses travel as trains past the skipstop section. The number of buses in each group ideally should equal the number of
loading areas at each stop.
Bus stop location. Farside stops provide the highest bus lane capacity, but other
factors, such as conflicts with other vehicles, transfer opportunities, and traffic signal
timing, also must be considered when siting bus stops.
Exhibit 14-8 summarizes the main elements that determine the bus vehicle capacity
of loading areas, stops, and lanes.
GENERAL CAPACITY RANGES
This section provides estimates of vehicle capacity for loading areas, bus stops, and
bus lanes, based on defaults applied to the capacity estimation procedures given in
Chapter 27. Vehicle capacities shown are generally maximums based on a 25 percent
failure rate (i.e., one in four buses will have to wait for a loading area when arriving at a
stop). Schedule reliability concerns may dictate scheduling fewer buses than the
maximums shown below. Person capacities may be obtained by multiplying the values
given in the exhibits by the maximum allowed passenger load per vehicle (set by policy)
times a PHF. The typical PHF for bus routes ranges from 0.60 to 0.95 (8,9). In general,
capacities are governed by the busiest stop and by the distribution of passengers among
stops.

Suggested peak-hour factors
for use in calculating person
capacity
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EXHIBIT 14-8. INFLUENCES ON BUS VEHICLE CAPACITY
Bus vehicle capacity is
commonly calculated at
three locations: loading
areas (bus berths), bus
stops, and bus lanes.
The capacity of each of
these locations is
influenced by one or
more elements (middle
column), each of which in
turn is influenced b a
number of factors &ft
column).

Passenger Demand

Bus Stop

1 -

Fare Payment
Method
Dwell Time
Variability
Vehicle Type
and Size

1
-1

Circulation

1

1

On- or Off-Line
Stops

Volumes
Traffic

Loading-Area
Vehicle Capacity

h

H*

I

Bus Queueing
(Failure Rate)

h

I

Bus
volumes

H

Traffic Signal
Timing

Clearance
Time

I

I

Number of Loading
Areas

1

I

Bus-Stop

Design

I

Bus Lane
TYpe

h

Ski p-Stop
~~erations

H

Platooning

Location
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Bus Operational
Issues
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I
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Loading Areas
Exhibit 14-9 identifies the estimated bus vehicle capacity at loading areas, based on
various values of dwell time and the ratio of green traffic signal time to total cycle length
(g/C ratio). Other values not provided in the exhibit may be interpolated.
EXHIBIT 14-9. ESTIMATED VEHICLE CAPACITY OF ON-STREET LOADING AREAS
(SEE FOOTNOTE FOR ASSUMED VALUES)
Maximum vehicle capacity of
loading areas. Multiply by the
peak 15-min passenger
boardings and alightings per
vehicle and a PHF to obtain
person capacity.

Capacity (buseslh)
g/C = 0.50
63
43
32
26
22
19
16
15

Dwell Time (s)
15
30
45
60
75
90
105
120

g/C = 1.00
100
63
46
36
30
25
22
20

Note:
Assumes 15-s clearance time, 25 percent queue probability, and 60 percent coefficient of variation of dwell times.

Bus Stops

C

Exhibit 14-10 lists estimated vehicle capacities of on-line linear bus stops. Note that
increasing the number of loading areas at a linear bus stop has an ever-decreasing effect
on capacity as the number of loading areas increases (i.e., doubling the number of loading
areas at a linear bus stop does not double capacity). Nonlinear designs are 100 percent
efficient, since doubling the number of loading areas also doubles the capacity of the
stop.
EXHIBIT 14-10. ESTIMATED CAPACITY OF ON-LINE LINEAR BUS STOPS
(SEE FOOTNOTE FOR ASSUMED VALUES)
Capacity (buseslh)
g/C
0.50
Dwell Time (s)
30

I
1

g/c
1.00
1

43

1

63

g/C
0.50

1

g/c
g/c
g/c
g/C
g/c
1.00
0.50
1.00
1.00
0.50
Number of On-Line Linear Loading Areas
2
4
3
79
117
105
154
113
167

1

1

1

1

1

g/C
0.50

1

g/c
1.00

Vehicle capacity of on-line
linear bus stops. Multiply by
the maximum allowed
passenger load per vehicle
and a peak-hour factor to
obtain maximum person
capacity.

5
115

1

170

Note:
Assumes 15-s clearance time, 25 percent queue probability, and 60 percent coefficient of variation of dwell times. To obtain the
vehicle capacity of nonlinear on-line bus stops, multiply the single loading area values by the number of loading areas provided.

Busways
If a busway extends into the CBD and has a limited number of stations in the
downtown area, the passenger distribution characteristics will be similar to those of a
subway or other rail line. A reasonable design assumption is that 50 percent of the
maximum load-point volume is served at the heaviest CBD busway station, assuming a
minimum of three stops in the downtown area.
Busway vehicle and person capacities for central areas are given in Exhibit 14-11 for
a variety of bus types and service conditions. Data on passenger service times and the
effectiveness of linear loading areas are given in Chapter 27. The key assumptions used
in the exhibit are:

Exclusive busways with a
limited number of CBD stops
have passenger distribution
characteristics similar to those
of subways
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This exhibit presents
vehicle and person
capacities for busways
under typical conditions,
rather than maximum
capacities

Fares are prepaid at busway stations. This allows all doors to be used for loading,
which greatly decreases the service time per passenger, since several passengers may
board at the same time.
Fifty percent of the maximum load-point passengers board at the heaviest stop. A
PHF of 0.67 is assumed.
No delays are due to signals (i.e., it is a grade-separated busway).
The clearance time is 10 s. The design failure rate is 7.5 percent and a 60 percent
coefficient of variation is assumed.
Three linear loading areas are provided at each station.
The maximum load-point passenger volume is limited to 40 passengers per bus for
standard buses and 60 passengers per bus for articulated buses; this provides a seat for all
passengers.
EXHIBIT 14-1I.EXAMPLES OF CBD BUSWAY CAPACI'I'IES
(SEE FOOTNOTE FOR ASSUMED VALUES)
Loading Condition
Stations: On-LineIOff-Line
Boarding passengers per bus
Boarding time per passenger (s)
Dwell time (s)

On

1

20
2.0
40.0

I
1

Off
20
2.0
40.0

Loading area capacity (buslh)
Effective loading areas
Station capacity (buslh)

42
2.45
103

42
2.60
109

Peak-flow rate (15 min * 4)
Average peak hour (with PHF)

4120
2760

4360
2920

I

I

I

I

I

I

1

1

1

1

1

1

On
Off
On
Off
On
Off
Passengers Boarding at Heaviest Station
20
20
20
20
30
30
1.2
1.2
0.7
0.7
0.5
0.5
24.0
24.0 14.0
14.0
15.0
15.0
Vehicle Capacity
65
65
100
100
95
95
2.45
2.60 2.45
2.60
2.45
2.60
159
169
245
260
233
247
Passengers/Hour - Maximum Load Point
6360 6760 9800 10,400 13,980 14,820
4260 4530 6570 6970
9930
9370

Notes:
Loading Condition A: single-door conventional bus, simultaneously loading and unloading.
Loading Condition B: two-door conventional bus, both doors loading or double-stream doors simultaneously loading and
unloading.
Loading Condition C: four-door conventional bus, all double-stream doors loading.
Loading Condition D: six-door articulated bus, all doors loading.
Assumes 10-s clearance time, 7.5 percent failure rate, 60 percent coefficient of variation of dwell times, 3 linear loading areas,
g/C = 1.0, PHF = 0.67,50 percent of passengers board at heaviest CBD station, 40 seats per conventional bus, 60 seats per
articulated bus, no standees allowed.

Exclusive Arterial-Street Bus Lanes
Exhibit 14-12 illustrates the effects of dwell time, right-turning volume from the bus
lane, and conflicting pedestrian volumes on bus-lane vehicle capacity. It assumes
conflicting pedestrian volumes ranging from 100 to 800/h, dwell times of 30 or 60 s, and
right-turning volumes of 0 to 400 vehicles, as well as other assumptions, held constant,
that are listed in the exhibit. Buses are assumed to stop at every bus stop in the CBD.
It can be seen that as dwell time decreases, bus vehicle capacity increases.
Conflicting pedestrian volumes under 200h have little effect on bus vehicle capacity, but
have substantial effects at higher conflicting volumes, especially as right-turning volumes
increase. However, when there are no right-turn conflicts, pedestrian volumes have no
impact on vehicle capacity, and the lines for a given dwell time converge to a single
point. It also can be seen that the lines for a given pedestrian volume converge toward a
point at which the right-turn capacity is exceeded and the bus-lane vehicle capacity drops
to zero. Between these two extremes, bus vehicle capacity steadily declines as rightturning volumes increase.

-
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To compute person capacity,
multiply the values shown in
the exhibits by the allowed
passenger load per bus and a
peak-hour factor

EXHIBIT 14-12. EXCLUSIVE BUS-LANE VEHICLE CAPACITY: NONSKIP-STOP OPERATION
(SEE FOOTNOTE FOR ASSUMED VALUES)

Right-Turning Volume (vehlh)

1-

- - 100 peds, 60 s dwell

I--.100peds,30sdwell

400 peds, 60 s dwell

------ 400 peds, 30 s dwell

-- --800

800 peds, 60 s dwell
peds, 30 s dwell

II

Note:
Assumes 15-s clearance time, 25 percent queue probability, 60 percent coefficient of variation of dwell times, permitted
right-turn signal phasing, shared right-turn lane, g/C = 0.5, nearside stops, 2 linear berths, and bus volumes minimal in relation
to right-turn volumes (P, = 1.0).

6.

Exhibit 14-13 illustrates the same situations with the buses in a two-stop skip-stop
operation and the adjacent lane assumed to have a vlc ratio of 0.5. For a given rightturning volume, the corresponding bus-lane vehicle capacity is about 67 percent higher
than if skip stops were not used.
Mixed-Traffic Lanes

I
In mixed traffic, on-line stops
may provide greater capacity
than off-line stops, depending
on traffic volumes and the
number of loading areas

Exhibit 14-14 depicts the decline in bus vehicle capacity in mixed traffic when curblane volumes increase, as well as the variation in bus vehicle capacity by bus stop
location. In mixed traffic, off-line linear stops may provide less bus vehicle capacity than
on-line stops with identical dwell times, since the benefits of additional loading areas at
off-line stops can be outweighesl by the additional delay as buses reenter traffic.
BUS PRIORITY TREATMENTS
Bus Preferential Treatments at Intersections
When buses operate in mixed traffic, the interference decreases bus speeds and
lowers overall bus-vehicle and person capacity. The bus preferential treatments described
in this section compensate by removing or reducing sources of delay, increasing bus
speeds. When considering bus preferential treatments, the total change in person delay
(both for passengers in buses and for motorists) should be taken into account.

I
Bus priority treatmentsprovide
faster, more reliable bus
operations, improving
passenger quality of service

Chapter 14 - Transit Concepts
Bus Concepts

Highway Capacity Manual 2000
EXHIBII' 14-13. EXCLUSIVE BUS-LANE VEHICLE CAPACITY: SKIP-STOP OPERATION
(SEE FOOTNOTE FOR ASSUMED VALUES)

Right-Tuming Volume (vehlh)

- - - 100 peds,GOsdwell

400peds,MsdweIl

100oeds.3Osdwell

------ 400 oeds. 30 s dwell

----

800 peds, 60 s dwell

-800 oeds. 30 s dwell

Note:
Assumes 15-s clearance time, 25 percent queue probability, 60 percent coefficient of variation of dwell times, permitted rightturn signal phasing, shared right-tum lane, glC = 0.5, nearside stops, 2 linear berths, vlc = 0.5, and bus volumes minimal in
relation to right-tum volumes P(, = 1.0).
EXHIBIT 14-14. MIXED-TRAFFIC-LANE BUS VEHICLE CAPACITY
(SEE FOOTNOTE FOR ASSUMED VALUES)
To compute maximum
person capacity, multiply
the values shown by the
allowed passenger load
per bus and a PHF
The mixed-traffic buscapacifyproceduresare
an extension of the
exclusive bus-lane
capacity procedures
developed by the Transit
Cooperative Research
Program A-7 project.
The theoretical basis for
mixed-traffic prccedures
has not been validated in
the field.

Curb Lane Traffic Volume (pvlh)

1 --- 100 peds, 60 s dwell

-- --

100 peds. 30 s dwell

- - - 400 peds, 60 s dwell

- - 800 peds, 60 s dwell

-400 peds, 30 s dwell

- -- --- 800 peds, 30 s dwell

Note:
Assumes a Type 1 mixed bus lane, one linear loading area per stop, glC = 0.5, 30-s dwell time, 25 percent failure rate, and a 60
percent coefficient of variation of dwell times.
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Signal Priority
Bus-signal priority measures at signalized intersections include passive systems,
which are pretimed treatments adjusted manually to determine the best transit benefit
while minimizing the effect on other vehicles, and active systems, which adjust the signal
timing after sensing the arrival of a bus. Exhibit 14-15 lists the most common bus-signal
priority systems at intersections.

Bus-signal priority measures
can be passive (pretimed) or
active (operated when a bus
is detected)

EXHIBIT 14-15. BUS-SIGNAL PRIORITY SYSTEMS
Treatment

I Description

Adjust cycle length
Split phases
Areawide timing plans
Bypass metered signals

Phase extension
Early start
Special phase
Phase suppression
Preemption (unconditional)
Preemption (conditional)

I
I

Passive Prioritv
Reduce cycle lengths at isolated intersections
Apply multiple phases while maintaining original cycle length
Preferential progression for buses through signal offsets
Buses use special reserved lanes, special signal phases, or are rerouted
to nonmetered sianals
Active Prioritya
Increase phase time
Reduce other phase times
Addition of a bus phase
Skipped nonpriority phases
Bus phase begins when all other intervals are satisfied
Same as above except certain conditions are used to determine when
the bus phase should begin

Note:
a. Occurs after bus detection.
Source: Bullard and Nungesser (lo).

Active priority should be implemented only at intersections operating at less than
capacity, so that the changes to signal timing whenever a bus passes through the
intersection do not worsen the intersection LOS. Automated systems that do not require
bus driver intervention are preferable, since drivers might not always remember to
activate the system. When coupled with two-way data communication and automatic
vehicle location (AVL) equipment, on-bus signal priority systems can be set to activate
signal priority only when a bus is behind schedule (11).

Queue Bypass
Queue bypasses allow buses to avoid queues of vehicles (such as those that develop
at signalized intersections or freeway ramp meters) by providing a special lane. Queue
bypass lanes can be shared with carpools and van pools.

Queue bypasses at freeway
ramp meters allow buses to
avoid delay

Queue Jump
Queue jumps allow buses to move past long queues of vehicles at signalized
intersections by using right-turn lanes or long off-line bus stops. Buses are exempted
from any right-turn requirements at the intersection.
A special right-lane signal provides a green indication for a brief time before the
green for the adjacent general traffic lanes. The bus then exits the right lane and merges
into the lane to the left, ahead of the other traffic still stopped for the signal.
Alternatively, the bus can pull into the right-turn lane on a red signal and proceed to a
farside off-line bus stop on green, avoiding the delay behind the queue in the regular
lanes of the intersection.

Queue jumps allow buses to
bypass long queues of
vehicles at signalized
intersections
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Curb Extensions
Curb extensions allow
the bus to stop in the
travel lane and provide
more room for transit
amenities at the bus stop

Where streets have curbside parking and high traffic volumes, it may not be desirable
for a bus to pull to the curb to stop, because it must then wait for a gap in traffic to pull
back into the travel lane. In these situations, the curb can be extended into the parking
lane so that buses can stop in the travel lane to pick up and discharge passengers. The
additional area curbside can provide a clear area to load and unload wheelchair
passengers in compliance with the ADA, to provide a bus shelter where otherwise there
would not have been enough space, and to provide more room for passengers waiting for
the bus. Curb extensions also can create more on-street parking, as the area before the
bus stop, previously used for buses to pull to the curb, now can be used for additional
parking. If there are bicycle lanes, they can be routed around the curb extension; but this
can introduce potential bicycle-pedestrian conflicts. At intersections, curb extensions
benefit pedestrians by reducing the width of street to cross.

,

Boarding Islands
Boanling islands allow
buses to avoid
congestion in the right
lane but require careful
consideration of
pedestrian safety

Significant parking activity, stopped delivery vehicles, heavy right-turning traffic
volumes, and other interferences often slow traffic in the right lane of a street with
multiple lanes in the same direction. In these situations, buses might be able to travel
faster in the lane to the left. Boarding islands allow bus stops between travel lanes; buses
then can remain in a faster lane without merging to the right before every stop. However,
pedestrian safety must be addressed in conjunction with boarding islands.
Other Measures
Other preferential treatments for transit at intersections include the following (11):
Parking restrictions. When high parking turnover interferes with the flow of traffic
on a street, restricting parking will improve transit and traffic flow. However, the
impacts on adjacent land uses from the loss of on-street parking also must be considered.
Parking restrictions sometimes are applied during peak hours, often in conjunction with
bus lane operations.
Bus stop relocation. On streets with good traffic signal progression for passenger
vehicles, moving a bus stop from the nearside to the farside of an intersection may allow
buses to use the signal timing to their advantage, passing through intersections on a green
signal and dwelling on a red signal.
Turn restriction exemptions. The most direct route for a bus might not be possible
because of left-turn restrictions at intersections, particularly if there is no room to develop
left-turn lanes. If this restriction is due to traffic congestion, rather than safety, it might
be feasible to exempt buses from the restriction without a negative impact on the
intersection's operation.
Bus lanes, busways, and high-occupancy vehicle (HOV) lanes. Where there is a
relatively high volume of buses operating on a roadway, coupled with a high degree of
bus and general traffic congestion, exclusive bus lanes might be considered, to provide
more attractive and reliable bus service. Most bus lanes take the form of reserved lanes
on city streets, usually in the same direction as the general traffic flow. In North
America, busways and reserved lanes on freeways are mainly in larger cities, usually with
a large downtown employment and a heavy peak-hour bus ridership. HOV lanes either
on freeways or on urban streets also can provide higher bus speeds.

(<

Person-Delay Considerations
The net change in
person delay is an
important consideration
before implementing
transit priority measures
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In many cases, providing transit priority involves tradeoffs among the various users
of a roadway. A bus queue jump at a traffic signal, for example, provides a time-saving
benefit for bus passengers but causes additional delay for motorists, their passengers,
bicyclists, and some pedestrians. Any consideration of transit priority measures should
include the net change in person delay to all roadway users as a result of the priority
treatment. Of course, other factors, such as cost, change in transit quality of service, and
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l o c a l p o l i c i e s e n c o u r a g i n g t r a n s i t use, a l s o s h o u l d b e considered. Exhibit 14-16
s u m m a r i z e s t h e advantages a n d disadvantages of t h e b u s p r e f e r e n t i a l treatments p r e s e n t e d
in t h i s section.

I
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Treatment
Signal Priority

Queue Bypass
Queue Jump

Curb
Extensions

Boarding
Islands

Parking
Restrictions
Bus-Stop
Relocation
Turn Restriction
Exemption
Exclusive Bus
Lanes

EXHIBIT 14-16. COMPARISON OF BUS PREFERENTIAL TREATMENTS
Advantages
Disadvantages
Risks interrupting coordinated traffic signal
Reduces delay
Improves reliability
operation
Risks lowering intersection LOS, if intersection
is close to capacity
Requires ongoing interjurisdiction coordination
Buses on cross streets may incur added delay
greater than the time saved by the favored route
Reduces delay from queues at ramp
Bus lane must be available and longer than the
meters or other locations
back of queue
Reduces delay to queues at signals
Right lane must be available and longer than
Buses can leapfrog stopped traffic
the back of queue
Right-turn or special transit signal required
Reduces green time available to other
intersection traffic
Bus drivers must be alert for the short period of
priority green time
Reduces delay due to merging back into
Requires at least two travel lanes in bus
traffic
direction of travel to avoid blocking traffic while
lncreases riding comfort because buses
passengers board and alight
Bicycle lanes require special consideration
don't need to pull in and out of stops
lncreases on-street parking by eli minating
need for taper associated with bus
pullouts
lncreases space for bus stop amenities
Reduces pedestrian street crossing
distances
Requires at least two travel lanes in bus
Increases bus speed by allowing buses to
use faster-moving left lane
direction of travel and a significant speed
difference between the two lanes
Requires more right-of-way than other
treatments
Pedestrian and ADA accessibility, comfort, and
safety issues must be carefully considered
Increases bus and auto speeds by
May significantly impact adjacent land uses
removing delays caused by automobile
(both business and residential)
parking maneuvers
Requires ongoing enforcement
Uses existing signal progression to bus'
May increase walking distance for passengers
advantage
transferring to a cross-street bus
lncreases bus speed by el~minatingneed
Potentially lowers intersection LOS
Safety issues must be carefully considered
for detours to avoid turn restrictions
lncreases bus speed by reducing sources
Traffic and parking effects of eliminating a
travel or parking lane must be carefully
of delay
considered
Improves reliability
Increases transit visibility
Requires ongoing enforcement

Source: Portland Office of Transportation (11).

Ill. LIGHT-RAIL AND STREETCAR CONCEPTS

C-,
,

T h i s s e c t i o n p r o v i d e s a b r i e f o v e r v i e w of p e a k - h o u r l i g h t - r a i l a n d streetcar t r a n s i t
r i d e r s h i p in t h e U n i t e d States a n d C a n a d a a n d i t s i m p l i c a t i o n s for passenger capacity.
Streetcars o p e r a t e e x c l u s i v e l y on city streets. L i g h t - r a i l t r a n s i t (LRT) started as a
m o d i f i c a t i o n , s e p a r a t i n g streetcar o p e r a t i o n from street t r a f f i c to a l l o w h i g h e r speeds.
Chapter 14 - Transit Concepts
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LRT is characterized by versatility of operation-it can operate separated from other
traffic below grade, at grade, on an elevated structure, or together with road vehicles on
the surface (12). More detailed information on rail transit ridership and capacity is
available in a variety of other resources (9,12-19).
LRT operations differ in station spacing and design, fare structure and collection
methods, train length and propulsion, degree of access control, and markets served.
Unlike streetcars, travel times between light-rail stations are relatively unaffected by
increased passenger volumes or service.

!

GENERAL CAPACITY RANGES

Train length is
constrained by the length
of a city block

Chapter 14 - Transit Concepts
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The capacity of a rail line is determined by station (or stop) capacity or way capacity,
whichever is smaller; in most cases, it is station capacity. Capacity depends on car size
and station length, allowable standees, and the minimum spacing (or headway) between
trains. This minimum headway is a function not only of dwell times at major stations, but
also of train length, acceleration and deceleration rates, and train c o n t ~systems.
l
Exhibit
14-17 illustrates the main factors affecting rail vehicle capacity.
Time-space diagrams can be used to estimate the safe separation or minimum
headway between trains. Sometimes theoretical approaches are used. A more common
practice is to obtain the minimum spacing between trains based on actual experience,
station dwell times, and signal control systems.
The passenger capacity of LRT depends on vehicle size, train length, and headway.
However, the achievable LRT capacities also depend on design and policy considerations
that reflect specific local constraints of station design, at-grade operations, and type of
right-of-way.
If trains operate on-street, capacity estimates can be derived by adapting the
equations for bus transit to the differing vehicle sizes, train lengths, and clearance.
Capacity estimates for off-street operations may be derived from the approaches for rail
transit, described in Chapter 27.
LRT trains usually are limited to a maximum of three cars for on-street operation.
Longer trains usually cannot operate on city streets without simultaneously occupying
more than the space between adjacent cross streets on short blocks, cannot clear at-grade
intersections rapidly, and require long platform lengths at stations.
Minimum headways for light-rail systems depend on train length, platform and car
design (high floor versus low floor), fare collection methods (prepayment versus pay on
train), wheelchair accessibility, and headway controls (manual versus block signals).
Manual operations can accommodate 80 to 100 single-unit cars per track per hour. When
trains run under block signal controls, as is common with rapid-transit systems, 120-s
headways are possible. Shorter headways can be realized with moving-block signals.
Most North American light-rail systems are signaled for a minimum headway of 3 min.
At 120-s headways, a light-rail system operating on mainly reserved right-of-way
with three-car trains would have a line capacity of up to 7,500 seated and 15,000 total
passengersh (30 three-car trains at 170 personslcar). Under single-vehicle manual
operation at lower speeds, closer headways are feasible. At 60-s headways, single LRT
units have a capacity of 4,000 seated and 10,000 total passengersh (schedule load) (20).
However, in practice these capacities are not realized because of lower ridership
demands. Typical ranges in person capacities are listed in Exhibit 14-18.
Current operating experience in the United States and Canada suggests maximum
realizable capacities of 12,000 to 15,000 persons/track/h. However, European experience
shows up to 20,000 personsh.
One of the variables determining capacity is light-rail and streetcar travel time when
operating in two directions using a single track. Chapter 27 provides equations to
calculate travel time on a single-track section. Exhibit 14-19 lists values for these
variables, where local data are not available. The value of the maximum single-track
section speed should be the most appropriate speed limit for that section. A 40-mi/h

(.
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speed limit is a suitable value for most protected, grade-separated lines. If the singletrack section is on-street, then a speed at or below the vehicle speed limit should be used.
If there are signalized intersections, an allowance of half the signal cycle should be added
to the travel time for each such intersection, adjusted for any improvements possible from
preemption.
EXHIBIT 14-17. IhlFLUENCES Ohl RAIL VEHICLE CAPACITY
Passenger Demand

Station

1

Fare Payment
Method

-1

Dwell
Time

1

vy;e;z;yt

Circulation

1

Vehicle Spacing
Policy

h

i
Streetcar
Volumes

Number of Loading

Station Vehicle

Areas

Timing

1

Right-of-way
Type

h

Vehicle Performance
Characteristics

*

u

Operating
Issues

Minimum

Train Control
Systems

1

Length
,lock

Vehicle Capacity

p
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EXHIBIT 14-18. TYPICAL LIGHT-RAIL TRANSIT PERSON CAPACITIES: 30 TRAINS/TRACWh, 92- TO 984
ARTICULATED CARS
Cars1
Train
1
2
3
4

75a
2250
4500
6750
9000

PassengerslCar
125
3750
7500
11,250
15,000

100
3000
6000
9000
12,000

150
4500
9000
13,500
18,000

175
5250
10,500
15,750
21,000

Note:
a. All passengers seated.

I

EXHIBIT 14-19. DEFAULT VALUES FOR SINGLE-TR4CK LIGHT-RAIL AND STREETCARTRAVEL TIME
Term
Jerk limiting time
Brake system reaction time
Dwell time
Service braking rate
Speed margin
Operating margin
Source: Parkinson and Fisher (12).

I

RAIL PRIORITY TREATMENTS

Default Value
0.5 s

10-30 s

I

Operating variability caused by traffic congestion has been reduced for the recently
built on-street light-rail lines that operate in reserved lanes. Some older systems still
operate extensively in mixed traffic and are subject to the variability in train throughput
caused by a reduced effective green time for trains. Traffic queuing, left turns, and
parallel parking can reduce LRT capacity.
Traffic signals can be a major impediment to LRT operation if they are not designed
for the needs of LRT. Poor traffic signaling can make train operation slow, unreliable,
and unattractive to potential passengers. These problems can be addressed through the
use of signal priority or preemption and signal progression. Signal priority allows the
light-rail train to extend a green phase or to speed the amval of the next one. Depending
on the frequency of intersections and traffic congestion, this can have a substantial impact
on the flow of general traffic. As a result, LRT signal priority in congested areas is often
limited in scope to avoid negative effects on other traffic.
Signal progression has supplanted priority or preemption for light-rail trains in many
congested downtown areas. This technique gives trains a green window during which
they can depart and travel to the next station on successive green signals. The benefits of
progression increase with greater station spacing as less accumulated time is spent
waiting for the progression to start at each station. The progression frequently is part of
the normal traffic-signal phasing and is fully integrated with signaling for automobiles on
cross streets. This reduces delays for transit and motorists alike. Station stops are
accommodated by the train missing one traffic-signal cycle and then proceeding on the
next. Ideally, the cycle length will be slightly longer than a long average dwell, allowing
the majority of trains to leave shortly after passenger activity has ended.

Chapter 14 - Transit Concepts
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IV. QUALITY-OF-SERVICE CONCEPTS
Quality of service reflects the passenger's perception of transit performance. It
measures both the availability of transit service and its comfort and convenience. Quality
of service depends on the operating decisions made by a transit system, especially
concerning where, how often, and for how long service should be provided, and what
kind it should be.

/
\

Quality of service is a
measure of both availability
and comfort and convenience

DEFINITIONS
In the North American transit industry, many definitions are not standardized or are
specific to a particular system. Caution is needed with the terms quality of service and
level of service, which carry a variety of meanings.
This manual uses the following definitions of transit performance measures, transit
quality of service, service measures, and LOS:
Transit performance measure. A quantitative or qualitative factor used to evaluate
a particular aspect of transit service.
Transit quality of service. The overall measured or perceived performance of
transit service from the passenger's point of view.
Transit service measure. A quantitative performance measure that best describes a
particular aspect of transit service and represents the passenger's point of view. It is also
known as a measure of effectiveness.
LOS. Six designated ranges of values for a particular service measure, graded
from A (best) to F (worst) based on a transit passenger's perception of a particular aspect
of transit service.
TRANSIT PERFORMANCE MEASURES

4.
-

There are as many different transit performance measures as there are transit
systems. To understand what quality of service is, it is useful to know what it is not.
Exhibit 14-20 illustrates one possible way that transit performance measures can be
categorized and shows how quality of service fits into the spectrum of transit
performance measures.
The operator point of view encompasses the measures routinely collected in the
United States for the Federal Transit Administration's National Transit Database
(formerly Section 15) annual reporting process. Most of these measures relate to
economy or productivity. These measures are important to the operator, and indirectly to
passengers, because they indicate the amount of service an operator can afford to provide
on a route or on the system as a whole. The productivity measures (e.g., ridership)
indirectly measure passenger satisfaction with the quality of service.
The vehicle operation includes measures of vehicular speed and delay routinely
calculated for streets and highways using the procedures given in this manual. This also
includes measures of facility capacity in terms of the number of transit vehicles that can
be accommodated.
The passenger point of view, or quality of service, directly measures passengers'
perception of the availability, comfort, and convenience of transit. There are several
possible performance measures, but availability and comfort and convenience are most
appropriate for transit. LOS ranges developed for these and other service measures are
presented in Chapter 27.

Operator point of view

Vehicle operation

Passenger point of view
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QUALITY-OF-SERVICE FRAMEWORK
Transit Trip Decision Making
Urban transport involves many individual decisions. Some decisions occur
infrequently, such as planning the commute to a new job, or locating a home outside an
area with transit service, or purchasing a second automobile. Some decisions, however,
are made for every trip, through a two-step process illustrated in Exhibit 14-21 and
Exhibit 14-22.
EXHIBIT 14-20. TRANSIT PERFORMANCE MEASURE CATEGORIES AN11 EXAMPLES
Transit performance
measures apply to the
operator, passenger, or
vehicle

Transit Performance Measures

Service GfferedlUtilization
Annual ridership
Vehicles operated in maximum service

Operator Point of View

I-

I

Economics
Passenger tripslrevenue mi
Passenaer milrevenue hour

I

I
\

Availability
Qualify of service reflects
the passenger point of
view. Levels of service
are developed for some
of these important
passenger performance
measures.

Passenger Point of View
(Quality of Service)

I

I

Park and Ride spacing
Convenience

1

YArnenitiis
safety

Vehicular Ca~acitv
Bus berth capacity
Bus lane capacity
Rail line capacity

Vehicle Operation

1
Chapter 14 - Transit Concepts
Quality-of-Service Concepts

Average travel speed
Average intersection delay per vehicle
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EXHIBIT 14-21. TRANSIT TRIP DECISION MAKING: TRANSIT AVAILABILITY
Is transit service available to a
potential passenger?

Spatial Ava~labil~ty
- Orig~n
Is there a transit stop within walking distance of the trip origin?
OR Is demand-responsive service available at the trip origin?
OR Is a car available AND a Park and Ride facility located along the way?
OR Is a bicycle available AND are bike storage facilities available?
OR Is a bicycle available AND are bikes allowed on transit vehicles?

I

Spatial Availability - Destination
Is there a transit stop within walking distance of the trip destination?
OR Is demand-responsive service available to the trip destination?
OR Is a bicycle available AND are bikes allowed on transit vehicles?

I

Information Availability

I

Are the schedule and routing known?
OR Is telephone information offered, the information line not busy when
customers call, and the information accurately provided?

'.
Temporal Availability
Is service available at or near the time required?

Transit is an option (traveler may choose
transit if the quality of service is good)

Transit is not available (traveler may choose
another mode or the trip is not taken)

*
See Exhibit 14-22
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EXHIBI‘I' 14-22. TRANSIT TRIP DECISION MAKING: TRANSI'I' CONVENIENCE

If transit service is
available, will a potential
passenger find it
convenient?

I.How long is the walk? Are there sidewalks and pedestrian signals?
2. Is the service reliable?
3. How long is the wait? Is there a shelter at the stop?
4. Are there security concerns--walking, waiting, or riding?
5. How crowded is the vehicle? Are the vehicles and shelters clean?
How much will the trip cost?
How many transfers are required?
How long will the total trip take? How long would it take with other modes?

The fust step is to decide whether or not transit is a possibility-that is, to assess the
availability of transit service. As Exhibit 14-21 indicates, there are several factors that
enter into this determination. If any factor is not met, transit is not viable and the traveler
must either use another mode or not make the trip. However, transit becomes an option if
service is available at the trip origin and destination (or the traveler can use another mode
to get to and from transit); if information is available on where, when, and how service is
provided; and if service is provided at or near the time the trip needs to be made.
In the second step, the decision maker weighs the comfort and convenience of transit
service against competing modes, as depicted in Exhibit 14-22. These questions do not
necessitate an all-or-nothing outcome. Individuals apply differing values to each factor,
and each person weighs the factors differently. Regular transit users familiar with the
service tend to perceive transit more favorably than nonusers. In the end, the choice
depends on the availability of other modes and how the quality of transit service
compares.

Quality-of-Service Factors
If transit service is
located too far from a
potential passenger, it
may not be an option

C h a p t e r 14 - T r a n s i t C o n c e p t s
Quality-of-Service C o n c e p t s

Service Coverage
Whether or not transit service is provided near a person's origin and destination is
key in use of transit. Ideally, transit service is provided within a reasonable walking
distance of the origin and destination, or demand-responsive service is available. The
reasonableness of the walking distance varies from source to source and depends on the
situation. For example, people will walk farther to rail stations than to bus routes and the
elderly will not walk as far as younger adults. As discussed later, potential barriers, such
as wide or busy streets, hills, or the absence of pedestrian facilities, also play an important
role. In general, 1,300 ft or 5 min of walk time is the limit for a bus route's typical
service area; for a rail transit station, these figures can double (21).

(
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If transit service is not provided near the origin, other options include driving to a
park-and-ride lot or riding a bicycle to transit. Both of these options require that the
transit operator provide additional facilities, such as parking lots, bicycle storage
facilities, and bicycle racks.
However, if transit service is not provided near the destination, the choices are more
limited. A bicycle might be carried in a bicycle rack, but a customer must have some
degree of confidence that space will be available in the bike rack when the bus arrives. A
small number of systems allow bicycles onboard transit vehicles (typically rail), but often
not during peak commute hours or in the peak commute direction.

Pedestrian Environment
Even if a transit stop is located within a reasonable walking distance of an origin and
destination, the walking environment may not be amenable. Lack of sidewalks or poorly
maintained sidewalks, lack of street lighting, and steep terrain all discourage pedestrian
travel. Wide or busy streets without signalized crosswalks at regular intervals, or without
pedestrian refuges in the median, also discourage pedestrian travel. A lack of pedestrian
refuges poses difficulties, too, for transit operators providing service on urban streets.
Passengers with disabilities must have sidewalk facilities, curb cuts, and bus-stop
loading areas that comply with ADA standards for the entire distance between their origin
and a transit stop and between their destination and a transit stop, to have access to fixedroute transit. Without these, passengers with disabilities must rely on paratransit service,
which generally offers fewer choices in travel times, and usually costs substantially more
to provide.

C
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Scheduling
How often and when transit service is provided are important factors in the decision
to use transit. The more frequent the service, the shorter the wait when a bus or train is
missed or when the exact schedule is not known, and the greater the flexibility customers
will have in selecting travel times. The number of hours during the day when service is
provided is also important. It does not matter whether a transit stop is located within
walking distance if service is not provided at the desired time of travel; transit then
cannot be an option.
Amenities
The facilities provided at transit stops and stations and on transit vehicles help make
transit more comfortable and convenient. Typical amenities include the following (5):
Benches, so that passengers can sit while waiting;
Shelters to protect from wind, rain, snow, and sun;
Informational signage, identifying the routes, their destinations, and scheduled
arrivals;
Trash receptacles for litter;
Telephones, so that passengers can make personal calls while waiting or
emergency calls when necessary;
Vending facilities, from newspaper racks at commuter bus stops to manned
newsstands, flower stands, food carts, transit ticket and pass sales, and similar facilities at
rail stations and bus transfer centers; and
Air conditioned vehicles, to provide a comfortable ride during hot and humid
weather.
Transit operators usually relate the kinds of amenities at a stop to the number of daily
riders boarding there. Research has provided guidelines for installing transit amenities
(5). These amenities and their space requirements should be considered when
determining the size of passenger waiting areas at transit stops.

Driving or biking to transit may
be an option

Service coverage must
consider both ends of a trip

Even if transit service is
theoretically located within
walking distance of both origin
and destination, the areas
around the transit stops must
provide a comfortable walking
environment for transit to be
considered available

Transit service must be
available near the time of a
trip or it cannot be an option

Transit stop amenities make
transit service more
comfortable and convenient
The kinds of amenities
provided are generally related
to the number of boarding
passengers at a stop

Chapter 14 - Transit Concepts
Q ~ a l i t y - ~ f - S eConcepts
~i~e

Highway Capacity Manual 2000

Riders need to know
where and when transit
service is available and
how to use it

Transit Information
Potential riders need to know where and when transit service is available before they
can begin using the service. Regular riders also should be informed about service
changes that affect them. This information can be provided by a variety of means:
Printed maps, schedules, and brochures. Passengers can pick these up on transit
vehicles, at transit facilities, and at local businesses.
Posted information on vehicles and at transit facilities. As transit systems adopt
AVL systems, they can display schedule information onboard buses, at bus stops, and at
bus terminals.
Telephone. Information should be available by phone at the convenience of
potential passengers (including weekends and evenings).
Personal computers. Transit information can be posted on the Internet, and users
can subscribe to e-mail lists that automatically send out service changes and other
announcements.
Transfers

Transfers can make
service more efficient for
operators but less
convenient for
passengers

A Ion er trip by transit
than %yautomobile may
beseenbypassengers
as beino less convenient.
This mzy be mitigated if
the onboard transit time
can be used
productively.

Requiring transfers between routes adds to a passenger's total trip time; this can be
minimized with timed transfers. A missed transfer also can increase the length of a
transit trip. Required transfers increase the complexity of a transit trip for a first-time
passenger. Transfer surcharges also inhibit ridership.

Total Trip Time
Total trip time includes the travel time from the origin to a transit stop, waiting time
for a transit vehicle, travel time onboard a vehicle, travel time from transit to the
destination, and any time required for transfers between routes during the trip. In general,
both the absolute travel time and the travel time in relation to competing modes will
factor in a traveler's decision about transit. However, the apparent inconvenience of a
longer transit trip can be mitigated if the passenger can use the time onboard
productively-for example, reading, preparing or reviewing work, or even catching up on
sleep.
Total trip time is influenced by several factors, including the route spacing (affecting
the walking distance to transit), the service frequency (affecting the waiting time), the
frequency of stops, traffic congestion, signal timing, and the fare collection system
(affecting time onboard).
Cost
Potential passengers weigh the cost and value of using transit against the out-ofpocket costs and value of using other modes. Out-of-pocket transit costs consist of the
fare for each trip or the cost of a monthly pass. Out-of-pocket automobile costs, in
contrast, only include road and bridge tolls and parking charges, because other
automobile costs-such as fuel, maintenance, insurance, taxes, and the automobile's
purchase price-generally are not part of the consideration for a particular trip. Thus, if a
person does not have to pay a toll and parking is free, transit may appear less desirable
because driving incurs no immediate out-of-pocket costs.

Passengers' perceptions
of safety must be
considered in addition to
actual conditions

-
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Safety and Security
Riders' perceptions-as well as the actual conditions-f
the safety and security of
transit enter into the mode-choice decision. Riders consider not only personal safety in
relation to potential transit crime and vehicular crashes, but also such personal irritants as
unruly passengers or someone else's loud radio. Security can be improved by placing
stops in well-lit areas with public telephones available for emergency calls. Transit
systems use a variety of methods to enhance security on transit vehicles, including
uniformed and plainclothes police officers, community volunteer programs, two-way
radios and silent alarms for emergency communication, and video cameras.

(\
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Passenger Loads
Transit is less attractive when passengers must stand for long periods of time,
especially in crowds. Crowded vehicles also slow down transit operation, adding time for
passengers to get on and off. Most transit agencies assess passenger crowding based on
the occupancy relative to the number of seats, expressed as a load factor. A factor of 1.0
means that all seats are occupied. The importance of vehicle loading varies by the type of
service. In general, transit provides load factors at or below 1.0 for long-distance
commuting and high-speed, mixed-traffic operations. Inner-city service may approach a
load factor of 2.0 or more, but other services will be between 1.0 and 2.0. Because the
number of seats varies among otherwise identical rail vehicles operated by different
transit systems, rail capacity calculations apply passengers per unit of vehicle length more
often than load factors.

The availability of seating on a
transit vehicle is important for
longer trips

Appearance and Comfort
Having clean, graffiti-free transit stops, stations, and vehicles improves transit's
image, even among nonriders. Some transit systems have established specific standards
for transit facility appearance and cleanliness and also have established inspection
programs (22,23). Passengers are interested in ride comfort, which includes seat comfort,
temperature control, and minimizing the amount of vehicle acceleration and deceleration.

\

Reliability
Reliability affects the amount of time passengers must wait at a transit stop, as well
as the consistency of a passenger's arrival time at a destination from day to day.
Reliability encompasses on-time performance as well as the regularity of headways
between successive transit vehicles. Uneven headways result in uneven passenger
loadings, so that a transit vehicle arriving late picks up not only its regular passengers but
others who have arrived early for the following vehicle. As a result, the vehicle falls
further and further behind schedule. In contrast, the vehicles following will have lighterthan-normal passenger loads and will tend to run ahead of schedule.
Reliability is influenced by traffic conditions (in on-street, mixed-traffic operations),
staff availability and vehicle maintenance (reflecting whether a vehicle can leave the yard
or is likely to break down on the road), and by how well vehicle operators adhere to
schedules.

Reliability includes both ontime performance and the
consistency of headways
between transit vehicles

Framework
Transit quality-of-service measures are divided into two main categories:
availability, and comfort and convenience. According to the measures addressing spatial
and temporal availability, if transit is located too far away or if it does not run at the times
it is needed, a potential user would not consider the transit service available, and therefore
the quality of service would be poor. However, if transit service is available, the quality
measures to evaluate user perceptions of comfort and convenience can be applied.
The different elements of a transit system require different performance measures:
Transit stops. Measures should address transit availability and convenience at a
single location. The performance measures in this category will vary from one location
to another, since they depend on passenger volumes, scheduling, routing, and stop and
station design.
Route segments. Measures should address availability and convenience along a
portion of a route, which can range from two stops to the entire length. These measures
will tend to stay the same for the length of a route segment, regardless of conditions at an
individual stop.
Systems. Measures should describe availability and convenience for more than
one route in a specified area (e.g., a district, city, or metropolitan area) or for a specified
type of service (e.g., fixed route vs. demand responsive). System measures also can
address door-to-door travel.
Chapter 14 - Transit Concepts
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Combining the two performance measure categories with the three transit system
elements produces the matrix shown in Exhibit 14-23.
EXHIBIT 14-23. TRANSIT QUALITY-OF-SERVICE FRAMEWORK
Category
Availability

Comfort and
Convenience

.

Transit Stop
Frequencya
Accessibility
Passenger loads
Passenger loadsa
Amenities
Reliability

Service & Performance Measures
Route Segment
System
Hours of servicea
Service coverage
Accessibility
% person-minutes served
Reliabilitya
Travel speed
Transiuauto travel time

Transiuauto travel time
Travel time
Safety

Note:
a. Selvice measure which defines the corresponding LOS in Chapter 27.

I

Some measures appear in more than one cell of the table, but only one service
measure is assigned to each cell, as best representing the passenger's point of view of
availability or convenience. In total, .there are four transit service measures: frequency,
hours of service, passenger loads, and reliability.

Availability
Transit Stops

Frequency as service
measure

Hours of service as
service measure

Service coverage as
service measure

The spatial aspect of transit availability at a transit stop is a given. During a typical
hour-long analysis period, the hours of service are also a given. Therefore, frequency is
the service measure for this category.
Although not easy to quantify, transit stop accessibility by foot, bicycle, or
automobile is also an important measure of availability; moreover, persons with
disabilities require special consideration. Passenger loads determine whether there is
room for additional passengers to board, another aspect of transit availability.

I

I
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Route Segments
Of the three primary measures of transit availability as shown in Exhibit 14-23frequency, hours of service, and service coverage-frequency is used for transit stops,
and service coverage is a given, since the route exists. Therefore, hours of service
become the service measure for route segments. This is appropriate, since more than one
route, each operating with different frequencies and travel times, can serve the same
origins and destinations. In these cases, the focus is on the total span of time during
which a given pair of origins and destinations can be accessed.
As with transit stops, accessibility to transit routes by foot, bicycle, automobile, and
wheelchair is important. Because pedestrian and bicycle access can vary significantly
from one stop to the next, access by these modes is better addressed on a stop-by-stop
basis. In contrast, in the same amount of time it takes to walk or bike to a stop, motorists
can choose among several stops to drive to, park, and board transit. As long as one of
these stops meets the needs, the motorist has access to transit. The vehicle equipment
used along a route helps determine whether or not fixed-route transit service is available
to persons with disabilities. All new U.S. transit buses must meet ADA requirements, but
older buses in a fleet might not.

system
System availability measures relate to how many people have access to transit and
how often. Service coverage within a transit area that has a population or job density to
support at least hourly bus service (equivalent to a service frequency LOS E) is chosen as
the service measure. Service coverage determines how many people within the service

..-.
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area have access to transit. Once the areas with service have been identified, frequency
and hours of service can be used to determine the amount of service within smaller areas.
The combination of frequency, hours of service, and service coverage together provide a
reasonable planning-level assessment of the availability of transit service, requiring a
minimum of data collection and analysis.

Comfort and Convenience
Transit Stops
Whether or not one can find a seat on a transit vehicle is an important measure of
transit comfort. Passenger loads, the selected service measure, also influence boarding
and alighting times, which in turn affect total dwell time and the capacity of transit
routes.
The amenities provided at transit stops are another aspect of transit comfort but are
not a service measure because they depend on the daily boarding volumes at a given stop.
Achieving better levels of service would require facilities that might not be justified
economically. Reliability is a measure of convenience at a transit stop but also applies to
a transit route and will tend to have consistent values for a series of stops along a route
segment.

Passenger loads as service
measure

Route Segments

t

(......-

Reliability is used as the service measure for route segments because it not only
measures an aspect of service quality important to users, whether or not they get to their
destination on time, but also affects other service measures. If transit vehicles arrive in a
bunch, or not at all, the effective service frequency is reduced. Vehicles arriving late also
have higher passenger loadings, since they pick up not only their regular passengers but
others who have arrived early for the next vehicle.
Other measures of transit convenience on a route segment are the travel time
difference between transit and automobile (used as the system service measure) and travel
speed, both of which relate to the time it takes to make a trip by transit. Travel speed is
also important to transit operators. For example, if bus speeds can increase sufficiently
along a higher-frequency route to produce a time savings of one headway, the number of
buses required to operate the route can decrease, along with the operating costs.

Reliability as service measure

System
The travel time difference between transit and automobile (the absolute difference in
travel time from origin to destination by automobile and by transit) is an important
consideration in a passenger's decision to use transit. Systemwide, this measure can be
calculated by sampling locations and trip purposes within the analysis area, or by using a
transportation planning model that can calculate trip times for all combinations of origins
and destinations by transit and by automobile, for a variety of trip purposes.
An alternative performance measure is travel time, useful for indicating when higherspeed service (such as limited-stop or express service) should be considered between two
locations. Since travel time varies with the size of a community and the amount of traffic
congestion (for transit modes operating in mixed traffic), travel time is not suitable as a
service measure without defining different categories of city sizes. Safety, in terms of
both accident and crime rates, affects the image of the entire transit system and is another
systemwide comfort and convenience measure.
Chapter 27 presents specific threshold levels and applications for the service
measures related to transit facilities (transit stops and route segments). Chapters 29 and
30 describe applications for service measures related to transit systems. Specific
threshold levels for system-related transit service measures are found in the Transit
Capacity and Quality of Service Manual ( 1 ) .
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I.

INTRODUCTION

SCOPE OF THE METHODOLOGY

..,

This chapter provides a methodology for analyzing urban streets. This methodology
also may be used to analyze suburban streets that have a traffic signal spacing of 2 mi or
less. Both one-way and two-way streets can be analyzed with this methodology;
however, each travel direction of the two-way street requires a separate analysis.
The methodology described in this chapter can be used to assess mobility on an
urban street. The degree of mobility provided is assessed in terms of travel speed for the
through-traffic stream. A street's access is not assessed with this methodology.
However, the level of access provided by a street also should be considered when
evaluating its performance, especially if the street is intended to provide access. Factors
that favor mobility often reflect minimal levels of access and vice versa.
The methodology described in this chapter focuses on mobility; urban streets with
mobility tend to be at least 2 mi long (or in downtown areas, 1 mi). A shorter street also
may be analyzed; however, it is likelier that its primary function is access. Access can be
evaluated to some degree through an analysis of the individual intersections along the
street.

Background and underlying
concepts for this chapter are
in Chapter 10

LIMITATIONS OF THE METHODOLOGY
The urban streets methodology does not directly account for the following conditions
that can occur between intersections:
Presence or lack of on-street parking;
Driveway density or access control;
Lane additions leading up to, or lane drops leading away from, intersections;
The impact of grades between intersections;
Any capacity constraints between intersections (such as a narrow bridge);
Midblock medians and two-way left-turn lanes;
Turning movements that exceed 20 percent of the total volume on the street;
Queues at one intersection backing up to and interfering with the operation of an
upstream intersection; and
Cross-street congestion blocking through traffic.
Because any one of these conditions might have a significant impact on the speed of
through traffic, the analyst should modify the methodology to incorporate the effects as
best as possible.

II. METHODOLOGY

For queue estimation method,
see Chapter 16, Appendix G

''

This methodology provides the framework for the evaluation of urban streets. If
field data on travel times are available, this framework can be used to determine the
street's level of service (LOS). Also, the direct measurement of the travel speed along an
urban street can provide an accurate estimate of LOS without using the computations
presented in this chapter.
Urban street traffic models can be used as alternative sources for field data, provided
that the input parameters-such as running times and saturation flow rates-are
determined according to the procedures in this manual, and that the calculated or
estimated delay and the delay outputs are based on the definitions and equations in this
manual or have been validated by field data. Exhibit 15-1 illustrates the basic method for
determining LOS on an urban street.
\-

-
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EXHIBIT 15-1. URBAN STREET METHODOLOGY
- Define segments and sections

- Length of segments

- Determine urban street

- Determine free-flow speed
Computation

Field Measurement

r

I

I

Travel Time
- Record time stopped at intersections
- Record travel time between segments

- Compute running time
- Compute intersection control delays

Compute Average Travel Speed
- By segment
- Over entire facility

r
Determine LOS

The analyst should be able to investigate the effect of signal spacing, street
classification, and traffic flow on LOS. The methodology uses the signalized intersection
procedure presented in Chapter 16 for the through-traffic lane group. By redefining the
lane arrangement (e.g., presence or absence of left-turn lanes, number of lanes), the
analyst can influence which trafiic flow is in the through-traffic lane group as well as the
capacity of the lane group; This redefinition, in turn, influences the street LOS by
changing the intersection evaluation and possibly the street classification.
LOS

Control delay

Through vehicles

Chapter 15 - Urban Streets
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Urban street LOS is based on average through-vehicle travel speed for the segment
or for the entire street under consideration. Travel speed is the basic service measure for
urban streets. The average travel speed is computed from the running times on the urban
street and the control delay of through movements at signalized intersections.
The control delay is the portion of the total delay for a vehicle approaching and
entering a signalized intersection that is attributable to traffic signal operation. Control
delay includes the delays of initial deceleration, move-up time in the queue, stops, and reacceleration.
The LOS for urban streets is influenced both by the number of signals per mile and
by the intersection control delay. Inappropriate signal timing, poor progression, and
increasing traffic flow can degrade the LOS substantially. Streets with medium-to-high
signal densities (i.e., more than two signals per mile) are more susceptible to these
factors, and poor LOS might be observed even before significant problems occur. On the
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other hand, longer urban street segments comprising heavily loaded intersections can
provide reasonably good LOS, although an individual signalized intersection might be
operating at a lower level. The term through vehicle refers to all vehicles passing directly
through a street segment and not turning.
Exhibit 15-2 lists urban street LOS criteria based on average travel speed and urban
street class. It should be noted that if demand volume exceeds capacity at any point on
the facility, the average travel speed might not be a good measure of the LOS. The street
classifications identified in Exhibit 15-2 are defined in the next section.
EXHIBIT 15-2. URBAN STREET LOS BY CLASS
Urban Street Class
Range of free-flow
S~eedsf FFS)
Typical FFS
LOS
A

I

I

I
55 to 45 milh

I

50 milh
> 42

II
45 to 35 milh

1

Ill
35 to 30 milh

40 milh
35 milh
Average Travel Speed (milh)
> 35
> 30

1

IV
35 to 25 milh

Travel speed defines LOS on
urban streets

30 milh
> 25

DETERMINING URBAN STREET CLASS
The first step in the analysis is to determine the urban street's class. This can be
based on direct field measurement of the FFS or on an assessment of the subject street's
functional and design categories. A procedure for measuring the FFS is described in
Appendix B.
If the FFS measurements are not available, the street's functional and design
categories must be used to identify its class. The functional category is identified first,
followed by the design category. This identification uses the definitions provided in
Chapter 10 and Exhibit 10-4. After determining the functional and design categories, the
urban street class can be established using Exhibit 10-3.

DETERMINING RUNNING TIME
There are two principal components of the total time that a vehicle spends on a
segment of an urban street: running time and control delay at signalized intersections. To
compute the running time for a segment, the analyst must know the street's classification,
its segment length, and its FFS. The segment running time then can be found by using
Exhibit 15-3.
Within each urban street class there are several influences on actual running time.
Exhibit 15-3 shows the effect of street length. In addition, the presence of parking, side
friction, local development, and street use can affect running time. In this chapter, these
also are assumed to influence the FFS. Direct observation of the FFS, therefore, includes
the effect of these factors and, by implication, their effect on the running speed.
If it is not possible to observe'the FFS on the actual or a comparable facility, default
values are given in a note to Exhibit 15-3.

Runnin time is estimated
using &s, urban street
classification, and arterial
segment length

DETERMINING DELAY

i..

Computing the urban street or section speed requires the intersection control delays.
Because the function of an urban street is to serve through traffic, the lane group for
through traffic is used to characterize the urban street.
.
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EXHIBIT 15-3. SEGMENT RUNNING TIME PER MILE

Urban Street Class
FFS Imilh)
Average Segment
Lenath (mi)

Running Time per Mile (slmi)

Notes:
a. It is best to have an estimate of FFS. If there is none, use the table above, assuming the following default values:
For Class
FFS (milh)
I
50
II
40
111
35
IV
30
b. If a Class I or II urban street has a segment length less than 0.20 mi (a) reevaluate the class and (b) if it remains a distinct
segment. use the values for 0.20 mi.
c. For long segment lengths on Class I or II urban streets (1 mi or longer), FFS may be used to compute running time per mile.
These times are shown in the entries for a 1.0-mi segment
d. Likewise, Class Ill or IV urban streets with segment lengths greater than 0.25 mi should first be reevaluated (i.e., the
classificalion should be confirmed). If necessaly, the values above 0.25 mi can be extrapolated.
Although this table does not show it, segment running time depends on traffic flow rates; however, the dependence of
intersection delay on traffic flow rate is greater and dominates in the computation of travel speed.

The control delay for the through movement is the appropriate delay to use in an
urban street evaluation. In general, the analyst should have this information because the
intersections should have been evaluated individually as part of the overall analysis.
Equation 15-1 is used to compute control delay. Equations 15-2 and 15-3 are used to
compute uniform delay and incremental delay, respectively.
d = d l ( P f ) + d2 + d3
(15-1)

where
d
d,
d2
d3
PF
X

C h a p t e r 15 - U r b a n Streets
Methodology

=
=
=
=
=
=

control delay (slveh);
uniform delay (slveh);
incremental delay (slveh);
initial queue delay, see Chapter 16 (slveh);
progression adjustment factor (Exhibit 15-5);
volume to capacity (vlc) ratio for the lane group (also termed degree of
saturation);
cycle length (s);
capacity of lane group (vehfh);
effective green time for lane group (s);
duration of analysis period (h);

i
\.
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k

= incremental delay adjustment for the actuated control; and

I

= incremental delay adjustment for the filtering or metering by upstream

signals.

Uniform Delay
Equation 15-2 gives an estimate of control delay assuming perfectly uniform arrivals
and a stable flow. It is based on the first term of Webster's delay formulation and is
accepted as an accurate depiction of delay for the ideal case of uniform arrivals. Values
of X greater than 1.0 are not used in the computation of dl.

The v/c ratio (X) for a lane
group cannot be greater than
1.0 to compute uniform delay

Incremental Delay
Equation 15-3 estimates the incremental delay due to nonuniform arrivals aid
individual cycle failures (i.e., random delay) as well as delay caused by sustained periods
of oversaturation (i.e., oversaturation delay). The equation interrelates the degree of
saturation (X) of the lane group, the duration of the analysis (T), the capacity of the lane
group (c), and the signal control (k). The equation assumes that all demand flow has been
serviced in the previous analysis period-that is, there is no initial queue. If there is,
Appendix F of Chapter 16 offers procedures to account for the effect of an initial queue.
The incremental delay term is valid for all degrees of saturation.

Initial Queue Delay
When a queue from the previous period is present at the start of the analysis, newly
arriving vehicles experience initial queue delay. This delay results from the additional
time required to clear the initial queue. Its magnitude depends on the size of the initial
queue, the length of the analysis period, and the vlc ratio for that period. A procedure for
determining the initial queue delay also is described in Appendix F of Chapter 16.

C
\ -

See also Appendix F of
Chapter 16

Arrival Type and Platoon Ratio
A critical characteristic that must be quantified for the analysis of an urban street or
signalized intersection is the quality of the progression. The parameter that describes this
characteristic is the arrival type, AT, for each lane group. This parameter approximates
the quality of progression by defining six types of dominant arrival flow.
Arrival Type 1 is characterized by a dense platoon of more than 80 percent of the
lane group volume arriving at the start of the red phase. This arrival type represents
network links that experience a poor rate of progression due to various conditions,
including lack of coordination.
Arrival Type 2 is characterized by a moderately dense platoon that arrives in the
middle of the red phase or by a dispersed platoon of 40 to 80 percent of the lane group
volume arriving throughout the red phase. This arrival type represents an unfavorable
progression along an urban street.
Arrival Type 3 consists of random arrivals in which the main platoon contains less
than 40 percent of the lane group volume. This arrival type represents operations at
noninterconnected, signalized intersections with highly dispersed platoons. It also may
be used to represent a coordinated operation with minimal benefits of progression.
Arrival Type 4 consists of a moderately dense platoon that arrives in the middle of
the green phase or of a dispersed platoon of 40 to 80 percent of the lane group volume
arriving throughout the green phase. This arrival type represents a favorable progression
along an urban street.
Arrival Type 5 is characterized by a dense to moderately dense platoon of more than
80 percent of the lane group volume arriving at the start of the green phase. This arrival
type represents a highly favorable progression, which may occur on routes with a low-tomoderate number of side street entries and which receive high priority in signal timing.

Six arrival types

-
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Arrival Type 6 is reserved for exceptional progression quality on routes with nearideal characteristics. It represents dense platoons progressing over several closely spaced
intersections with minimal or negligible side street entries.
Arrival type is best observed in the field but can be approximated by examining
time-space diagrams for the street. The arrival type should be determined as accurately
as possible because it has a significant impact on delay estimates and LOS determination.
Although there are no definitive parameters to quantify arrival type, the ratio defined by
Equation 15-4 is useful.

where

Rp
P

C
g

=
=
=
=

platoon ratio,
proportion of all vehicles arriving during green,
cycle length (s), and
effective green time for movement (s).

The value for P may be estimated or observed in the field, whereas C and g are
computed from the signal timing. The value of P may not exceed 1.0. The approximate
ranges of Rp relate to arrival type as shown in Exhibit 15-4, which also suggests default
values for use in subsequent computations.
EXHIBIT 15-4. RELATIONSHIP BETWEEN ARRIVAL TYPE AND PLATOON RATIO (g)
Arrival Type
1

Range of Platoon Ratio (R,)
1 0.50

6

> 2.00

Default Value (R,)
0.333

2.000

Progression Quality
Very poor
Unfavorable
Random arrivals
Favorable
Highly favorable
Exceptional

Progression Adjustment Factor
Good signal progression results in the arrival of a high proportion of vehicles on the
green; poor signal progression results in the arrival of a low proportion of vehicles on the
green. The progression adjustment factor, PF, applies to all coordinated lane groups,
whether the control is pretimed or nonactuated in a semiactuated system. Progression
primarily affects uniform delay; for this reason, the adjustment is applied only to dl. The
value of PF may be determined by Equation 15-5.

where
PF
P
g/C
fpA

=
=
=
=

progression adjustment factor,
proportion of all vehicles arriving during green,
effective green-time ratio, and
supplemental adjustment factor for platoon arrival during the green.

The value of P may be measured in the field or estimated from the time-space
diagram. The value of PF also may be computed from measured values of P using the
default values for fPA. Alternatively, Exhibit 15-5 may be used to determine PF as a
function of the arrival type based on the default values for P and fpAassociated with each
arrival type. If PF is estimated by Equation 15-5, its value may not exceed 1.0 for Arrival
Chapter 15 - Urban Streets
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I. INTRODUCTION
SCOPE OF THE METHODOLOGY
This chapter contains a methodology for analyzing the capacity and level of service
(LOS) of signalized intersections. The analysis must consider a wide variety of
prevailing conditions, including the amount and distribution of traffic movements, traffic
composition, geometric characteristics, and details of intersection signalization. The
methodology focuses on the determination of LOS for known or projected conditions.
The methodology addresses the capacity, LOS, and other performance measures for
lane groups and intersection approaches and the LOS for the intersection as a whole.
Capacity is evaluated in terms of the ratio of demand flow rate to capacity (vlc ratio),
whereas LOS is evaluated on the basis of control delay per vehicle (in seconds per
vehicle). Control delay is the portion of the total delay attributed to traffic signal
operation for signalized intersections. Control delay includes initial deceleration delay,
queue move-up time, stopped delay, and final acceleration delay. Appendix A presents a
method for observing intersection control delay in the field. Exhibit 10-9 provides
definitions of the basic terms used in this chapter.
Each lane group is analyzed separately. Equations in this chapter use the subscript i
to indicate each lane group. The capacity of the intersection as a whole is not addressed
because both the design and the signalization of intersections focus on the
accommodation of traffic movement on approaches to the intersection.
The capacity analysis methodology for signalized intersections is based on known or
projected signalization plans. Two procedures are available to assist the analyst in
establishing signalization plans. The first is the quick estimation method, which produces
estimates of the cycle length and green times that can be considered to constitute a
reasonable and effective signal timing plan. The quick estimation method requires
minimal field data and relies instead on default values for the required traffic and control
parameters. It is described and documented in Chapter 10.
A more detailed procedure is provided in Appendix B of this chapter for estimating
the timing plan at both pretimed and traffic-actuated signals. The procedure for pretimed
signals provides the basis for the design of signal timing plans that equalize the degree of
saturation on the critical approaches for each phase of the signal sequence. This
procedure does not, however, provide for optimal operation.
The methodology in this chapter is based in part on the results of a National
Cooperative Highway Research Program (NCHRP) study (1, 2). Critical movement
capacity analysis techniques have been developed in the United States (3-5), Australia
Great Britain (7), and Sweden (8). Background for delay estimation procedures was
developed in Great Britain (7), Australia (9, lo), and the United States (11). Updates to
the original methodology were developed subsequently (12-24).

Background and underlying
concepts for this chapter are
in Chapter 10

A lane group is indicated in
formulas by the subscript i

See Chapter 10 for
description of quick estimation
method

(a,

LIMITATIONSTO THE METHODOLOGY
The methodology does not take into account the potential impact of downstream
congestion on intersection operation. Nor does the methodology detect and adjust for the
impacts of turn-pocket overflows on through traffic and intersection operation.

II. METHODOLOGY
Exhibit 16-1 shows the input and the basic computation order for the method. The
primary output of the method is level of service (LOS). This methodology covers a wide
range of operational configurations, including combinations of phase plans, lane
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utilization, and left-turn treatment alternatives. It is important to note that some of these
configurations may be considered unacceptable by some operating agencies from a traffic
safety point of view. The safety aspect of signalized intersections cannot be ignored, and
the provision in this chapter of a capacity and LOS analysis methodology for a specific
operational configuration does not imply an endorsement of the suitability for application
of such a configuration.
EXHIBIT 16-1. SIGNALIZED INTERSECTION METHODOLOGY

[

1

Input Parameters

- Geometric

Traffic

- Signal

i

Lane Grouping and Demand
Flow Rate
- Lane
grouping
-. .-

1[

Saturation Flow Rate

- Basic equation
- Adiustment factors

\

Capacity and vlc
- Capacity
- vlc

- Delav
- Progression adjustment

Los'

-

Back of queue

j,

LOS
The average control delay per vehicle is estimated for each lane group and
aggregated for each approach and for the intersection as a whole. LOS is directly related
to the control delay value. The criteria are listed in Exhibit 16-2.
EXHIBIT 16-2. LOS CRITERIA FOR SIGNALIZED INTERSECTIONS
LOS criteria
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LOS
A
B
C
D
E
F

Control Delay per Vehicle (slveh)
5 10
> 1c-20
> 2C-35

> 35-55
> 5580
> 80
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INPUT PARAMETERS
Inputs needed
Geometric,
Traffic, and
Signalization

Exhibit 16-3 provides a summary of the input information required to conduct an
operational analysis for signalized intersections. This information forms the basis for
selecting computational values and procedures in the modules that follow. The data
needed are detailed and varied and fall into three main categories: geometric, traffic, and
signalization.
EXHIBIT 16-3. INPUT DATA NEEDS FOR EACH ANALYSIS LANE GROUP
Type of Condition
Geometric conditions

Traffic conditions

Signalization conditions

Parameter
Area type
Number of lanes, N
Average lane width, W (tl)
Grade, G (%)
Existence of exclusive LT or lanes
Length of storage bay, LT or RT lane, L, (tl)
Parking
Demand volume by movement, V (veh/h)
Base saturation flow rate, so (pc/h/ln)
Peak-hour factor, PHF
Percent heavy vehicles, HV (%)
Approach pedestrian flow rate, vped(plh)
Local buses stopping at intersection, NB (buseslh)
Parking activity, N, (maneuverslh)
Arrival type, AT
Proportion of vehicles arriving on green, P
Approach speed, SA (milh)
Cycle length, C (s)
Green time, G (s)
Yellow-plus-all-red change-and-clearance interval
(intergreen), Y (s)
Actuated or pretimed operation
Pedestrian push-button
Minimum pedestrian green, Gp (s)
Phase plan
Analysis period, T (h)

Geometric Conditions
Intersection geometry is generally presented in diagrammatic form and must include

all of the relevant information, including approach grades, the number and width of lanes,
and parking conditions. The existence of exclusive left- or right-turn lanes should be
noted, along with the storage lengths of such lanes.
When the specifics of geometry are to be designed, these features must be assumed
for the analysis to continue. State or local policies and guidelines should be used in
establishing the trial design. When these are not readily available, Chapter 10 contains
suggestions for geometric design that may be useful in preparing &assumed preliminary
design for analysis.

Traffic Conditions

C

Traffic volumes (for oversaturated conditions, demand must be used) for the
intersection must be specified for each movement on each approach. These volumes are
the flow rates in vehicles per hour for the 15-min analysis period, which is the duration of

15-min flow rates can be
estimated using houdy
volumes and PHFs

-
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The arrival type is best observed in the field but can be approximated by examining
time-space diagrams for the street in question. The arrival type should be determined as
accurately as possible because it will have a significant impact on delay estimates and
LOS determination. Although there are no definitive parameters to precisely quantify
arrival type, the platoon ratio is computed by Equation 16-1.

where
Rp
P

C
gi

= platoon ratio,
= proportion of all vehicles in movement arriving during green phase,
= cycle length (s), and
= effective green time for movement or lane group (s).

P may be estimated or observed in the field, whereas gi and C are computed from the
signal timing. The value of P may not exceed 1.0.
Signalization Conditions
Complete information regarding signalization is needed to perform an analysis. This
information includes a phase diagram illustrating the phase plan, cycle length, green
times, and change-and-clearance intervals. Lane groups operating under actuated control
must be identified, including the existence of push-button pedestrian-actuated phases.
If pedestrian timing requirements exist, the minimum green time for the phase is
indicated and provided for in the signal timing. The minimum green time for a phase is
estimated by Equation 16-2 or local practice.

where

= minimum green time (s),
= crosswalk length (ft),
= average speed of pedestrians (ft/s),
Sp
WE = effective crosswalk width (ft),
3.2 = pedestrian start-up time (s), and
Nped = number of pedestrians crossing during an interval @).
Gp

L

It is assumed that the 15th-percentilewalking speed of pedestrians crossing a street is
4.0 ft/s in this computation. This value is intended to accommodate crossing pedestrians
who walk at speeds slower than the average. Where local policy uses different criteria for
estimating minimum pedestrian crossing requirements, these criteria should be used in
lieu of Equation 16-2.
When signal phases are actuated, the cycle length and green times will vary from
cycle to cycle in response to demand. To establish values for analysis, the operation of
the signal should be observed in the field during the same period that volumes are
observed. Average field-measured values of cycle length and green time may then be
used.
When signal timing is to be established for analysis, state or local policies and
procedures should be applied where appropriate. Appendix B contains suggestions for
the design of a trial signal timing. These suggestions should not be construed to be
standards or criteria for signal design. A trial signal timing cannot be designed until the
volume adjustment and saturation flow rate modules have been completed. In some

15th-percentile pedestrian
speed is assumed as 4.0 Ms.
Local values can be
substituted.

-
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cases, the computations will be iterative because left-turn adjustments for permitted turns
used in the saturation flow rate module depend on signal timing. Appendix B also
contains suggestions for estimating the timing of an actuated signal if field observations
are unavailable.
An operational analysis requires the specification of a signal timing plan for the
intersection under study. The planning level application presented in Chapter 10 offers a
procedure for establishing a reasonable and effective signal timing plan. This procedure
is recommended only for the estimation of LOS and not for the design of an
implementable signal timing plan. The signal timing design process is more complicated
and involves, for example, iterative checks for minimum green-time violations. When
phases are traffic actuated, the timing plan will differ for each cycle. The traffic-actuated
procedure presented in Appendix B can be used to estimate the average cycle length and
phase times under these conditions provided that the signal controller settings are
available.
The design of an implementable timing plan is a complex and iterative process that
can be carried out with the assistance of computer software. Although the methodology
presented here is oriented toward the estimation of delay at traffic signals, it was
suggested earlier that the computations can be applied iteratively to develop a signal
timing plan. Some of the available signal timing software products employ the
methodology of this chapter, at least in part.
There are, however, several aspects of signal timing design that are beyond the scope
of this manual. One such aspect is the choice of the timing strategy itself. At
intersections with traffic-actuated phases, the signal timing plan is determined on each
cycle by the instantaneous traffic demand and the controller settings. When all of the
phases are pretimed, a timing plan design must be developed. Timing plan design and
estimation are covered in detail in Appendix B.

Appendix B contains
procedure for estimating
average cycle lengths
under actuated control
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Exclusive

Shared

The analyst should
determine if there is a
de facto left-turn lane

1

,
-

The methodology for signalized intersections is disaggregate; that is, it is designed to
consider individual intersection approaches and individual lane groups within approaches.
Segmenting the intersection into lane groups is a relatively simple process that considers
both the geometry of the intersection and the distribution of traffic movements. In
general, the smallest number of lane groups is used that adequately describes the
operation of the intersection. The following guidelines may be applied.
An exclusive left-turn lane or lanes should normally be designated as a separate
lane group unless there is also a shared left-through lane present, in which case the proper
lane grouping will depend on the distribution of traffic volume between the movements.
The same is true of an exclusive right-turn lane.
On approaches with exclusive left-turn or right-turn lanes, or both, all other lanes
on the approach would generally be included in a single lane group.
When an approach with more than one lane includes a lane that may be used by
both left-turning vehicles and through vehicles, it is necessary to determine whether
equilibrium conditions exist or whether there are so many left turns that the lane
essentially acts as an exclusive left-turn lane, which is referred to as a de facto left-turn
lane.
De facto left-turn lanes cannot be identified effectively until the proportion of left
turns in the shared lane has been computed. If the computed proportion of left turns in
the shared lane equals I .O (i.e., 100 percent), the shared lane must be considered a de
facto left-turn lane.
When two or more lanes are included in a lane group for analysis purposes, all
subsequent computations treat these lanes as a single entity. Exhibit 16-5 shows some
common lane groups used for analysis.
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EXHIBII'
Number
of Lanes

16-5. TYPICAL LANE GROUPS FOR ANALYSIS

Movements by Lanes

Number of Possible Lane Groups

(Single-lane approach)

EXC LT

2
0

2
TH + RT

7

0
EXC LT

d
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DETERMINING FLOW RATE
Demand volumes are best provided as average flow rates (in vehicles per hour) for
the analysis period. Although analysis periods are usually 15 min long, the procedures
for this chapter allow for any length of time to be used. However, demand volumes may
also be stated for a time that encompasses more than one analysis period, such as an
hourly volume. In such cases, peaking factors must be provided that convert these to
demand flow rates for each particular analysis period.

I

Alternative Study Approaches

C....

Two major analytic steps are performed in the volume adjustment module.
Movement volumes are adjusted to flow rates for each desired period of analysis, if
necessary, and lane groups for analysis are established. Exhibit 16-6 demonstrates three
alternative ways in which an analyst might proceed for a given study. Other alternatives
exist. Approach A is the one that has traditionally been used in the HCM. The length of
the period being analyzed is only 15 min, and the analysis period (T), therefore, is 15 min
or 0.25 h. In this case, either a peak 15-min volume is available or one is derived from an
hourly volume by use of a PHF. A difficulty with considering only one 15-min period is
that a queue may be left at the end of the analysis period because of demand in excess of
capacity. In such cases it is possible that the queue carried over to the next period will
result in delay to vehicles that arrive in that period beyond that which would have
resulted had there not been a queue carryover.

If queue carryover occurs, a
multiple-period analysisis
best

.
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EXHIBIT 16-6. THREE ALTERNATIVE STUDY APPROACHES
Approach A may involve
use of PHF, but
Approach C will not
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Approach B involves a study of an entire hour of operation at the site using an
analysis period (T) of 60 rnin. In this case, the analyst may have included the more
critical period of operation, missed under Approach A, but because the volume being
used is an hourly one, it implicitly assumes that the arrival of vehicles on the approach is
distributed equally across the period of study. Therefore, the effects of peaking within
the hour may not be identified, especially if, by the end of the hour, any excess queuing
can be dissipated. The analyst therefore runs the risk of underestimating delays during
the hour. If a residual queue remains at the end of 60 min, a second 60-min period of
analysis can be used (and so on) until the total period ends with no excess queue.
Approach C involves a study of the entire hour but divides it into four 15-min
analysis periods (T). The procedures in this chapter allow the analyst to account for
queues that carry over to the next analysis period. Therefore, when demand exceeds
capacity during the study period, a more accurate representation of delay experienced
during the hour can be achieved using this method.
A peak 15-min flow rate is derived from an hourly volume by dividing the
movement volumes by an appropriate PHF, which may be defined for the intersection as
a whole, for each approach, or for each movement. The flow rate is computed using
Equation 16-3.

,F

t.

where
vp
V
PHF
Use of a single PHF
assumes that all
movements peak in the
same period

-

= flow rate during peak 15-min period (vehh),
= hourly volume (vehh), and
= peak-hour factor.

The conversion of hourly volumes to peak flow rates using the PHF assumes that all
movements peak during the same 15-min period, and somewhat higher estimates of
control delay will result. PHF values of 1.0 should be used if 15-min flow rates are
entered directly. Because not all intersection movements may peak at the same time, it is
valuable to observe 15-min flows directly and select critical periods for analysis. It is
particularly conservative if different PHF values are assumed for each movement. It
should be noted also that statistically valid surveys of the PHF for individual movements
are difficult to obtain during a single peak hour.
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Adjustment for Right Turn on Red

i

When right turn on red (RTOR) is permitted, the right-turn volume for analysis may
be reduced by the volume of right-turning vehicles moving on the red phase. This
reduction is generally done on the basis of hourly volumes before the conversion to flow
rates.
The number of vehicles able to turn right on a red phase is a function of several
factors, including
Approach lane allocation (shared or exclusive right-turn lane),
Demand for right-turn movements,
Sight distance at the intersection approach,
Degree of saturation of the conflicting through movement,
Arrival patterns over the signal cycle,
Left-turn signal phasing on the conflicting street, and
Conflicts with pedestrians.
For an existing intersection, it is appropriate to consider the RTORs that actually
occur. For both the shared lane and the exclusive right-turn lane conditions, the number
of RTORs may be subtracted from the right-turn volume before analysis of lane group
capacity or LOS. At an existing intersection, the number of RTORs should be
determined by field observation.
If the analysis is dealing with future conditions or if the RTOR volume is not known
from field data, it is necessary to estimate the number of RTOR vehicles. In the absence
of field data, it is preferable for most purposes to utilize the right-turn volumes directly
without a reduction for RTOR except when an exclusive right-turn lane movement runs
concurrent with a protected left-turn phase from the cross street. In this case the total
right-turn volume for analysis can be reduced by the number of shadowed left turners.
Free-flowing right turns that are not under signal control should be removed entirely from
the analysis.

Subtract RTOR volume from
RT volume

If field data are not available,
ignore RTOR, except in
special cases. Remove freeflowing RTs from RT volume.

DETERMINING SATURATION FLOW RATE
A saturation flow rate for each lane group is computed according to Equation 16-4.
The saturation flow rate is the flow in vehicles per hour that can be accommodated by the
lane group assuming that the green phase were displayed 100 percent of the time (i.e., g/C
= 1.0).
s = so fw f ~ f,v fp fbb fa f~~ f~~ f~~ f ~ p bf ~ p b
(16-4)
where
s
so

N
fw
fHV
fg
fp

= saturation flow rate for subject lane group, expressed as a total for all
=
=
=
=
=
=

fbb

=

fa

=
=
=
=
=
=

fLU
fLT
fRT
fLpb
fRpb

lanes in lane group (vehth);
base saturation flow rate per lane @c/h/ln);
number of lanes in lane group;
adjustment factor for lane width;
adjustment factor for heavy vehicles in traffic stream;
adjustment factor for approach grade;
adjustment factor for existence of a parking lane and parking activity
adjacent to lane group;
adjustment factor for blocking effect of local buses that stop within
intersection area;
adjustment factor for area type;
adjustment factor for lane utilization;
adjustment factor for left turns in lane group;
adjustment factor for right turns in lane group;
pedestrian adjustment factor for left-turn movements; and
pedestrian-bicycle adjustment factor for right-turn movements.

See Exhibit 16-7 for fom?ulas.
For default values refer to
Chapter 10.
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Field measurement
method for saturation
flow is described in
Appendix H

Appendix H presents a field measurement method for determining saturation flow
rate. Field-measured values of saturation flow rate will produce more accurate results
than the estimation procedure described here and can be used directly without further
adjustment.

i

Base Saturation Flow Rate
Computations begin with the selection of a base saturation flow rate, usually 1,900
passenger cars per hour per lane (pclhtln). This value is adjusted for a variety of
conditions. The adjustment factors are given in Exhibit 16-7.
Do not use width < 8.0 ft
for calculations

Adjustment for Lane Width
The lane width adjustment factor, f,, accounts for the negative impact of narrow
lanes on saturation flow rate and allows for an increased flow rate on wide lanes.
Standard lane widths are 12 ft. The lane width factor may be calculated with caution for
lane widths greater than 16 ft, or an analysis using two narrow lanes may be conducted.
Note that use of two narrow lanes will always result in a higher saturation flow rate than a
single wide lane, but in either case, the analysis should reflect the way in which the width
is actually used or expected to be used. In no case should the lane width factor be
calculated for widths less than 8.0 ft.
Adjustment for Heavy Vehicles and Grade
The effects of heavy vehicles and approach grades are treated by separate factors,
fHVand fg, respectively. Their separate treatment recognizes that passenger cars are
affected by approach grades, as are heavy vehicles. Heavy vehicles are defined as those
with more than four tires touching the pavement. The heavy-vehicle factor accounts for
the additional space occupied by these vehicles and for the difference in operating
capabilities of heavy vehicles compared with passenger cars. The passenger-car
equivalent (ET) used for each heavy vehicle is 2.0 passenger-car units and is reflected in
the formula. The grade factor accounts for the effect of grades on the operation of all
vehicles.

Parking maneuver
assumed to block traffic
for 18 s. Use practical
limit of 180 maneuvetsh.

Applies to bus stops
within 250 ft of the stop
line and a limit of 250
busesh
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Adjustment for Parking
The parking adjustment factor, fp, accounts for the frictional effect of a parking lane
on flow in an adjacent lane group as well as for the occasional blocking of an adjacent
lane by vehicles moving into and out of parking spaces. Each maneuver (either in or out)
is assumed to block traffic in the lane next to the parking maneuver for an average of
18 s. The number of parking maneuvers used is the number of maneuvers per hour in
parking areas directly adjacent to the lane group and within 250 ft upstream from the stop
line. If more than 180 maneuvers per hour exist, a practical limit of 180 should be used.
If the parking is adjacent to an exclusive turn lane group, the factor only applies to that
lane group. On a one-way street with no exclusive turn lanes, the number of maneuvers
used is the total for both sides of the lane group. Note that parking conditions with zero
maneuvers have a different impact than a no-parking situation.
Adjustment for Bus Blockage
The bus blockage adjustment factor, fbb,accounts for the impacts of local transit
buses that stop to discharge or pick up passengers at a near-side or far-side bus stop
within 250 ft of the stop line (upstream or downstream). This factor should only be used
when stopping buses block traffic flow in the subject lane group. If more than 250 buses
per hour exist, a practical limit of 250 should be used. When local transit buses are
believed to be a major factor in intersection performance, Chapter 27 may be consulted
for more information on this effect. The factor used here assumes an average blockage
time of 14.4 s during a green indication.

1
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EXHIBIT 16-7. ADJUSTMENT FACTORS FOR SATURATION FLOW RATEa
Factor
Lane width
,f = 1+Heavy
vehicles
Grade

Definition of Variables
W = lane width (ft)

Formula
(w-12)
30

100
100+ %HV(E,

f ~ =v

- I)

%G
f -I-- 200

Parking

18N,
3600

N-0.1-f, =

Bus blockage

N
N--

fbbb

14.4NB
3600

Type of area

fa = 0.900 in CBD
fa = 1.000 in all other areas

Lane
utilization

,,f

Left turns

= v,/(v,I

Protected phasing:
Exclusive lane:
fLT= 0.95
Shared lane:
f

Right turns

Pedestrianbicycle
blockage

N)

LT

% HV = % heavy vehicles for
lane group volume

Notes
W 1 8.0
If W > 16, a two-lane analysis
may be considered
ET= 2.0 pc1HV

% G = % grade on a lane
group approach

-6 I
%GI
+10
Negative is downhill

N = number of lanes in lane
group
N, = number of parking
maneuverslh
N = number of lanes in lane
group
NB= number of buses
stoppinglh

0 5 N, I
180
f ,0.050
i l . 0 0 0 for no p a l n g

(

0I
NBI 2 5 0
fbb2 0.050

vg = unadjusted demand flow
rate for the lane group,
vehlh
vgl = unadjusted demand flow
rate on the single lane in
the lane group with the
highest volume
N = number of lanes in the
lane group
PLT= proportion of LTs in
See Exhibit C16-1, Appendix
C, for nonprotected phasing
lane group
alternatives

1
- 1.0 +o.05PLT

Exclusive lane:
, f = 0.85
Shared lane:
fRT= 1.0- (o.15)PRT
Single lane:
fRT= 1.0 - (0.135)Pm
LT adjustment:
b,,f
= 1.0 - PLT(~
-Apb~)
(1 - pLTA)
RT adjustment:
f = 1 - ( 1A
(1 - PRTA)

,P = proportion of RTs in
lane group

fRT2 0.050

PLT= proportion of LTs in lane Refer to Appendix D for stepby-step procedure
group
ApbT= permitted phase
adjustment
PLTA= proportion of LT
protected green over
total LT green
,P = proportion of RTs in
lane group
PRTA= proportion of RT
protected green over
total RT green

Note:
See Chapter 10, Exhibit 10-12, for default values of base saturation flow rates and variables used to derive adjustment factors.
a. The table contains formulas for all adjustmentfactors. However, for situations in which permitted phasing is involved, either
by itself or in combinationwith protected phasing, separate tables are provided, as indicated in this exhibit
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I
The factor reflects
increased headways due
to regular and frequent
interferences

I

I

Adjustment for Area Type

The area type adjustment factor, fa, accounts for the relative inefficiency of
intersections in business districts in comparison with those in other locations.
Application of this adjustment factor is typically appropriate in areas that exhibit
central business district (CBD) characteristics. These characteristics include narrow
street rights-of-way, frequent parking maneuvers, vehicle blockages, taxi and bus activity,
small-radius turns, limited use of exclusive turn lanes, high pedestrian activity, dense
population, and mid-block curb cuts. Use of this factor should be determined on a caseby-case basis. This factor is not limited to designated CBD areas, nor will it need to be
used for all CBD areas. Instead, this factor should be used in areas where the geometric
design and the traffic or pedestrian flows, or both, are such that the vehicle headways are
significantly increased to the point where the capacity of the intersection is adversely
affected.
Adjustment for Lane Utilization
The lane utilization adjustment factor, fLu, accounts for the unequal distribution of
traffic among the lanes in a lane group with more than one lane. The factor provides an
adjustment to the base saturation flow rate. The adjustment factor is based on the flow in
the lane with the highest volume and is calculated by Equation 16-5:

where
fLU

vg
vgl
N

= lane utilization adjustment factor,
= unadjusted demand flow rate for lane group (vehh),
= unadjusted demand flow rate on single lane with highest volume in lane

group (vehh), and
= number of lanes in lane group.

i

This adjustment is normally applied and can be used to account for the variation of
traffic flow on the individual lanes in a lane group due to upstream or downstream
roadway characteristics such as changes in the number of lanes available or flow
characteristics such as the prepositioning of traffic within a lane group for heavy turning
movements.
Actual lane volume distributions observed in the field should be used, if known, in
the computation of the lane utilization adjustment factor. A lane utilization factor of 1.0
can be used when uniform traffic distribution can be assumed across all lanes in the lane
group or when a lane group comprises a single lane. When average conditions exist or
traffic distribution in a lane group is not known, the default values summarized in
Chapter 10 can be used. Guidance on how to account for impacts of short lane adds or
drops is also given in Chapter 10.

I
The right-turn adjustment
factor is 1.0 if the lane
group does not include
any right turns

Adjustment for Right Turns
The right-turn adjustment factors, fRT,in Exhibit 16-7 are primarily intended to
reflect the effect of geometry. A separate pedestrian and bicycle blockage factor is used
to reflect the volume of pedestrians and bicycles using the conflicting crosswalk.
The right-turn adjustment factor depends on a number of variables, including
Whether the right turn is made from an exclusive or shared lane, and
Proportion of right-turning vehicles in the shared lanes.
The right-turn factor is 1.0 if the lane group does not include any right turns. When
RTOR is permitted, the right-turn volume may be reduced as described in the discussion
of RTOR.

I,-..
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Adjustment for Left Turns
The left-turn adjustment factor, fLT,is based on variables similar to those for the
.
right-turn adjustment factor, including
Whether left turns are made from exclusive or shared lanes,
Type of phasing (protected, permitted, or protected-plus-permitted),
Proportion of left-turning vehicles using a shared lane group, and
Opposing flow rate when permitted left turns are made.
An additional factor for pedestrian blockage is provided, based on pedestrian
volumes. Left-turn adjustment factors are used for six cases of left-turn phasing, as
follows:
Case 1: Exclusive lane with protected phasing,
Case 2: Exclusive lane with permitted phasing,
Case 3: Exclusive lane with protected-plus-permitted phasing,
Case 4: Shared lane with protected phasing,
Case 5: Shared lane with permitted phasing, and
Case 6: Shared lane with protected-plus-permitted phasing.

4'-.

The left-turn adjustment factor
is 1.0 if the lane group does
not include any left turns

Left Turn Adjustment
Cases
Phasing
Protected
Permitted
ProVPerm

Adjustment for Pedestrians and Bicyclists
The procedure to determine the left-turn pedestrian-bicycle adjustment factor, fLpb,
and the right-turn pedestrian-bicycle adjustment factor, fRpb,consists of four steps. The
first step is to determine average pedestrian occupancy, which only accounts for the
pedestrian effect. Then relevant conflict zone occupancy, which accounts for both
pedestrian and bicycle effects, is determined. Relevant conflict zone occupancy takes
into account whether other traffic is also in conflict (e.g., adjacent bicycle flow for the
case of right turns or opposing vehicle flow for the case of left turns). In either case,
adjustments to the initial occupancy are made. The proportion of green time in which the
conflict zone is occupied is determined as a function of the relevant occupancy and the
number of receiving lanes for the turning vehicles.
The proportion of right turns using the protected portion of a protected-pluspermitted phase is also needed. This proportion should be determined by field
observation, but a gross estimate can be made from the signal timing by assuming that the
proportion of right-turning vehicles using the protected phase is approximately equal to
the proportion of the turning phase that is protected. If PRTA= 1.0 (that is, the right turn
is completely protected from conflicting pedestrians), a pedestrian volume of zero should
be used.
Finally, the saturation flow adjustment factor is calculated from the final occupancy
on the basis of the turning movement protection status and the percent of turning traffic in
the lane group. A comprehensive step-by-step procedure is provided in Appendix D.
DETERMINING CAPACITY AND v/c RATIO
Capacity
Capacity at signalized intersections is based on the concept of saturation flow and
saturation flow rate. The flow ratio for a given lane group is defined as the ratio of the
actual or projected demand flow rate for the lane group (vi) and the saturation flow rate
(si). The flow ratio is given the symbol ( ~ 1 sfor
) ~ lane group i. The capacity of a given
lane group may be stated as shown in Equation 16-6:

Capacity and flow ratio
defined
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where
ci
si
gi/C

V/C

Green ratio defined
De ree of saturation
deRed

= capacity of lane group i (vehh),

= -saturationflow rate for lane group i (vehh), and
= effective green ratio for lane group i.

Ratio

The ratio of flow rate to capacity (vlc), often called the volume to capacity ratio, is
given the symbol X in intersection analysis. It is typically referred to as degree of
saturation. For a given lane group i, Xi is computed using Equation 16-7.

where
Xi
vi
s;
gi
C

= (v/c)i = ratio for lane group i,
= actual or projected demand flow rate for lane group i (vehh),
= saturation flow rate for lane group i (vehh),
= effective green time for lane group i (s), and
= cycle length (s).

Sustainable values of Xi range from 1.0 when the flow rate equals capacity to zero
when the flow rate is zero. Values above 1.0 indicate an excess of demand over capacity.
The capacity of the entire intersection is not a significant concept and is not specifically
defined here. Rarely do all movements at an intersection become saturated at the same
time of day.

(
X, is v/c for critical
movements, assuming
green time allocated
proportionately to v/s
values

I
i'

Critical Lane Groups
Another concept used for analyzing signalized intersections is the critical vlc ratio,
X,. This is the vlc ratio for the intersection as a whole, considering only the lane groups
that have the highest flow ratio (vls) for a given signal phase. For example, with a
two-phase signal, opposing lane groups move during the same green time. Generally,
one of these two lane groups will require more green time than the other (i.e., it will have
a higher flow ratio). This would be the critical lane group for that signal phase. Each
signal phase will have a critical lane group that determines the green-time requirements
for the phase. When signal phases overlap, the identification of these critical lane groups
becomes somewhat complex. The critical vlc ratio for the intersection is determined by
using Equation 16-8:

where
Xc

I z(:Ici

= critical vlc ratio for intersection;

= summation of flow ratios for all critical lane groups i;
C

L

= cycle length (s); and
= total lost time per cycle, computed as lost time, tL, for critical path of

movements (s).
Equation 16-8 is useful in evaluating the overall intersection with respect to the
geometrics and total cycle length and also in estimating signal timings when they are

-
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unknown or not specified by local policies or procedures. It gives the vlc ratio for all
critical movements, assuming that green time has been allocated in proportion to the vls
values. Flow ratios are computed by dividing the adjusted demand flow, v, computed in
the volume adjustment module by the adjusted saturation flow rate, s.
If the signal timing is not known, a timing plan will have to be estimated or assumed
to make these computations. Appendix B contains suggestions for making these
estimates, but state or local policies and guidelines should also be consulted. A quick
estimation method also offers a procedure for the synthesis of timing plans based on the
concepts presented in Chapter 10.
The v/c ratio for each lane group is computed directly by dividing the adjusted flows
by the capacities computed above, as in Equation 16-7. It is possible to have a critical vlc
ratio of less than 1.0 and still have individual movements oversaturated within the signal
cycle. A critical vlc ratio less than 1.0, however, does indicate that all movements in the
intersection can be accommodated within the defined cycle length and phase sequence by
proportionally allocating green time.
The X, value can, however, be misleading when used as an indicator of the overall
sufficiency of the intersection geometries, as is often required in planning applications.
The problem is that low flow rates dictate the need for short cycle lengths to minimize
delay. Equation 16-8 suggests that shorter cycle lengths produce a higher X, for a
specified level of traffic demand. Furthermore, many signal timing methods, including
the quick estimation method described in Appendix A of Chapter 10, are based on a fixed
target value of X,. This tends to make X, independent of the demand volumes.
The computation of the critical v/c ratio, X,, requires that critical lane groups be
identified. During each signal phase, green indications are displayed to one or more lane
groups. One lane group will have the most intense demand and will be the one that
determines the amount of green time needed. This lane group will be the critical lane
group for the phase in question.
The normalized measure of demand intensity in any lane group is given by the v/s
ratio. With no overlapping phases in the signal design, such as in a simple two-phase
signal, the determination of critical lane groups is straightforward. In each discrete phase,
the lane group with the highest vls ratio is critical.
Overlapping phases are more difficult to analyze because various lane groups may
have traffic flow in several phases of the signal, and some left-turn movements may
operate on a protected-and-permitted basis in various portions of the cycle. In such cases,
it is necessary to find the critical path through the signal cycle. The path having the
highest sum of vls ratios is the critical path.
When phases overlap, the critical path must conform to the following rules:
Excluding lost times, one critical lane group must be moving at all times during
the signal cycle;
At no time in the signal cycle may more than one critical lane group be moving;
and
The critical path has the highest sum of vls ratios.
These rules are more easily explained by example. Consider the case of a leading
and lagging green phase plan on a street with exclusive left-turn lanes, as shown in
Exhibit 16-8. Phase 1 is discrete, with N B and SB lane groups moving simultaneously.
The critical lane group for Phase 1 is chosen on the basis of the highest vls ratio, which is
0.30 for the NB lane group.
Phase 2 involves overlapping leading and lagging green phases. There are two
possible paths through Phase 2 that conform to the stated rule that (except for lost times)
there must be only one critical lane group moving at any time. The EB through and
right-turn (TR) lane group moves through Phases 2A and 2B with a v/s ratio of 0.30.
The WB left-turn lane group moves only in Phase 2C with a vls ratio of 0.15. The total
VISratio for this path is therefore 0.30 + 0.15, or 0.45. The only alternative path involves
the EB left-turn lane group, which moves only in Phase 2A (v/s = 0.25). and the WB T R

To compute X, the critical
lane groups must be identified

Guidelines for identifying
critical lane groups
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lane group, which moves in Phases 2B and 2C (v/s = 0.25). Because the sum of the v/s
ratios for this path is 0.25 + 0.25 = 0.50, this is the critical path through Phase 2. Thus,
the sum of critical v/s ratios for the cycle is 0.30 for Phase 1 plus 0.50 for Phase 2, for a
total of 0.80.

[.

EXHIBIT 16-8. CRITICAL LANE GROUP DETERMINATION WITH PROTECTED LEFT TIJRNS
Lane Groups

(V/S ratios)

~

Signal Phasing

(0.30)
(0.25)

Phase 1

Phase 2A

I

Phase ZC

I

Note:
a. Critical vls.

The solution for X, also requires that the lost time for the critical path (L) through
the signal be determined. Using the general rule that a movement's lost time of tL is
applied when a movement is initiated, the following conclusions are reached:
The critical NB movement is initiated in Phase 1, and its lost time is applied;
The critical EB left-turn movement is initiated in Phase 2A, and its lost time is
applied;
The critical WB T/L movement is initiated in Phase 2B, and its lost time is
applied;
No critical movement is initiated in Phase 2C, so no lost time is applied to the
critical path here; although the WB left-turn movement is initiated in this phase, it is not a
critical movement, and its lost time is not included in L; and
For this case, L = 3tL, assuming that each movement has the same lost time, tL.
This problem may be altered significantly by adding a permitted left turn in both
directions to Phase 2B, as shown in Exhibit 16-9, with the resulting v/s ratios. Note that
in this case, a separate v/s ratio is computed for the protected and permitted portions of
the EB and WB left-turn movements. In essence, the protected and permitted portions of
these movements are treated as separate lane groups.
The analysis of Phase 1 does not change, because it is discrete. The NB lane group is
still critical, with a v/s ratio of 0.30. There are now four different potential paths through
Phase 2 that conform to the rules for determining critical paths:
WB T/R + EB left turn (protected) = 0.25 + 0.20 = 0.45,
EB T/R + WB left turn (protected) = 0.30 + 0.05 = 0.35,
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EB left turn (protected) + EB left turn (permitted) + WB left turn (protected) =
0.20 + 0.15 + 0.05 = 0.40, and
EB left turn (protected) + WB left turn (permitted) + WB left turn (protected) =
0.20 + 0.22 + 0.05 = 0.47.
EXHIBIT 16-9. CRITICAL LANE GROUP DETERMINATION WITH PROTECTED AND PERMI'ITED LEFT TURNS

(VIE
ratios)

Lane Groups

1

(0.20 protected)
(0.15 permitted)f

(0.30); RTI
(0.30)

wB L ( ~ o t e c t e d )
(0.22 permitted)
NB LAIR

Signal Phasing

I

Phase 1

I

I

Phase 2A

Phase 2B

Phase 2C

Note:
a. Critical vls.

The critical path through Phase 2 is the alternative with the highest total vls ratio, in
this case, 0.47. When 0.47 is added to the 0.30 for Phase 1, the sum of critical vls ratios
is 0.77.
The lost time for the critical path is determined as follows:
The NB critical flow begins in Phase 1, and its lost time is applied;
The critical EB left turn (protected) is initiated in Phase 2A, and its lost time is
applied;
The critical WB left turn (permitted) is initiated in Phase 2B, and its lost time is
applied;
The critical WB left turn (protected) is a continuation of the WB left turn
(permitted); because the left-turn movement is already moving when Phase 2C is
initiated, no lost time is applied here; and
For this case, L = 3tL, assuming that each movement has the same lost time, tL.
Exhibit 16-10 shows another complex case with actuated control and a typical
eight-phase plan. Although eight phases are provided on the controller, the path through
the cycle cannot include more than six of these phases, as shown. The leading phases (1B
and 2B) will be chosen on the basis of which left-turn movements have higher demands
on a cycle-by-cycle basis.
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EXHIBIT 16-10. CRITICAL LANE GROUP DETERMINATION FOR MULTIPHASE SIGNAL

1

I

Lane Groups

NBL

I

I NBTIR

Signal Phasing

2OR t-

t

1

Phase 1A

1

Phase 1B

Phase 2A

I

Phase 2B

I

-

t

Phase 2C

1

The potential critical paths through Phase 1 are as follows:
EB left turn (protected) + EB left turn (permitted),
EB left turn (protected) + WB left turn (permitted),
EB left turn (protected) + WB T R ,
WB left turn (protected) + WB left turn (permitted),
WB left turn (protected) + EB left turn (permitted), and
WB left turn (protected) + EB T R .
The combination with the highest v/s ratio would be chosen as the critical path. A
similar set of choices exists for Phase 2, with NB replacing EB and SB replacing WB.
The most interesting aspect of this problem is the number of lost times that must be
included in L for each of these paths. The paths involving EB left turn (protected) + EB
left turn (permitted) and WB left turn (protected) + WB left turn (permitted) each involve
only one application of tL because the turning movement in question moves continuously
throughout the three subphases. All other paths involve two applications of tL because
each critical movement is initiated in a distinct portion of the phase. Note that the left
turn that does not continue in Phase 1B or 2B is a discontinuous movement; that is, it
moves as a protected turn in Phase 1A or 2A, stops in Phase 1B or 2B, and moves again
as a permitted turn in Phase 1C or 2C.
For this complex phasing, the lost time through each major phase could have one or
two lost times applied, based on the critical path. Therefore, for the total cycle, which
comprises two streets, two to four lost times will be applied, again depending on the
critical path. In general terms, up to n lost times are to be applied in the calculation of the
total lost time per cycle, where n is the number of movements in the critical path through
the signal cycle. For the purposes of determining n, a protected-plus-permitted
movement is considered to be one movement if the protected and permitted phases are
contiguous.
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DETERMINING DELAY
The values derived from the delay calculations represent the average control delay
experienced by all vehicles that arrive in the analysis period, including delays incurred
beyond the analysis period when the lane group is oversaturated. Control delay includes
movements at slower speeds and stops on intersection approaches as vehicles move up in
queue position or slow down upstream of an intersection.
The average control delay per vehicle for a given lane group is given by Equation
16-9. Appendix A provides a procedure to measure control delay in the field.
d = dl(PF) + d 2 + d 3
(1 6-9)
where
d
dl
PF
d2

d3

= control delay per vehicle (slveh);
= uniform control delay assuming uniform amvals(s1veh);

= uniform delay progression adjustment factor, which accounts for effects
of signal progression;
= incremental delay to account for effect of random arrivals and
oversaturation queues, adjusted for duration of analysis period and type
of signal control; this delay component assumes that there is no initial
queue for lane group at start of analysis period (slveh); and
= initial queue delay, which accounts for delay to all vehicles in analysis
period due to initial queue at start of analysis period (slveh) (detailed in
Appendix F of this chapter).

Progression Adjustment Factor
Good signal progression will result in a high proportion of vehicles arriving on the
green. Poor signal progression will result in a low proportion of vehicles arriving on the
green. The progression adjustment factor, PF, applies to all coordinated lane groups,
including both pretimed control and nonactuated lane groups in semiactuated control
systems. In circumstances where coordinated control is explicitly provided for actuated
lane groups, PF may also be applied to these lane groups. Progression primarily affects
uniform delay, and for this reason, the adjustment is applied only to dl. The value of PF
may be determined using Equation 16-10.

Pro ression primarily affects
unifnn delay

where
PF
P
g/C
fpA

= progression adjustment factor,
= proportion of vehicles arriving on green,

= proportion of green time available, and
= supplemental adjustment factor for platoon arriving during green.

The value of P may be measured in the field or estimated from the arrival type. If
field measurements are carried out, P should be determi ed as the proportion of vehicles
in the cycle that arrive at the stop line or join the queue ( tationary or moving) while the
green phase is displayed. The approximate ranges of Rp are related to arrival type as
shown in Exhibit 16-1 1, and default values are suggested for use in subsequent
computations in Exhibit 16-12.

9

16-19

If PF for Arrival Type 4
calculates to greater than 1.0,
set the value to 1.0

-
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EXHIBIT 16-11. RELATIONSHIP BETWEEN ARRIVAL TYPE AND PLATOON RATIO (Rp)
See Exhibit 16-4 for
definition of arrival types

Arrival Type

Range of Platoon Ratio
(R,)
10.50
> 0.512-0.85
> 0.85-1.1 5
> 1.I 5-1.50
> 1.512-2.00
> 2.00

1
2
3
4
5
6

Default Value (R,)

Progression Quality

0.333
0.667
. OO
1O
1.333
1.667
2.000

Very poor
Unfavorable
Random arrivals
Favorable
Highly favorable
Exce~tional

(

EXHIBIT 16-12. PROGRESSION ADJUSTMENT FACTOR FOR UNIFORM DELAY CALCULATION

I
Green Ratio
(g/C)

AT 1

AT 2

Arrival T V D(AT)
~
AT 3
AT 4

AT 5

AT 6

PA
Default, R,
Notes:
PF = (1 - P)fpAl(l
- glC).
Tabulation is based on default values of fpAand R.,
P = R, 'gIC (may not exceed 1.0).
PF may not exceed 1.0 for AT 3 through AT 6.

Use Arrival Type 4 for
coordinated lane groups

Use Arrival Type 3 for
random arrivals

PF may be computed from measured values of P using the. given values for fPA.
Alternatively, Exhibit 16-12 may be used to determine PF as a function of the arrival type
based on the default values for P (i.e., %gi/C) and fpAassociated with each arrival type.
If PF is estimated by Equation 16-10, its calculated value may exceed 1.0 for Arrival
Type 4 with extremely low values of g/C. As a practical matter, PF should be assigned a
maximum value of 1.0 for Amval Type 4.
When delay is estimated for future situations involving coordination, particularly in
the analysis of alternatives, it is advisable to assume Arrival Type 4 as a base condition
for coordinated lane groups (except left turns). Arrival Type 3 should be assumed for all
uncoordinated lane groups.
Movements made from exclusive left-turn lanes on protected phases are not usually
provided with good progression. Thus, Arrival Type 3 is usually assumed for
coordinated left turns. When the actual arrival type is known, it should be used. When
the coordinated left turn is part of a protected-permitted phasing, the effective green for
the protected phase should only be used to determine PF since the protected phase is
normally the phase associated with platooned coordination. When a lane group contains
movements that have different levels of coordination, a flow-weighted average of P
should be used in determining the PF.
Uniform Delay
Equation 16-11 gives an estimate of delay assuming uniform arrivals, stable flow,
and no initial queue. It is based on the first term of Webster's delay formulation and is
widely accepted as an accurate depiction of delay for the idealized case of uniform
arrivals (7). Note that values of X beyond 1.0 are not used in the computation of dl.
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Appendix E contains discussions of how to compute uniform delay for protected-pluspermitted left-turn operation.

where
dl

C

g

X

= uniform control delay assuming uniform arrivals (slveh);
= cycle length (s); cycle length used in pretimed signal control, or

average cycle length for actuated control (see Appendix B for signal
timing estimation of actuated control parameters);
= effective green time for lane group (s); green time used in pretimed
signal control, or average lane group effective green time for actuated
control (see Appendix B for signal timing estimation of actuated
control parameters); and
= VICratio or degree of saturation for lane group.

Incremental Delay
Equation 16-12 is used to estimate the incremental delay due to nonuniform arrivals
and temporary cycle failures (random delay) as well as delay caused by sustained periods
of oversaturation (oversaturation delay). It is sensitive to the degree of saturation of the
lane group (X), the duration of the analysis period (T), the capacity of the lane group (c),
and the type of signal control, as reflected by the control parameter (k). The equation
assumes that there is no unmet demand that causes initial queues at the start of the
analysis period (T). Should that not be the case, the analyst should refer to Appendix F
for additional procedures that can account for the effect on control delay of a nonzero
initial queue. Finally, the incremental delay term is valid for all values of X, including
highly oversaturated lane groups.

.I

lncremental delay reflects
nonuniform arrivals and some
queue carryover between
cycles within the analysis
period

where

d2

T
k
I

c
X

= incremental delay to account for effect of random and oversaturation

=
=
=
=
=

queues, adjusted for duration of analysis period and type of signal
control (slveh); this delay component assumes that there is no initial
queue for lane group at start of analysis period;
duration of analysis period (h);
incremental delay factor that is dependent on controller settings;
upstream filteringlmetering adjustment factor;
lane group capacity (vehlh); and
lane group vlc ratio or degree of saturation.

lncremental Delay Calibration Factor

i.
\.

The calibration term (k) is included in Equation 16-12 to incorporate the effect of
controller type on delay. For pretimed signals, a value of k = 0.50 is used, which is based
on a queuing process with random arrivals and uniform service time equivalent to the
lane group capacity. Actuated controllers, on the other hand, have the ability to tailor the
green time to traffic demand, thus reducing incremental delay. The delay reduction
depends in part on the controller's unit extension and the prevailing vlc ratio. Recent
research indicates that lower unit extensions (i.e., snappy intersection operation) result in
lower values of k and d2. However, when vlc approaches 1.O, an actuated controller will

-
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tend to behave in a manner similar to a pretimed controller. Thus, the k parameter will
converge to the pretimed value of 0.50 when demand equals capacity. The recommended
k-values for pretimed and actuated lane groups are given in Exhibit 16-13.
EXHIBIT 16-13. CVALUES TO ACCOUNT FOR CONTROLLER TYPE
1 0.50

Unit Extension (s)

1

Degree of Saturation (X)

0.60

0.28

5.0a

1

Pretimed or
nonactuated movement

I

0.23
0.50

0.35
0.36
0.38

0.28
0.50

Note:
For a given unit extension and its,,k value at X = 0.5: k = (1 - 2kmin)(X- 0.5) +, , ,k
a. For unit extension > 5.0, extrapolate to find k, keeping k 10.5.

k 2 k,,

, and k I 0.5.

For unit extension values other than those listed in Exhibit 16-13, k-values may be
interpolated. If the formula in Exhibit 16-13 is used, the kmi,-value (the k-value for X =
0.5) should first be interpolated for the given unit extension and then the formula should
be used. Exhibit 16-13 may be extrapolated for unit extension values beyond 5.0 s, but in
no case should the extrapolated k-value exceed 0.5.
Upstream Filtering or Metering Adjustment Factor
The incremental delay adjustment factor (I
incorporates
)
the effects of metering
arrivals from upstream signals, as described in Chapter 15. For a signal analysis of an
isolated intersection using the methodology of this chapter, a value of 1.0 for I is used.
Initial Queue Delay
Procedure is described in
Appendix F

When a residual queue from a previous time period causes an initial queue to occur
at the start of the analysis period (T), additional delay is experienced by vehicles arriving
in the period since the initial queue must first clear the intersection. A procedure for
determining this initial queue delay is described in detail in Appendix F. This procedure
is also extended to analyze delay over multiple time periods, each having a duration T, in
which an unmet demand may be carried from one time period to the next. If this is not
the case, a value of zero is used for d3.
Aggregated Delay Estimates

The procedure for delay estimation yields the control delay per vehicle for each lane
group. It is often desirable to aggregate these values to provide delay for an intersection
approach and for the intersection as a whole. This aggregation is done by computing
weighted averages, where the lane group delays are weighted by the adjusted flows in the
lane groups.
Thus, the delay for an approach is computed using Equation 16-13:

where
dA
di
vi
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= delay for Approach A (slveh),
= delay for lane group i (on Approach A) (slveh), and
= adjusted flow for lane group i (vehth).
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Control delays on the approaches can be further aggregated using Equation 16-14 to
provide the average control delay for the intersection:

where
dl
dA
VA

= delay per vehicle for intersection (slveh),
= delay for Approach A (slveh), and
= adjusted flow for Approach A (vehlh).

Special Procedure for Uniform Delay with Protected-Plus-Permitted LeftTurn Operation from Exclusive Lanes
Queue accumulation polygon
(QAP): uniform delay = area
of tnangles

The first term in the delay calculation is easily derived as a function of the area
contained within the plot of queue storage as a function of time. With a single green
phase per cycle, this plot assumes a triangular shape; that is, the queue size increases
linearly on the red phase and decreases linearly on the green. The peak storage occurs at
the end of the red phase. The geometry of the triangle depends on the arrival flow rate,
the queue discharge rate, and the length of the red and green signal phases.
This simple triangle becomes a more complex polygon when left turns are allowed to
proceed on both protected and permitted phases. However, the area of this polygon,
which determines the uniform delay, is still relatively easy to compute when the left turns
are in an exclusive lane and the proper values for the arrival and discharge rates during
the various intervals of the cycle are given along with the interval lengths that determine
its shape. The procedure for this analysis is covered in Appendix E.

DETERMINING LEVEL OF SERVICE
Intersection LOS is directly related to the average control delay per vehicle. Once
delays have been estimated for each lane group and aggregated for each approach and the
intersection as a whole, Exhibit 16-2 is consulted, and the appropriate LOS is determined.
The results of an operational application of this method will yield two key outputs:
volume to capacity ratios for each lane group and for all of the critical lane groups within
the intersection as a whole, and average control delays for each lane group and approach
and for the intersection as a whole along with corresponding LOS.
Any vlc ratio greater than 1.0 is an indication of actual or potential breakdown. In
such cases, multiperiod analyses are advised. These analyses encompass all periods in
which queue carryover due to oversaturation occurs. When the overall intersection vlc
ratio is less than 1.0 but some critical lane groups have vlc ratios greater than 1 .O, the
green time is generally not appropriately apportioned, and a retiming using the existing
phasing should be attempted. Appendix B should be consulted for guidelines.
A critical vlc ratio greater than 1.0 indicates that the overall signal and geometric
design provides inadequate capacity for the given flows. Improvements that might be
considered include basic changes in intersection geometry (number and use of lanes),
increases in the signal cycle length if it is determined to be too short, and changes in the
signal phase plan. Chapter 10 and Appendix B contain information on these types of
improvements. Existing state and local policies or standards should also be consulted in
the development of potential improvements.
LOS is a measure of the delay incurred by motorists at a signalized intersection. In
some cases, delay will be high even when vlc ratios are low. In these situations, poor
progression or an inappropriately long cycle length, or both, is generally the cause. Thus,
an intersection can have unacceptably high delays without there being a capacity
problem. When the vlc approaches or exceeds 1 .O, it is possible that delay will remain at
acceptable levels. This situation can occur, especially if the time over which high vlc
levels occur is short. It can also occur if the analysis is for only a single period and there
16-23

Effeclive
Red

Effective
Green

I

Unacceptable delay can occur
even if v/c < 1.0, and
acceptable delay can occur
even if v/c 2 1.0
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is queue carryover. In the latter case, conduct of a multiperiod analysis is necessary to
gain a true picture of delay. The analysis must consider the results of both the capacity
analysis and the LOS analysis to obtain a complete picture of existing or projected
intersection operations.

DETERMINING BACK OF QUEUE
Procedure is described in
Appendix G

When an estimate of queue length is needed, a procedure to calculate the average
back of queue and 70th-, 85th-, 90th-, and 98th-percentile back of queue is presented in
Appendix G . The back of queue is the number of vehicles that are queued depending on
the arrival patterns of vehicles and on the number of vehicles that do not clear the
intersection during a given green phase (overflow). This procedure is also able to analyze
back of queue over multiple time periods, each having a duration (T) in which an
overflow queue may be carried from one time period to the next.

SENSITIVITY OF RESULTS TO INPUT VARIABLES
The methodology is sensitive to the geometric, demand, and control characteristics of
the intersection. The predicted delay is highly sensitive to signal control characteristics
and the quality of progression. The predicted delay is sensitive to the estimated
saturation flow only when demand approaches or exceeds 90 percent of the capacity for a
lane group or an intersection approach.
Exhibits 16-14 through 16-17 illustrate the sensitivity of the predicted control delay
per vehicle to demand to capacity ratio, g/C, cycle length, and length of the analysis
period (T). Delay is relatively insensitive to demand levels until demand exceeds 90
percent of capacity; then it is highly sensitive not only to changes in demand but also to
changes in g/C, cycle length, and length of the analysis period. Initial queue delay, d3,
although not shown in Exhibit 16-14, occurs when there is queue spillback.
EXHIBIT 16-14. SENSITIVITY OF DELAY TO DEMAND TO CAPACI'IY RATIO
(SEE FOOTNOTE FOR ASSUMED VALUES)
Sensitiviy to
demand capacity

800

700
600
r

" 500
3

V)

2 400
-

0"

300
200
100
0
0.00

0.20

0.40

0.60
0.80
DemandlCapacity Ratio

1.00

1.20

1.40

Note:
Assumptions: cycle length = 100 s , g1C = 0.5, T = 1 h, k = 0.5.1 = 1, s = 1800 vehlh.

Delay becomes sensitive to signal control parameters (cycle length, g/C, and
progression) only at demand levels above 80 percent of capacity. Once demand exceeds
80 percent of capacity, modest increases in demand can cause significant increases in
delay. The demand to capacity ratio itself is sensitive to the demand level, the PHF, the
saturation flow rate, and the g/C ratio.
Small g/C values that do not provide sufficient capacity to serve the demand cause
excessive delays for the movement. Once there is sufficient g/C to serve the movement,
little is gained by providing more g/C to the movement (see Exhibit 16-15).
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If the cycle length does not allow enough glC time (which affects capacity) to serve a
movement, the delay increases rapidly. Long cycle lengths also increase delay, but not as
rapidly as short cycle lengths that provide insufficient capacity to serve the movements at
the intersection (see Exhibit 16-16).
EXHIBIT 16-15. SENSITIVIIY OF DELAY TO g/C
(SEE FOOTNOTE FOR ASSUMED VALUES)
Sensitivity to g/C

YIC
Note:
Assumptions: cycle length = 100 s vls = 0.5 , T = 1 h, k = 0.5, 1 = 1, s = 1800 vehlh.

.

EXHIBIT 16-1 6. SENSITIVITY OF DELAY TO CYCLE LENGTH
Sensitivity to C

Too
Short

Optimum

Too Long
Cycle Length

The length of the analysis period (T) determines how long the demand is assumed to
be at the specified flow rate. When demand is less than capacity, the length of the
analysis period has little influence on the estimated mean delay. However, when demand
exceeds capacity, the longer analysis period means that a longer queue is built up and that
it takes longer to clear the bottleneck. The result is that mean delay in oversaturated
conditions is highly sensitive to the selected length of the analysis period (see Exhibit
16-17).
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Sensitivity to T
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EXHIBIT 16-17. SENSITIVITY OF DELAY TO ANALYSIS PERIOD (T) (for v/c = 1.O)
(SEE FOOTNOTE FOR ASSUMED VALUES)

0.25

0.5

0.75

1
1.25
1.5
1.75
Duration of Analysis Period (T) (h)

2

2.25

2.5

Note:
Assumptions: cycle length = 100 s , g1C = 0.4, vls = 0.44 , k = 0.5, 1 = 1. s = 1800 vehlh.

Ill. APPLICATIONS
Guidelines on inputs and
estimated values are in
Chapter 10

The methodology for analyzing signalized intersections considers the details of each
of four components: flow rates at the intersection (vehicular, pedestrian, and bicycle),
signalization of the intersection, geometric design or characteristics of the intersection,
and the delay or LOS that results from these. The methodology is capable of treating any
of these four components as an unknown to be determined once the details of the other
three are known. Thus the method can be used for each of four operational and design
analysis types, each having a target output, with the remaining parameters known or
assumed for use as inputs:
* Operational (LOS): Determine LOS when details of intersection flows,
signalization, and geometrics are known.
* Design (vp): Determine allowable service flow rates for selected LOS when the
details of signalization and geometrics are known.
* Design (Sig): Determine signal timing (for an assumed phase plan) when the
desired LOS, details of flows, and geometrics are known.
* Design (Geom): Determine basic geometrics (number and allocation of lanes)
when the desired LOS and details of flows and signalization are known.
Planning analysis is intended for use in sizing the overall geometrics of the
intersection or in identifying the general sufficiency of the capacity of an intersection. It
is based on the sum of critical lane volumes and requires minimum input information. In
this chapter, a quick estimation method is denoted as Planning (X,,) and is explained in
Appendix A of Chapter 10.
Planning analysis is a link to operational and design analyses through the same basic
computational methodology. However, the level of precision inherent in the operational
analysis exceeds the accuracy of the data available in a planning context. The
requirement for a complete description of the signal timing plan is also a burden,
especially when the method is being applied in transportation planning situations.
Therefore, the concept of planning analysis is to apply the required approximations to the
input data and not to the computational procedures. For planning purposes, the only sitespecific data that should be needed are the traffic volumes and number of lanes for each

I
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i.

movement together with a minimal description of the signal design and related operating
parameters.
.

COMPUTATIONAL STEPS
Exhibit 16-18 gives the five types of analysis. Although the methodology is capable
of computations for all five, the specific procedures and worksheets are designed for the
first of these (i.e., a solution for LOS). In the development of alternative signal and
geometric designs, it is often necessary to consider changes simultaneously in both.
Rarely can signalization be considered in isolation from geometric design and vice versa.
Thus, the most frequent type of analysis would consider such alternatives on a trial-anderror basis and would not attempt to hold one constant and solve for the other.
EXHIBIT 16-18. TYPES OF ANALYSIS COMMONLY PERFORMED
TYPe
Operational
(LOS)
Design (v,)

Design
(Sig)
Design
(Geom)
Planning
(X)

I

/

Given
Volume
Signal timing
Geometrics
Signal timing
Geometrics
Desired LOS
Volume
Geometrics
Desired LOS
Volume
Signal timing
Desired LOS
Volume
Signal timing

Objective
LOS

I

Maximum service flow
rate

Comments/Assumptions Required
None

1

Requires iterative p r o c e d G with
complex interactions possible

Signal timing

Initial estimate of signal timing
needed to perform iterative solution

Geometrics

Initial assumptions on geornetrics
needed to perform iterative solution

X ~ m

Most inputs are estimates

Operational analysis is divided into five modules: input, volume adjustment,
saturation flow rate, capacity analysis, and LOS. The computations for each of these
modules are conducted or summarized on the appropriate worksheet.
In addition to the module-related worksheets, supplementary worksheets are
provided to handle computations that are more complex. An overview of the information
flow among all worksheets is presented in Exhibit 16-19, which also shows the proper
treatment of all combinations of left-turn lanes and phasing. A given lane group may
have
Left turns from an exclusive lane,
Left turns from a shared lane, or
No left turns at all.
When left turns are present, the signal phasing may provide
Permitted left-turn operation,
Protected left-turn operation, or
A combination of protected and permitted left turns.
There are six different possibilities, each of which must be handled in a slightly different
manner using the worksheets.

Input Parameters

I

,

. -

The input parameters are the geometric, volume, and signalization characteristics
needed to perform computations. When an existing intersection is under study, most of
these datakill be obtained from field studies. When future conditions are under
consideration, traffic data will be forecast and geometric and signal designs will be based
on existing conditions or will be proposed. The Input Worksheet is shown in Exhibit
16-20.
16-27

1

I

I

Phasing

Left-Tum
Adjustment

I++
Excl

Share

Protected
ProVPerm

II
One set of worksheets is used
for each analysis period

I
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EXHIBIT 16-1 9. FLOW OF WORKSHEETS AND APPENDICES TO PERFORM OPERATIONAL ANALYSIS

Capmilyed LOS

sabralion flav

fZ8m&+(~]
end or period?

The upper third of the worksheet contains a schematic intersection drawing on which
basic volume and geometric data are recorded. The details of lane geornetrics should be
shown within the intersection diagram. Details should include
Number of lanes,
Lane widths,
Grade (plus sign is upgrade),
Traffic movements using each lane (shown by arrows),
Existence and location of curb parking lanes,
Existence and location of bus stops,
Existence and length of storage bays, and
Other features such as channelization.
When geometric conditions are not known, a design should be proposed based on
state or local practice. Chapter 10 may be consulted for assistance in establishing a
design for analysis. When separate left-turn lanes exist, the procedures assume that the
storage length is adequate. This assumption should be checked against the criteria in
Chapter 10.
The middle portion of the worksheet consists of a tabulation of volume and timing
data for each movement. Hourly volume or 15-min flow rate and volume-related
parameters are entered into the tabulation in the middle of the worksheet. Separate
entries are required for each approach and for each movement if appropriate. Note that
RTOR volume should be removed from the total RT volume before the RT volume is
entered on the worksheet.
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EXHIBIT 16-20. INPUT WORKSHEET
INPUT WORKSHEET
General Information

Site Information

Analyst
Agency or Company
Date Performed'
Analysis Time Period

Intersection
Area Type
Jurisdiction
Analysis Year

I
CBD

Other

I

Intersection Geometry

-t
CR

fl

7

= Pedestrian Button
= Lane Width
= Through
= Right
= Left
= Through + Right
= Left+Through

'1(I = Left+ Right
= Lefl+Through+ Right

Volume and Timing Input

Bus stopping, NB (busedh)
Min. timino" for , ~edestrians.~
. G." (sl
'.

I

I

I

II

I

II

Signal Phasing Plan

For percent heavy vehicles and peak-hour factor, an average value for an entire
approach can be used for all movements. For arrival type, either a value for P or the
designation of type (1 to 6) is.qtered. Each approach movement is identified as pretimed
(P) or actuated (A), and start-up lost time (I1) and extension time (e) for each approach
movement are entered. For pedestrians and bicycles, the volumes are those occumng in
the crosswalk that conflicts with right turns from the subject approach.
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Appenaix B provides
recommendations for
establishing signal
design

When data for some of these variables are not available or forecasts cannot be
adequately established, default values may be used. Guidelines on the use of defaults are
presented in Chapter 10 of this manual.
The sequence of signal phases is diagrammed in the eight boxes at the bottom of the
input worksheet. Each box is used to show a single phase or subphase during which the
allowable movements remain constant. For each phase, the actual green time (G) and the
actual yellow-plus-all-red time (Y) are shown. For most cases, an assumed or existing
signal design will be used. For some analyses, however, the signal timing and phasing
will not be known. Setting timing and phasing for the purposes of analysis will influence
the determination of lane groups. This portion of the signal design may be established on
the basis of state or local practice. For additional suggestions on establishing the type of
control and phase sequence, Appendix B should be consulted.
The timing of the signal will not be known when signal timing design is to be
established. It may or may not be known when actuated signals are in place, depending
on whether average phase durations were observed in the field. Estimates, however,
cannot be computed until the first half of the capacity analysis module is complete. Other
computations may proceed without this information. Appendix B contains
recommendations for establishing phase times based on an assumed signal type and phase
sequence and for estimating the average phase lengths of actuated signals when
observations are not available.
The establishment of signal timing will usually involve iterative computations. It is
preferable, therefore, to specify a complete signal timing for analysis using trial-and-error
computations to determine an appropriate final timing. As an alternative, the timing plan
may be synthesized using the planning application presented in Chapter 10 of this
manual. If a fully implementable timing plan is required, a variety of signal timing
optimization models are commercially available.

Volume Adjustment and Saturation Flow Rate
The second major analysis module focuses on adjustment of hourly movement
volumes to flow rates for a peak 15-min period within the hour and on establishment of
lane groups. A worksheet for designating lane groups, making volume adjustments, and
computing saturation flow rate is shown in Exhibit 16-21. For this worksheet, the hourly
volume (V) for each approach and movement is taken from the Input Worksheet and the
flow rate, vp, is computed. Lane groups are established and associated flow rates and
turn proportions are noted. For saturation flow rate, adjustment factors are identified and
an adjusted saturation flow is computed for each lane group.

Capacity Analysis
In the Capacity and LOS Worksheet (Exhibit 16-22), information and computational
results from the input, volume adjustment, and saturation flow rate modules are combined
to compute the capacity and vlc of each lane group and the delay and LOS for each lane
group and approach and for the intersection as a whole.
The top portion of the worksheet is used to compute capacities. Phase numbers and
types are entered in the first two rows. Phase type is included to accommodate left turns
that have both protected and permitted phases. In this case, the protected phase will be
the primary phase and the permitted phase will be the secondary phase. The primary and
secondary phases must be represented by separate column entries on this worksheet, and
certain quantities, such as lane group capacity, must be computed as the sum of the
primary and secondary phase values in the lower portion of the worksheet. Primary
phase entries should be designated P in this row. Secondary phase entries should be
designated S.
The flow rate for each lane group is obtained from the Volume Adjustment and
Saturation Flow Rate Worksheet and entered in this worksheet. In the case of lane groups
with both protected and permitted phases, for computation of the critical vlc ratio, X,, it
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is necessary to apportion the total flow rate between the primary and secondary phases. It
is appropriate to consider whichever phase is displayed first to be fully saturated by leftturn traffic and to apply any residual flow to the phase that is displayed second.
EXHIBIT 16-21. VOLUME ADJUSTMENT AND SATURATION FLOW RATE WORKSHEET
VOLUME ADJUSTMENT AND SATURATION FLOW RATE WORKSHEET
General Information

1I Project Description

I
EB
LT

Volume. V (vehlh)
Peak-hour factor, PHF
Adjusted flow rate, vp = VIPHF (veMh)
Lane group

j

WB

j

TH

RT

j

LT

I
I
I

'
(
'

I
,

I
I

1

I

I

'

I

I

I

I

I

I

I

I

#
I
I
I

I
I
I

Propohon' of LT or RT (PLTor Pm)

I

saturation Flow wte (s~=kxhiitit
i~ tO
Base saturat~onflow, s, Ipclhlln)

I

Number of lanes, N

1

Lane width adjustment factor, fw

I

Area type adjustment factor, f,

I

I

I

I

I

I
I

a

I

I

I

I

I

I

I

I

I

I

I
I

I

I

I

I

I
,
I

I
I
I

I
I

I
I

I

I

I

I

I

I

I

I

I
I

I

I

3

8

I

I
I

I
I

I

I
I

I
I

I
1

,
1

I

I

I

I
'

I

I

I

-

I

I
-

,

:

I

q
I

_

4
I
(7

I
I

>
.
A,

I
I

I

I

I

I
I

k

~

I
t

I
I
I

I
I

I

I

l

~

~

I

I

I
I

I

I
I

I

I

I

I

I

I

I
!

I

I

I
I

I

I

I
I

I
I
I

I

I
I

!
1
I

I

I

I

,

I

I
I

I
I

r

I
I

I
I

I

I

'

I

I

I

t

I

I

I

I

I
I
I

I
I
I

I

I
I

I
I

I

I

I

I

I

I

I

II

)I

I

'

I

I
I

I
I
I

I

I
I

I
I
I

I

'
'

,

:

I

I

:

I

:

I

1

;

I

I

I

I

I

'

I

I

I
I

I
I

I

I
I

I

'

8

I

I

I
I

I

~

~

I

:

I

I

I

I

I
I

I
I

Left-turn adjustment factor, fLT

RT

I

I

1

I

I

Lane utilization adjustment factor, fLu

j

TH

I
I

,

I

8

:

j

LT

I
I
I

~e'~ihineid&ian'ikti~arSI

,I

/

RT

I
I
I

,
,

'

Bus blockage adjustment factor, fbb

j

TH

I
I
I

1
1

I

Parking adjustment factor, fp

j

SB

I

I

Grade adjustment factor, f,

LT

I

I
I

I

Heavy-vehicle adjustment factor, fHv

RT
I

1
I

'
'

-

TH

I

Adjusted flow rate In lane group, v (veMh)l
I
I

NB

I

,

II

I

l

I

:

:

I

I
I

I

I

I

I
I

I

I

I

I

I

I

I

I

I
I
I

I

I

I

I

I

I

I
I
4

II
I

I
b
!

,

I
I

1

I

,
Right-turn adjustment factor, fm
I
,
LeR-turn pedlbike adjustment factor, fLpb
Right-turn pedhike adjustment factor, fRpb

I

'

I

'

I

I

I

#

I
I
I

,

I

(

I
I

I

I

I
I
I

.
s = SO N fw ~ H fg
V fp fbb fa ~ L U
~ L fTm fipb fRpJ

Notes

I

'
'

I

I

!
I
I

I
I
I

I

I
I
I

I
I

I

I
D
I

I
I
I

I
I
I

I
I
I

8

I

I

I

I
I

I

I

I
I

I
I

8

I
I

I
8

I
I

I

I

I
I

I

'

:

I

:

:

I

I
I

I

'.

>

A

*,

4
,(

h ""

1. PLT= 1.000 for exclusive lefl-turn lanes, and Pm = 7.000 for exclusive right-turn lanes. Otherwise, thqr are equal to the proportions
of turning volumes in the lane group.
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EXHIBIT 16-22. CAPACI'IY AND LOS WORKSHEET

1

1

CAPACITY AND LOS WORKSHEET

I

.

General informs*ion

(

1

/
I

I

Project Description

1

Phase number
Phase type

I

I

I

I

I

I

I

I

I

I

I

I

I

I

Lane group

Y, = Z (critical lane groups, v/s)
Total lost time per cycle. L (s)

I Critical flow rate to caoacitv ratio. X
1

\

c.r\-,

,- -,

Lane Group Capacity, Control Delay, and LOS Determination

1

Lane group

)
i
I

LOS by lane group (Exhibit 162)
Delay by approach. dA= Xo(v)(slveh)

I

,

:

8

:

v

LOS by approach (Exhibit 16-2)
Approach flow rate, vA (vehlh)
lnterseclion delay, dl =

-"

(slwh)

,

I

Intersection LOS (Exhibit 16-2)

Notes

1

Effective green time
defined

1.
2.
3.
4.

For permitted left turns, the minimum capacity is (1 + PJ(360WC).
Primary and secondary phase parameters are summed to obtain lane group parameters.
For pretimed or nonactuated signals, k = 0.5. Otherwise, refer to Exhibit 16-13.
T = analysis duration (h); typically T = 0.25, which is for the analysis duration of 15 min.
I = upstream filtering metering adjustment factor; I= 1 for isolated intersections.

The adjusted saturation flow rate for each lane group is obtained directly from the
Volume Adjustment and Saturation Flow Rate Worksheet. The flow ratio for each lane
group is computed as v/s and entered in columns representing primary and secondary
phases.
The next step is to calculate movement lost time for all primary and secondary
phases using the start-up lost time (I1), extension time (e), and yellow-plus-all-red time
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(Y). Effective green times are calculated using actual green time (G) and movement lost
time (td. Then the g1C ratio for each lane group, the effective green time divided by the
cycle length, is computed and used to compute lane group capacity. Effective green
times can be taken as equal to the actual green time plus the change-and-clearance
interval minus the lost time for the movement.
The capacity of each lane group is computed from Equation 16-6 as the saturation
flow rate times the green ratio. A minimum capacity value based on sneakers per cycle
must be imposed as a practical matter for all permitted left-turning movements. This
value may be computed as indicated on the worksheet.
The vlc ratio (X) for each lane group is computed. At this point in the computations,
critical lane groups and lost time per cycle may be identified according to the guidelines
discussed. A critical lane group is defined as the lane group with the highest flow ratio in
each phase or set of phases. When overlapping phases exist, all possible combinations of
critical lane groups must be examined for the combination producing the highest sum of
flow ratios. Critical lane groups are identified by a check mark. The flow ratios for
critical lane groups are summed. The critical vlc ratio, X,, which indicates the degree of
saturation associated with the geometrics, volumes, and signal phasing, is then computed.

Minimum capacity for
permitted left turns

Delay and Level of Service
The LOS module combines the results of the volume adjustment, saturation flow
rate, and capacity analysis modules to find the average control delay per vehicle in each
lane group. LOS is directly related to delay and is found from Exhibit 16-2. The
worksheet for this module is also shown in Exhibit 16-22. Lane group capacities and
flow rates are the sum of primary and secondary phases from the capacity analysis
section.
Delay is found from Equations 16-9 through 16-14. The worksheet is designed for
computation of the uniform and incremental delay terms separately. The uniform delay is
multiplied by the progression adjustment factor (PF) to account for the impact of
progression. The value of PF is obtained from Exhibit 16-12. If a measured or estimated
value of P was used in lieu of the arrival type in the computation of PF, the amval type
may be determined from Exhibit 16-11. In this case, the platoon ratio, Rp, must first be
estimated by Rp = PCIg.
When no residual queue exists from a previous time period, the initial queue delay
term, d3, is equal to zero. When an initial queue of vehicles exists at the start of the
analysis period (observed at the beginning of the red phase), the procedures in Appendix
F are used to modify the calculation of dl, to calculate d3, and to determine delay and
LOS.
For exclusive left-turn lane groups with both protected and permitted phases, the
supplemental worksheet presented in Exhibit 16-23 is used for calculation of uniform
delay. Discussions of this procedure are also included in Appendix E.
The second term of the delay equation accounts for the incremental delay, that is, the
delay over and above uniform delay due to random arrivals rather than uniform amvals
and those due to cycles that fail. It is based on the vlc ratio (X) and the capacity for the
lane group (c). The capacity for each lane group is taken from the top part of the
Capacity and LOS Worksheet.
The incremental delay calibration factor (k) is obtained from Exhibit 16-13. This
value is a function of the controller type and degree of saturation. For isolated
intersections, the upstream filtering or metering adjustment factor (I) is set equal to 1.O.
Refer to Chapter 15 for further information on this factor. The second-term delay is
computed using Equation 16-12.

For an analysis of an initial
queue, see Appendix F

See Appendix E for analysis
of protected-plus-permitted
phasing
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EXHIBIT 16-23. SUPPLEMENTAL UNIFORM DELAY WORKSHEET FOR LEFr TURNS FROM EXCLUSIVE
LANES WlTH PROTECTED AND PERMITTED PHASES
I

I

I I

I1 '
I

SUPPLEMENTAL UNIFORM DELAY WORKSHEET FOR LEFT TURNS FROM EXCLUSIVE
LANES WlTH PROTECTED AND PERMllTED PHASES

General Infomation

I

I

Project Description

I
v/c Ratio Computation
I

-

I

I

I

I

I

I

I

I
I

i
I

I
I

I

I

I

I

I

1

I

I

1

Cycle length. C (s)

I

1

Protected phase eff. green interval, g (s)

I

1
1

Opposing queue effective green interval, g, (s)l
Unopposed green interval, g, (s)

I

Red time, r (s)
r=C-g-g,-g,

1

Arrival rate, q, (vehls)
v

= 3 6 ~max[~.1.01
Protected phase departure rate, sp (vehls)
S

:S

3600
Permitted phase departure rate, s, (vehls)

1

(

If lagging left (permitted + protected)
q,(r g, 93
V
ratio.
IC
Xpem =

s, gu
+

+

If leading lefl (protected + permitted)

'a

ratio. ~ p = ~ ,
S ~ g
If lagging left (permitted + protected)

CVI

vlc ratio, X,

1

is NIA

Queue at beginning of green arrow, Q,
Queue at beginning of unsaturated green, Q,

I

I Residual aueue. Q.

Delay and LOS are found by multiplying the uniform delay by the progression factor
and adding the result to the incremental delay and initial queue delay, in accordance with
Equation 16-9. The LOS corresponding to this delay, taken from Exhibit 16-2, is entered
on the Capacity and LOS Worksheet.
In the event that the analysis period is oversaturated or when there is a final residual
queue at the end of the analysis period, additional analysis periods should be studied until
the residual queue no longer occurs.
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,The average delay per vehicle is found for each approach by adding the product of
the lane group flow rate and the delay for each lane group on the approach and dividing
by the total approach flow rate. LOS is determined from Exhibit 16-2.
The average control delay per vehicle for the intersection as a whole is found by
adding the product of the approach flow rate and the approach delay for all approaches
and dividing the sum by the total intersection flow rate. This weighted-average delay is
entered at the bottom of the Capacity and LOS Worksheet. The overall intersection LOS
is found from Exhibit 16-2.

INTERPRETATION OF RESULTS
The computations discussed in the previous section result in an estimation of the
average delay per vehicle in each lane group for each approach and for the intersection as
a whole. LOS is directly related to delay values and is assigned on that basis. LOS is a
measure of the acceptability of delay levels to motorists at a given intersection. When
delays are unacceptable, the causes of delay should be carefully examined. Although the
discussion below is clearly not exhaustive, some of the more common situations are as
follows.
1. LOS is an indication of the general acceptability of delay to drivers. It should be
noted that this is somewhat subjective: what might be acceptable in a large city is not
necessarily acceptable in a smaller city or rural area.
2. When delay levels are acceptable for the intersection as a whole but are
unacceptable for certain lane groups, the phase plan, allocation of green time, or both
might be examined to provide for more efficient handling of the disadvantaged movement
or movements.
3. When delay levels are unacceptable but vlc ratios are relatively low, the cycle
length may be too long for prevailing conditions, the phase plan may be inefficient, or
both. It should be noted, however, that when signals are part of a coordinated system, the
cycle length at individual intersections is determined by system considerations, and
alterations at isolated locations may not be practical.
4. When both delay levels and vlc ratios are unacceptable, the situation is critical.
Delay is already high, and demand is near or over capacity. In such situations, the delay
may increase rapidly with small changes in demand. The full range of potential
geometric and signal design improvements should be considered in the search for
improvements.
The following point must be emphasized: unacceptable delay can exist where
capacity is a problem as well as in cases in which it is adequate. Further, acceptable
delay levels do not automatically ensure that capacity is sufficient. Delay and LOS, like
capacity, are complex variables influenced by a wide range of traffic, roadway, and
signalization conditions. The operational analysis techniques presented here are useful in
estimating the performance characteristics of the intersection and in providing basic
insights into probable causal factors.
The determination of LOS is based on average control delay. It is possible,
however, for average delay to decrease with increasing volumes if the volume increases
occur in movements with less than the average delay. Even with increases in more than
one movement on an approach, the net effect can still be a decrease in average delay if
the movements with less than average delay increase sufficiently.
One way to avoid this anomaly is to consider the change in mean delay on a lanegroup-by-lane-group basis rather than by averaging delay over the entire intersection.
Adding traffic to a particular lane group will always increase the delay for that lane group
(as long as all other factors remain unchanged).
These procedures do not, however, account for all possible conditions. The
influences of such characteristics as specific curb-corner radii, intersection angle,
combinations of grades on various approaches, odd geometric features (offset
intersections, narrowing on the departure lanes, etc.), and other unusual site-specific
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The analysis requires
use of demand volumes,
not departure volumes,
to make a proper
estimate

conditions are not addressed in the methodology. Field studies may be conducted in such
cases to determine delay directly (see Appendix A) and or to calibrate the prevailing
saturation flow rate (see Appendix H).
At the completion of a capacity calculation, the characteristics of the intersection
have been defined. These characteristics must be evaluated in their own right as well as
in conjunction with the delays and LOS resulting from the delay and LOS calculation.
Some key factors to consider when the results of capacity computations are assessed are
identified in the following text. A critical vlc ratio of greater than 1.0 indicates that the
signal and geometric design cannot accommodate the combination of critical flows at the
intersection. The given demand in these movements exceeds the capacity of the
intersection to handle them. The condition may be ameliorated by increased cycle length,
changes in the phasing plan, and basic changes in geometrics.
Computations should be conducted using arrival volumes. When the vlc ratios are
less than 1.O, arrival and departure volumes are the same. When vlc ratios are greater
than 1.O, either for an individual lane group or for the overall intersection, departure
volumes are less than arrival volumes. By definition, future volume forecasts are also
arrival volumes. When counts of actual departure volumes are used in analysis, the actual
VICratio cannot be greater than 1.0. If vlc ratios greater than 1.0 persist for actual
departure volumes, it is an indication that the intersection operates more efficiently than
anticipated by these computational techniques or that the saturation flow rates used in the
calculations are lower than those actually experienced in the field.
When the critical vlc ratio is acceptable but the vlc ratios for critical lane groups vary
widely, the green-time allocation should be reexamined, because disproportionate
distribution of available green is indicated. If permitted left turns result in extreme
reductions in saturation flow rate for applicable lane groups, protected phasing might be
considered. If the critical vlc ratio exceeds 1.0, it is unlikely that the existing geometric
and signal design can accommodate the demand. Changes in either or both should be
considered. When vlc ratios are unacceptable and signal phasing already includes
protective phasing for significant turning movements, it is probable that geometric
changes will be required to ameliorate the condition.
The capacity of an intersection is a complex variable depending on a large number of
prevailing traffic, roadway, and signalization conditions. Suggestions on interpretation
are not meant to be exhaustive or complete but merely to point out some of the more
common problems that can be identified from the Capacity and LOS Worksheet results.

ANALYSIS TOOLS
The worksheets shown in Exhibits 16-20, 16-21, and 16-22 and provided in
Appendix I can be used to perform Operational (LOS), Design (vp), Design (Sig), and
Design (Geom) analysis types. The worksheets shown in Chapter 10, Appendix B, can
be used to perform Planning (X,,) applications.

-
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The Intersection The intersection of Third Avenue (NBISB) and Main Street (EBNVB)
is located in the central business district (CBD) of a small urban area. lntersection
geometry and flow characteristics are shown on the Input Worksheet.
The Question

What are the delay and peak-hour LOS of this intersection?

The Facts
4 EB and WB HV = 5 percent,
4 NB and SB HV = 8 percent,
4 PHF = 0.90,
4 Two-phase signal,
4 NB-SB green = 36 s,
4 EB-WB green = 26 s,
4 Yellow = 4 s,

4 Third Avenue has two lanes, one in each direction,
4 Main Street has four lanes, two in each direction,
4 No parking at intersection,
4

Pedestrian volume = 100 plh, all approaches,

4 Bicycle volume = 20 bicycleslh, all approaches,
4 Movement lost time = 4 s, and
4 Level terrain.

Comments
4 Assume crosswalk width = 10 ft for all approaches,
4 Assume base saturation flow rate = 1,900 pclhlln,
4 Assume ET = 2.0,

4 No buses, and
4 70.0-s cycle length, with green times given.

I

steps

2.

Minimum effective green time
required for pedestrians (use
Equation 16-2).

Gp = 3.2

1

1

L
+ 4.0
+ 0.27Np,,

Gp (Main) = 3.2

+ 30 + 0.27(1.944) = 11.2 s

G, (Third) = 3.2

+

44

+ 0.27(1.944)

= 14.7 s

Compare minimum effective
green time required for
pedestrians with actual
effective green.

Gp (Main) = 26 s, which is >11.2 s

4.

Proportions of left and right
turns.

Proportions of left- and right-turn traffic are found by
dividing the appropriate turning volumes by the total
lane group volume.

5.

Lane width adjustment factor
(use Exhibit 16-7).

6.

Heavy-vehicle adjustment
factor (use Exhibit 16-7).

7.

Percent grade adjustment
factor (use Exhibit 16-7).

3.

Chapter 16 - Signalized Intersections
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G, (Third) = 36 s, which is 214.7 s

0% grade, fg = 1.000
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8.

Parking adjustment factor
(use Exhibit 16-7).

No parking maneuvers, fp = 1.000

9.

Bus blockage adjustment
factor (use Exhibit 16-7).

No buses stopping, fbb= 1.000

10. Area type adjustment factor
(use Exhibit 16-7).

For CBD, fa = 0.900

11. Lane utilization adjustment
factor (use Exhibit 16-7).

Refer to Exhibit 10-23. This factor is applied to
establish the conditions in the worst lane within each
lane group. Otherwise, the results would reflect the
average of all lanes of the defined lane groups. Use
fLu = 0.950 for EB and WB approaches, and fLu =
1.000 for NB and SB approaches.

12. Left-turn adjustment factor.

13. ~ight-turnadjustment factor
(use Exhibit 16-7).

The left turn is permitted, hence a special procedure
is needed. The EB and WB left turns are opposed
by multilane approaches. The supplemental
worksheet for multilane approaches is used. The
NB and SB left turns are opposed by single-lane
approaches. The supplemental worksheet for a
single-lane approach is used.
For NB and SB single-lane approaches: fRT= 1.0 0.135PRT
For EB and WB shared-lane approaches: fRT= 1.O0.1 50PRT

14. Left-turn pedestrianhicycle
adjustment factor.

Supplemental worksheet for pedestrian-bicycle
effects is used.

15. Right-turn pedestrianhicycle
adjustment factor.

Supplemental worksheet for pedestrian-bicycle
effects is used.

16. Saturation flow.

= 0'

fw

f~~

fg fp fbb

f~~

fa

f~~ f~~

f ~ p fb~ p b

s(EB) = 1900 2 * 0.967 * 0.952 * 1.000 1.000
1.000 * 0.900 0.950 0.716 0.993 * 0.997* 0.992
= 2103 vehlh
17. Lane group capacity.

c = s(g1C)
c(EB) = 2103(0.371) = 780 vehlh

18. vlc ratio.

800 - 1.026
v/c(EB) = 780 -

19. Determine critical lane group
in each timing phase.

The lane group with the highest vlc ratio in a phase
is considered the critical lane group. In this case,
EB and SB lane groups are critical in Phases 1 and
2, respectively.

20. Flow ratio of critical lane
groups.

800
v/s(EB) = 21
o3 = 0.380
667
vIs(SB) = 1625 = 0.41 0

21. Sum of critical flow ratios.

Y, = 0.380 + 0.41 0 = 0.790

22. Critical flow rate to capacity
ratio.

X, =

0.790(70.0)
= o.892
70.0 - 8
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23. Uniform delay.

0.50~(1dl =

g)

2

E]

[.

1- m~n(lX)dl (EB) =
24. Incremental delay.

0.50(70.0)(1-0.37)~
=22.015 sheh
1- 0.371(1.0)

d, = ~OOT[(X
- I)

+

m]

d2(EB) = 900(0.25)[(1.026
25. Progression adjustment
factor (use Exhibit 16-12).

- 1) + Ji-/]=

39.01 1 slveh
PF (EB) = 0.926

26. Lane group delay.

d =dlPF+ d, +d,
d (EB) = 22.01 5(0.926) + 39.01 1 + 0 = 59.4 slveh

27. lntersection delay.

dl = C ( d )(VA
~
CVA
dl =

EBlLTR
WBILTR
NBILTR
SBILTR

vlc
Ratio

gIC
Ratio

Unif
Delay d,

1.026
0.371
22.015
0.371
20.138
0.842
11.617
0.514
0.561
14.028
0.799 0.514
Intersection Delay = 34.2 dveh

(800+ 833 + 466 + 667)

= 34.2 s l v e h
LOS (EB lane group) = E
LOS (EB approach) = E
LOS lntersection = C

28. LOS by lane group,
approach, and intersection.

Direction1
LnGrp

(59.4'800)+(31.0'833)+(14.4'466)+(21.9'667)

Progr
Fact PF
0.926
1.111
1.000
1.000

Lane
Grp
Cap
780
989
830
835

Cal
Term k
0.5
0.5
0.5
0.5

lncr
Delay d,

Lane
Lane
Grp
Grp
Delay
LOS
E
39.01 1
59.4
C
8.647
31.0
B
2.734
14.4
7.882
21.9
C
Intersection LOS = C

Delay
by App

LOS by
App

59.4
31.0
14.4
21.9

E
C
B
C

(\

Alternatives
Two alternatives are considered: a new lane utilization adjustment factor and new
signal timing.
The purpose of the lane utilization adjustment factor (fLv) is to account for uneven
distribution of traffic in multilane roadways, and it is reflected in saturation flow rates.
Typically, traffic volume is evenly distributed between lanes at high v/c ratios, and the
lane utilization adjustment factor is close to 1.000. In this analysis, fLu is only applicable to
Main Street because it has multiple lanes. v/c ratios of 1.026 and 0.842 are considered
high, and it is assumed that traffic volume is evenly distributed, with fLu = 1.000.
The performance is reassessed using fLu = 1.000 and the results are summarized as
follows.
Direction1
Ln Grp

vlc
Ratio

EBILTR
WBlLTR
NBILTR
SBILTR

0.945 0.371
21.323
19.671
0.798 0.371
11.617
0.561 0.514
14.028
0.799 0.514
Intersection Delay = 27.7 dveh
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gIC
Ratio

Unif
Delay d,

Progr
Factor
PF
0.926
1.1 11
1.000
1.000

Ln Grp
Cal
Capacity T e n k
847
1044
830
835

0.5
0.5
0.5
0.5

lncr
Delay d,

Ln Grp
Delay

Ln Grp
LOS

D
20.134
39.9
28.2
C
6.365
B
2.734
14.4
21.9
C
7.882
Intersection LOS = C

Delay
by App

LOS
by App

39.9
28.2
14.4
21.9

D
C
B
C

i
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The assumption ofulf = 1.000 has reduced the delay from 34.2 slveh to 27.7 slveh.
The other alternative is to optimize the operation by reallocating green times without
changing fLu.
As shown in the calculation results, currently the v/c ratios between critical lane
groups are not balanced. The v/c ratio of the EB lane group is much higher than that of
the SB lane group. This imbalance results in much higher delay experienced by one
critical lane group than by the other.
A new signal timing is introduced by reallocating 1.0 s to the east-west phase from the
north-south phase. The resulting signal timing is 27.0 s for the east-west phase and
35.0 s for the north-south phase.
The intersection operation is reassessed with the new timing, and the results are
summarized as follows.
Unif
Delay d,

Direction1
Ln Grp

vlc
Ratio

EBILTR
WBILTR
NBILTR
SBILTR

21.118
0.972 0.386
19.165
0.807 0.386
12.307
0.578 0.500
14.843
0.821 0.500
Intersection Delay = 29.8 slveh

g/C
Ratio

Progr
Factor
PF

Ln Grp
Cap

Cal
Term k

lncr
Delay

0.926
1.111
1.000
1.000

823
1032
806
812

0.5
0.5
0.5
0.5

25.265
6.766
3.011
9.132

Ln Grp
Delay

Ln Grp
LOS

Delay
by App

LOS by
App

47.9
28.1
17.3
34.0

D
C
B
C

d2

D
C
B
C
Intersection LOS = C
44.8
28.1
15.3
24.0

After reallocation of green times, v/c ratios for critical lane groups are more balanced,
and the overall intersection performance (in terms of delay) has improved from 34.2 slveh
to 29.8 stveh.
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Example Problem 1

I

INPUT WORKSHEET

I

General Infomation

1

Site Aformation

Analyst
Agency or Company
Date Petformed
Analysis Time Period

WLL
CEi
4A2/99
4-6 PM

Intersection

I

Third Avenue/Main Street

61 CBD

Area Type
Jurisdiction
Analysis Year

Other

I

1999

Intersection Geometry
0

= Pedestrian Bulton

w = Lane Width

= Thmugh

(. = Right

7

= Left
= Through +Right
= Left + Through

1(T

= Left + Right

1

= Left + Through + R~ght

I

Volume and TimingInput

Approach pedestrian volume: vped(plh) I
Ao~roachbicvcle
v,:. lbicvcleslhll
Parking (Y or N)
Parking maneuvers. N, (maneuvedh)
Bus stopping, NB(buseslh)
I Min. tirnina" for ,oedestrians?. G.,,*,(s\
1

100

I

24
N
0
0

WR

I

NP

100
24
N

I

100
70

0
0

I

11.2
-

11.2
-

I

N
0
0

1I

70

N
0

0

1

14.7

14.7

Signal phasing Plan

1

i

I"'

++

,1:°1

1

03

(04

I05

107

-

2

Protectedturns

,A

-- - -

Permitted turns
Pedestr~an

Notes
1 RT volumes, ar shown, erclude RTOR.
2 Approach pedeslrian and blmle volumes are hose lhat wntl~clwlhriahllums from hesubiecl aooroach.
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Cycle length. C = 70.0 s

1

1

1
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j 000'1j

j 000.1j

i

j

j 000'1j

j 000.1j

'006'0

b06'0

b062)1

pP6'0 I

j 000'1j

j 000.1j

j001.1j

I

1 ~ 9 I9

j001.1j

I 99b

1

:

n

lo001

:&6'0

j

I

4

D06'0:

:

jL96.0:

I EEQ

I

1 000'1

iL96'0j

1

/ oog j

:

I

I

'

I
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j
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dj

OP

j

01s

\

OP

I

OZ

CX

OLE

I

OZ

j

00L

09

1

GG j 029

59

.

z ~ o p eluamlsnlpe
j
fiu~yled

4 'lope4 luawpn!pe

g p ! auel
~

I
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Example Problem 1

SUPPLEMENTAL WORKSHEET FOR PERMllTED LEFT TURNS
OPPOSED BY SINGLE-LANE APPROACH

I

Project Description

I

I

General Information

I

E~ampleProblem 1

EB

WB

Cycle length, C (s)

SB

NB
70.0

Lost time for LT lane group, tL

4

4
"

Cornputation.

*

"

J

A

>

; ;

"

A

LT volume per cycle, LTC = vL&/3600
Opposing flow per lane, per cycle.
volt = voC/3600 (veh/C/ln)
Opposing platoon ratio, Rpo(refer to Exhibit 1611)

!

>

*

0.642

0.856

12.969

9.061

1.00

1.00

14.779

12.505

gf = G [ ~ - D . ~ ~ DI]( L-TtLc ~ ~g,~ < g (except exclusive
left-turn lanes)3
Opposing queue ratio, qr, = max[l Rpo(gdC),0]

0.486

0.486

g, = 4.943~,,$7~~qr,'.~~~
- tL

12.201

8.328

g, = g - gl if gq 91
n = max[(g, - g3/2.01

21.221

23.495

o

o

P ~ =~ -o 'LTO

0.933

0.929

ELI (refer to Exhibit C16-3)

2.7

2.2

ELP = max[(l- PTHO~)/PLTO,
1.01

1.0

1.0

fmin = 2(1 P L T ) ~ ~
g d i ~= max[gg gf, 0] (except when left-turn volume
is 0)4

0.060

0.059

0

0

0.937

0.951

-

gqrg

g, = g'- g, if g, 2 gl, or

+

-

'fm 'hig1
+[1-d

+

.;,fl\ ~ ~
<,f~ <~ 1,.O,O)

[,

+

:$:- ,)I

88,

I Motes

'

I

I

1
I

'

1. Refer to Exhibits C16-4, C16-5, C166. C16-7, and C16-8 for case-specific parameters and adjuslmentfactors.
2. For exclusive left-turn lanes, N is equal to the number of exclusive left-turn lanes. For shared left-turn lanes, N is equal to the sum of
the shared left-turn, through, and shared right-turn (if one exists) lanes in that approach.
3. For exclusive left-turn lanes, gl = 0, and skip the next step. Lost time. tL, may not be applicable for protected-permitted case.
4. If the opposing left-turn volume is 0, then gdir: 0.
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I I

II 1I
I 1

SUPPLEMENTALWORKSHEET FOR PEDESTRIAN-BICYCLEEFFECTS
ON PERMllTED LEFT TURNS AND RIGHT TURNS
General Information
Project Description

Example Problem I

Permitted Left Turns
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I

I

...

1I
/

General lnformation
Project Description

1

I

Example Problem 1

Sum of flow ratlos for cntlcal lane groups, Y,
I Y, = Z (crltlcal lane groups, vls)
Total lost lime per cycle, L (s)
Cntlcal flow rate to capaclty ratlo, X,
x, = (Y,)(C)I(C - L)

0 790

8
0.092

Lane Group Capaciw, Control Delay, and LO§ Deferminatior)

I EB
Lane group

1,

1/

Example Problem 1

CAPACITY AND LOS WORKSHEET

1.
2.
3.
4.

:

1 WB I

I "

1 NB

j

,

I SB I

id:
\T[

For permitted left turns, the minimum capacity is (1 + PL)(3BWIC).
Primary and secondary phase parameters are summed to obtain lane group parameters.
For pretimed or nonactuated signals, k = 0.5. Otherwise, refer to Exhibit 16-13.
T = analysis duration (h): typicaly T = 0.25, which is for the analysis duration of 16 min.
I = upslream filtering metering adjustment factor; I = 1 for isolated intersections.

-
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I

The lntersection The intersection of Sixth Street (NB) and Western Boulevard
(EBMIB) is located in an outlying area. lntersection geometry and flow characteristics are
shown on the lnput Worksheet.
The Question

What are the delay and peak-hour LOS for this intersection?

The Facts
4 EB and WB HV = 10 percent,
4 NB HV = 5 percent,
4 PHF = 0.95,
4 No parking EBMIB,
4 Arrival Type 3,
4 Movement lost time = 4 s, each phase
4 Sixth Street NB grade = -2 percent
4 Three-phase signal,
4 Western Blvd. bus stopping = 20 blh,
4 Pedestrian volume = 50 plh, all
approaches,
4 All lane widths are 12 ft,

4 Western Boulevard has two lanes in
each direction plus an added left-turn
lane for EB,
4 Sixth Street is a NB one-way street with
two lanes,
4 Bicycle volume = 20 bicycleslh, all
approaches,
4 NB parking = 20 maneuverslh, and
4 Peak-hour volume data, by approach
and movement, are shown on the
lnput Worksheet.

Comments
4 Assume a range of cycle lengths of 70 s to 100 s. This range relates to default
values given in Chapter 10,
4 Assume crosswalk width = 10 ft for all approaches,
4 Assume NIS crosswalks are 60 ft long and E M crosswalks are 44 ft long,
4 Assume base saturation flow rate = 1,900 pclhlln,
4 Assume ET= 2.0, and
4 Signal timing and cycle length are not given, therefore the quick estimation method
is required to determine these two parameters.

1.

The quick estimation method is used to determine the signal phasing and cycle length.
Known or assumed input data are entered on the lnput Worksheet.

2.

In the Left-TurnTreatment Worksheet, EBLT is treated as a protected phase and
NBLT as an unopposed phase. EBLT is treated as a protected phase because (vL)(vJ
exceeds 90,000 with two opposing through lanes.

3.

For each intersection approach, a Lane Volume Worksheet is completed and critical
lane volumes are determined.

4.

Using the computed critical lane volumes, cycle length is computed as 31.9 s (see
Quick Estimation Control Delay and LOS Worksheet). However, we use 70.0 s since
this was set by the analyst as the ''minimum."
Green times are computed for EBMIB and NB phases. The Quick Estimation Control
Delay and LOS Worksheet is used. For example, for Phase 1:

(

These computed green times are now used as input for the next steps.
5.

The timing for Phases 1, 2, and 3 is 11.2 s, 27.4 s, and 31.4 s, respectively. After
yellow time is subtracted, the effective green is 7.2 s, 23.4 s, and 27.4 s, respectively.

6.

Pedestrianslcycle.
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7.

Minimum effective green
time required for pedestrians
(use Equation 16-2).
Gp(Sixth) = 3.2

8.

9.

44
+G
+ 0.27(0.972) = 14.5 s

Compare minimum effective
green time required for
pedestrians with actual
effective areen.

g(Western) = 23.4 s, which is >18.5 s

Proportion of left turns and
right turns.

Proportions of left- and right-turn traffic are found by
dividing the appropriate turning volumes by the total
lane group volume.
PLT(EB) = 1.000 for the exclusive left-turn lane

g(Sixth) = 27.4 s, which is >14.5 s

10. Lane width adjustment factor
(use Exhibit 16-7).

11. Heavy-vehicle adjustment
factor (use Exhibit 16-7).

1

0% grade, fg = 1.000

12. Percent grade adjustment
factor~useExhibit16-71.

No parking maneuvers (EB and WB), fp = 1.000

13. Parking adjustment factor
(use Exhibit 16-7).

1

20 parking maneuvers/hour (NB), ,f = 0.900

14. Bus blockage adjustment
factor (use Exhibit 16-7).

No bus stopping (NB), fbb = 1.0

15. Area type adjustment factor
(use Exhibit 16-71.

For outlying areas, fa = 1.000

16. Lane utilization adjustment
factor (use Exhibit 16-7).

Refer to Exhibit 10-23. This factor is applied to
establish the conditions in the worst lane within each
lane group. Othetwise, the results would reflect the
average of all lanes of the defined lane groups. Use
fLv = 0.950 for all through movements.
fLT applies to the EB left turn. For protected LT,
fLT = 0.950. For permitted LT, the supplemental
worksheet for multilane approaches is used. fLT

20 buses/hour stopping (EB and WB),,,f

17. Left-turn adjustment factor
(use Exhibit 16-7).

18. Right-turn adjustment factor
(use Exhibit 16-7).

= 0.960

(permitted) = 0.149. NB left turn is treated as a shared
lane protected left turn because it has no opposina
I flow.' f, ,(NB) = 0.998 (use equation in ~xhibit16%.
fRTis applied to NB and WB right turns.
=,,f
1.0-0.150PRT

I

19. Left-turn pedestrianibicycle
adjustment factor (use
Exhibit 16-7).

Supplemental worksheet for pedestrian-bicycle effects
is used.

20. Right-turn pedestrianibicycle
adjustment factor (use
Exhibit 16-7).

Supplemental worksheet for pedestrian-bicycle effects
is used.
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21. Saturation flow (use
Equation 16-4).

= 0'

fw ~ H fg
V fp fbb ~ L U
fa ~ L ~T R fT~ p bf ~ p b

s(EBLT prot) = 1900 1 1.000 0.909 1.000 *
1.000 1.000 1.000 1.000 0.950 1.000 1.000
1.000 = 1641 veh/h

22. Lane group capacity (use
Equation 16-6).
23. v/c ratio.
24. Determine critical lane group
in each timing phase.

25. Flow ratio of critical lane
arouD.
26. Sum of critical lane group v/s
ratios.

c = s(g/C)
c(EBLT prot) = 1641(0.103) = 169 vehlh
126
v/c(EB) = -= 0.746
169
The lane group with the highest v/c ratio in a phase is
considered the critical lane group. The critical lane
groups are EBLT (protected), WB through, and NB
through.
126
v / s ( prOt)
~ ~= ~ ~ = 0.077
YC = 0.077 + 0.275 + 0.289 = 0.641

27. Critical flow rate to capacity
ratio.
-

Supplemental uniform delay worksheet is needed to
compute dl for the EBLT because it has both
protected and permitted phases. dl (EBLT) =

28. Uniform delay.

29. Incremental delay (use
Equation 16-12).
30. Progression adjustment
factor (use Exhibit 16-12).

PF = 1.000 for arrival type 3

31. Lane group delay (use
Equation 16-9).

d = dlPF+ d, + d,
d (EBLT) = 11.81 l(1.000)

32. Approach delay (use
Equation 16-13).

dA =- x(d)(v)
CV

+ 5.748 + 0 = 17.6 s/veh

33. Intersection delay (use
Equation 16-14).
dl (EB) =

34. LOS by lane group,
approach, and intersection
(use Exhibit 16-2).

(15.8 1,158) + (28.8 842) + (22.4 '894)
(1,158 + 842 + 894)

LOS (EBLT) = B
LOS (EB) = B
LOS intersection = C

The calculation results are summarized as follows.
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Direct
Ln Grp

EBIL
EBIT
WBITR
NBILTR

Progr
Unif
Delay Factor
PF
d,
0.468 0.494 11.811 1.000
0.663 0.494 13.326 1.000
0.822 0.334 21.400 1.000
0.740 0.391 18.266 1.000
Intersection Delay = 21.6 slveh
vlc
Ratio

gIC
Ratio

Ln Grp Cal
Cap Term k

lncr
Delay

Ln Grp Ln Grp Delay
LOS
LOS by App by App
Delay

d2

269
1556
1024
1208

0.500
0.500
0.500
0.5000

5.748
2.243
7.429
4.097

17.6
8
15.6
8
15.8
28.8
C
28.8
22.4
22.4
C
Intersection LOS = C

B
C
C

Alternatives
Two alternatives are considered for the EB left-turn treatment: protected only and
permitted-plus-protected. The first alternative is to assess the impact of eliminating the EB
permitted left-turn phase. The left-turn volume is low and is below the capacity of the
protected phase. Hence, queue spillovers will not occur.
The supplemental worksheet for permitted left turns is not needed because there are
no permitted left turns. The supplemental uniform delay worksheet is also not needed
because the left turn is contained in a single phase. The intersection performance is
reassessed and the results are as follows.
Direction1 vlc
LnGrp
Ratio

i

'-..

Unif
Progr
Delay
Fact
PF
dl
EBIL
0.746 0.103 30.505 1.000
0.663 0.494 13.326 1.000
EBIT
WBITR
0.822 0.334 21.400 1.000
NBILTR 0.740 0.391 18.266 1.000
Intersection Delay = 23.3 slveh

gIC
Ratio

Lane
Grp
Cap
169
1556
1024
1208

Cal
Term
k
0.500
0.500
0.500
0.500

lncr
Lane Lane Delay
Delay
Grp
Grp
by
Delay LOS
d2
App
25.564 56.1
E
2.243 15.6
8
20.0
7.429 28.8
28.3
C
4.097 22.4
22.5
C
Intersection LOS = C

LOS
by
App
8
C
C

The elimination of the permitted phase has caused a drop in the left-turn capacity
from 269 vehlh to 169 vehlh. Correspondingly, the delay has increased from 17.6 slveh to
56.1 slveh. The overall intersection delay has also increased by 1.7 slveh to 23.3 slveh.
From the operational standpoint, the protected-only phase is undesirable because it
induces additional delay. However, from the safety standpoint, the phase may be
desirable because safety may be enhanced by reducing the number of accidents caused
by turning vehicles.
The second alternative is to reverse the EB left-turn treatment from protected-pluspermitted to permitted-plus-protected. The cycle length and phase times are kept the
same. The intersection performance is reassessed and the results are as follows.
Direct
Ln Grp

EBIL

I vlc

I aIC

Ratio

katio

0.346

0.494

I Unif I

Proar I Ln G ~ DI Cal
I
Delay ~acibr Cap ' Term k
PF
d,
364 0.500
15.626 1.000

Intersection Delay = 21.7 slveh

lncr
Delay
d2
2.593

I Lane I
Grp
Delay

Lane
Grp
LOS

18.2

8

1

Delav
by

Abp

I

LOS
by App

Intersection LOS = C

Reversing the EB left-turn phase results in a slight increase in delay from 17.6 slveh
to 18.2 slveh. The intersection delay also increases by 0.1 slveh to 21.7 slveh.
In conclusion, solely on the basis of operations, the first option (protected-pluspermitted EB left turn) appears to be the most desirable.
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Example Problem 2

I

QUICK ESTIMATION INPUT WORKSHEET

Analyst

WLL

Intersection

Agency or Company
Date Performed
Analysis Time Period

CEI

Area Type

4/21/99

Jurisdiction
Analysis Year

Sixth 5t.Nestern Blvd.

CBD
1999

1

= Through

(I=

l

I
(
'=

Street

Right

= Left

?=
h\t =
Western Blvd.

&
Other
l

Through + Right
Left+ Through
Len+ ~ g h t

= Len + Through + Right

Volumeandsignal Input

1

I

I
I

I
I

1

I

I

120 9BO
Volume, V (vehlh)
Proportion of LT or RT (PLTor Pm)2
Parking (YdNo)
No
Len-turn treahent (permitted, protected,
not opposed) (if known)
Peak-hour factor, PHF
0.95
Cycle length
Minimum,Cmi, 7 0 s
Maximum,,,C

Lost timdohase

-4

1 700 1 100 1 4 0 1 785 1
No

25

1

Yes
Not Opposed

Q
sJL

or

Given, C

s

II

Notes

I

I

1. RT volumes, as shown, exclude RTOR

2. PLT= 1.03 for exclusive leR-turn lanes, and Pm = 1.03 for exclusive right-turn lans. Otherwise. they are equal to the proportionsof turning
volumes in the lane group.

-
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Example Problem 2
LEFT-TURN TREATMENT WORKSHEET
1

I

Check #t Left-TurnLane Check
Approach
Number of left-turn lanes

I

WB

EB
1
N

Protect left turn (Y or N)?

If the number of left-turn lanes on any approach exceeds 1, then 11IS recommendedthat the left turns on that approach be protected.
Those approaches wlth protected left turns need not be evaluated In subsequent checks.
, < , I ,,:-.>
CHeck#l; ~riirnurn~olu&
.

--

,

I

S

- 9 -

A

Approach

EB

Left-turn volume
Protect left turn (Y or N)?

1

WB

NB

<

('

,.-x~..-

SB
I

120
N

If left-turn wlume on anv ap~roachexceeds 240 v e M . then it is recommendedthat the lefl turns on that a ~ ~ r o a be
c h orotected. Those

1

I

If the cross-product on any approach exceeds the above values, then it is recommendedthat the left turns on that approach be protected.
Those aooroaches with ~rotectedleft turns need not be evaluated in subseouent checks.

I

Check #4. Sneaker Check
I

Approach
Left-turn volume, VL (vehlh)

I

EB

I

WB

I

NB

SB

Sneaker capacily = 7200lC
Lefl-turn equivalence, ELI (Exhibit C163)
Protected left turn (Y or N)?

1

If the left-turn equivalence factor is 3.5 or higher (computed in Exhibit A10-4, quick estimation lane volume worksheet) and the
unadlustedleR turn s greater than the sneaker capacity, then it 1s recommeided that the left turns on that approach be proteclea.

1

I
I

Notes
1. If any approach is recommended for left-turn protection but the analyst wishes to analyze it as permitted, the plannin application may
give overly 0pLirni.c
resulk The analyst should instead use the more robust method described in Chapter 16, ~ipna?ized Intersections.
2. All volumes used in this worksheet are unadjusted hourly volumes.

1

-
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Example Problem 2

1

QUICK ESTIMATION LANE VOLUME WORKSHEET
General Information

1

[

I

DescriptionlApproach

i

Example Problem 2,EB
-*

Right-Turn Movement
Exclusive RT Lane
RT volume. VR (veWh)
! Number of exclusive RT lanes, NRT
I RT adjustment factor.' fRT
RT volume per lane. Vm (vehlhlln)
I Vor=VR

Shared RT Lane
use I

/

"'

(Nm x fm)

I

I
A

Left-TurffMovement

1

'

<

-

'

- ,

LT volume. VL (veWh)
Opposlng malnllne volume. V, (veWh)
Number of exclusive LT lanes, NLT
LT adjustment f a c t ~ rfLT
,~
LT volume per lane? VLT(vehlhlln)

'

""

>

1

120
800
1

Permitted LT use 0

Protected LT

Not Opposed LT -

126

ThroughMovement
Permined LT

Protected LT
980

Through volume. VT (vehlh)

I Paiklng adjustment factor, fp
I Number of through lanes. NTH
I Total approach v ~ l u m e,V,,~ (vehlh)

980
1

I
Through Movement with Exefusrlie LTLane

I

.

I
t

, I

\

Throu h volume per lane. VTH(vehlhlln)

490

=NTH

V~~
Critical lane volume? VCL(vehlh)
MaxvLT, Vm (exclusive), VTH]

i

490

ThroughMovemenf.withS h a W L f Lane -

A

Proporbon of leR turns, PLT
-

:>%

\

<h

~

, :-"+'

*

* -

y

\-,<;A,

Does not apply

Does not apply

LT equ~valence.ELI (Exh~bltC16-3)

I
8

<

LT adjustment, fDL(Exhlbrt A10-6)
Through volume per lane. VTH(vehlhlln)
VTH'Vlat
(NTH X ~ D L )

1

1

/

Crlt~callane v o l ~ m eVCL
, ~ (vehlh)
~ a x v ~ ~ ( e x c ~ u svTH]
~ve).
I

I

I.For RT snarea or s nale lanes. Lse 0 85 For RT double lares. use 0.75.
2. For LT single lanes. i s e 0.95.' For LT double lanes, use 0.92.' For a one-way street or T-intersection, use 0.85 for one lane and 0.75
for two lanes.
3. For unopposed LT shared lanes, NLT= 1.
4. For exclusive RT lanes, VRT(shared) = 0. If not opposed, add VLTto VT and set VLT(nolopp)= 0.
5. VLT is included only if LT is unopposed. Vm (excluslve) is included only if RT is exclus~ve.
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I

QUICK ESTIMATION LANE VOLUME WORKSHEET

I

General information

-

I

Right-Turn Movement
Exclusive RT Lane
I RT volume, VR (vehlh)
Number of exclusive RT lanes, Nm
RT adjustment factor,' fRT
RT volume per lane, Vm (vehlhlln)
v m = L
"' (hm lc lm)

1

Example Problem 2

Shared RT Lane
100
use 1
0.050

110

I

I

Lert-furn Movement

-

LT volume, VL (vehlh)
Opposing mainline volume, Vo (vehlh)
Number of exclusive LT lanes, NLT
LT adjustment f a c t ~ rfLT
,~
LT volume per lane,3 VLT (vehhlln)

v

I

I

_

,,

I

Through Movement wlth Exctusive LTLane
Throu h volume per lane, Vm (vehhlln)
!+IO,

409

=NTH

VTH
Critical lane volume? VCL(vehlh)
MaxlV,,..,Vm
,,, fexclusivel.,.Vml
,,,.
L

3

-

409
I

I

through Movement wlth Shamd LT Lane
Proportion of left turns, PLT
LT equivalence, ELI (Exhibit C16-3)
I LT adjustment, foL (Exhibit AlO-6)
/ Through volume per lane, Vm (vehlhlln)
L ! ! ! L=mv
(NTHX~OL)
Critical lane volume,5 Vcl (vehlh)

Does not apply
Does not apply
use 1.0

Does not apply
Does not apply

1

I

I

I

1

..

I

I

I

I

Notes
1. For RT shared or single lanes, use 0.85. For RT double lanes, use 0.75.
2. For LT single lanes, use 0.95. For LT double lanes, use 0.92. For a one-way street or T-intenection, use 0.85 for one lane and 0.75
1 for two lanes.
1 3. For unopposed LT shared lanes, NLT= I.
I 4. For exclusive RT lanes, Vm (shared) = 0. If not opposed, add Vu to VT and set VLT(nolopp) = 0.
5. VLTis included only if LT is unopposed. Vm (exclusive) is included only if RT is exclusive.
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Example Problem 2

1

QUICK ESTIMATION LANE VOLUME WORKSHEET

1

General Information

.. ..

I

Rlght-Turn Movement

I LT volume. VL (vehlh)

40
0
0

Opposlng malnl~nevolume. Vo (vehlh)
Number of exclusive LT lanes, NLT
LT adjustment factor? fLT
, LT volume per lane? VLT(vehlhlln)

0
8
5

(m)
J'L

I

Permitted LT use 0

v ~ ~ =

Not Opposed LT 47

Protected LT

Through Movement

>

Permitted LT

Protected LT

Through volume, VT (vehlh)
Parklng adluslment factor, fp
Number of through lanes, NTH
Total approach volume? V,, (vehlh)
- [''rn(shamd) VT + VLT(not opp)l
101

-

P

1

1

957
I

I

I

Through Movement with Exclusive LT Lane
Through volume per lane, VTH(vehlhlln)
I

I

I

Critical lane volume? VCL(vehlh)
MaxlVtr. Vm
,,,,(exclusive).
, VTU~
,,..

-- - . .

.

I d

2

I v -lDI
I
TH - N,"

/

-I2

785
0.900

+

f.

- *
t>
Not Opposed LT

I

--

1

1

-

I

Through Movement w/th Shared LT Lane

i Proportion of left turns, PLT

/
I

Does not apply

LT equivalence. EL, (Exhibit C16-3)

Does not apply

LT adjustment, fDL(Exhibit A10-6)
Through volume per lane. VTH(vehlhlln)
j VTH

I

1

=A

Does not apply
Does not apply
use 1.0

479

(NTH X ~ D L )

Critical lane volume? VcL (vehlh)
MaxlVm(exclusive).
. ,,. .
. Vml
....

I

I

479

Notes
--.--..-. .--. ..
-- .1. For RT shared or single lanes, use 0.85. For Kr double lanes, use 0.75.
2. For LT single lanes, use 0.95. For LT double lanes, use 0.92. For a one-way street or T-intersection, use 0.85 for one lane and 0.75
for two lanes.
1 3. For unopposed LT shared lanes, NLT= I.
4. For exclusive RT lanes, Vm (shared) = 0. If not opposed, add VLTto VT
set VLT(notopp)
= 0.
1 5. VLTis included only if LT is unopposed. Vm (exclusive) is included only ~fRT is exclus~ve.

1
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I

QUICK ESTIMATION CONTROL DELAY AND LOS WORKSHEET
L

General Information

-I

1

Description

Example Problem 2

I

I I

Example Pmblem2

I

East-West Phasing Plan
Selected plan (Exhibit A10-8)
2b
Movement codes
Critical phase volume, CV (vehh)
1 I---ost limelohase.
- r -- t L 1s)
,-,

Phase No. 1
EB 7H LT
126

.

II

Phase No. 2
EB WB TH

Phase No. 3

409

II

A

1I

d

I

Northsouth Phasing Plan

1

L

Selected plan (Exhib~tA10-8)
1
Movement codes
Critical phase volume. CV (vehh)
Lost timdphase, tL (s)

c,

Cycle length. C (s)
cm1ns c s cm,
Critical vlc ratio, &,

&m=

I

Phase No 2

Phase No. 1
NB 7H LT
479

Phase No. 3

I

I

4

L
[m~n(;B'j

3t9 < 70, use 70

A

.(I-+J

1

Intersecbon status (Exhlblt A10-9)

under capacity

Green zime CalculatiQn
East-West Phasing
Green time, g (s)

B=

.

- L) ($)+

-

Phase No. 2

Phase No. 1

North-South Phasing

Phase No. 3

27.4

112

Phase No. 2

Phase No. 1

I

Phase No. 3

31.4
I

1 I

I

Control Delay and LOS

Intersection delay, d, (slveh)

d,-:w
"

Intersection LOS (Exhibit 16-2)
I

I

I

Notes

1

-

1. RS = 1710(PHF)(fJ, where fa is area adjustmentfactor (0.90 for CBD and 1.0 for all others).

16-57

I
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Highway Capacity Manual 2000
Example Problem 2
VOLUME ADJUSTMENT AND SATURATION FLOW RATE WORKSHEET
General Information

1 I

Project Description

I

I

Volume Aaustment

I

I

120

Volume, V (vehlh)
Peak-hour factor, PHF

j

980

1

0.95j

8

Adjusted flow rate, vp = VIPHF (vehlh)

126

1 700 j 100

j
.

\ 1032 j

j

Lane group

1

Adiusted flow rate in lane aroup, v ivehlh)I 126

:

1 842 !

1900 1900 1 1900

:I900;

:

1

Lane widU? adjustment factor, ,f

1

I

I

; 1

: 2

0.9040.9040.903
I

I

Grade adjustmentfactor, f,

1.000;
1,000:
1.000

Parking adjustmentfactor, fp

1.000:1.000~1.000

I

I

BUS blockage adjustment factor. fbb

:

I

(

Right-turn adjustmentfactor, fRT

I

Adjusted saturabon flow, s (vehlh)
s = so N fw ~ H Vfg fp fbb fafw ~ L ~KI
T f~pbf ~ p

I

I

I

i

I

1641

'

j 257 j
1

1

3150

26

I

I
I

I

I

I

I

I

I

I

1 894 1

I

!

I

:

I
I

I

,

I

I

I

I

I

I

I

I

I

I

I

:I900
I

:

:2

I

: 0.909;
I 1.000:

:

j 1.000j

I

I

10.9521

I
I

I

1

I

I

I

I
I

I
I

I

I

I

:0.900:
:1.000:
j 1.000:

I

I

I

I

I

I

I

I

I

I
I

I

I

I

I

I

I

I

I
I

I

I

I

I

I

I
I

:l.OOOI
4

I

j 1.000j
I

j 0.950;
I
I

: 1.000!
I
I

,10.981,1

:1.010;

I

I

I

I

,

j 0.950;
I
I

!0.998!
I
I

I
I

:0.996!
I
I

1

I
I

I

I

I

I
I

I

I

I
I

I
I

8

,

I

I

8

I
I

I
I

I
I

I
I

I

:0.998

I
I

I

t

1 30741

I

I

I
I

I

1

I

8

I

j

306e

I

8

:

I

6

1

I

I
I

: 0.992:

I

I

I

I

1,0001,000[
1,000

I
I

I
I
I

I

I

I
I

1.000:
1.00011.000

,

I
I

I

I
t

0.956 0.149;1.000

Len-turn pedlbike adjustmentfactor, fLpb
Right-turn pedlbike adjustment factor, fNb

t

826

I

I

,

I

I

1,000
1 1,000~
0.95'1
I

Left-turn adjustment factor, fLT

I

j

I

I

I
I

1.0001 1.000:1.000
I

Lane utilization adjustment factor, fLu

42

1,000 1,000~o~960 1 0 . 9 ~ ~ :
I

25

0

0

,

1 1.000j

1 785 j
1 0.95:

I

: 2

8

I

Area type adjustment factor, fa

I

I

I 1.000[ 1.000 1.00o(

Heavy-vehicle adjustment factor, fHY

40

1 105

1 1032 1

I

Number of lanes, N

737

I

1

I

1 0.951

I

Base saturation flow, so (pclhlln)

I

I

I
I

Notes
1. PLT= 1.000 for exclusive left-turn lanes, and Pm = 1.000 for exclusive right-turn lanes. Otherwise, they are equal to the proportions
of turning volumes in the lane group.
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SUPPLEMENTAL WORKSHEET FOR PERMllTED LEFT TURNS
OPPOSED BY MULTILANE APPROACH
General Information

I

.

Project b c r i p a o n

.

I

2

Input

I
Cycle length. C (s)

I

WB

I

NB

I

SB

70
34.6
27.4
23.4

Total actual green time for LT lane group.' G (s)
Effective permitted green tirne for LT lane group,' g (s)
Opposing effective green time, go (s)
Number of lanes in LT lane group? N

I
2
126
1.000
842
0

Number of lanes in opposing approach, No
Adjusted LT flow rate, vLT(veh/h)
Proportion of LT volume in LT lane group,3 PLT
Adjusted flow rate for opposing approach, vo (vehlh)
t,
Lost time for LT lane arouo.
"
8

EB

I

.

Computation
LT volume per
cycle.
LTC = v[rC/3600
.
.

24%

Opposing lane utilization factor, fLuo (refer to Volume
Adjustment and Saturation Flow Rate Worksheet)

0.950

Opposing flow per lane, per cycle
vo, = VDC
3600NJLu,
(vehlcAn)

8.617

g, = ~ [ e ~ . ~ ~ -~ tL( g1
~ <~g ~(except
. ~ 'for~ exclusive
) ]
left-turn lanes)ln4

0

Opposing platoon ratio. Rpo (refer to Exhibit 1611)

1

Opposing queue ratio, qr, = max[l - Rpo(gdC), 0]
volr4ro
g, = 0.5- [V~,JI - q r o ~ s-~4, v,1,(1 - qro)/go s 0.49
(note case-soecific oarametersll
,
g, = g - g, if g, 2 gr, or

0.666
15.222

.

12.178

g, = g - SI if g, SI
Eu (refer to Exhibit C16-3)
P ~ P~~
=

11+

N-I

I&f:JEtI?4,24)

1

.3o

I

/

1

(except with multilane subject appr~ach)~
fmin = 2(1 + P,)/g

= [[&I

+

,I&[

[gg]

fLT= [f, + 0.91(N
111rns16

0.146
(fmin fm <

0,149

- l)]/N (except for permitted left

,

0.149
I

I

I

I

Notes
1 Refer to Exh b ~ t sC164, C16-5, C166, C16-7, and C16-8 for case-specAc parameters and adjustment factors.
2. For exclusive left-turn lanes. N is equal to the number of exclusive left-turn lanes. For shared left-turn lanes, N is equal to the sum of the
shared left-turn, through, and shared right-turn (if one exists) lanes in that approach.
3. For exclusive left-turn lanes. PLT= 1.
4. For exclusive left-turn lanes, g f = 0, and skip the next step. l o s t time, ,I may not be applicable for protected-permitted case.
5. For a multilane subject approach, if PL 2 1 for a left-turn shared lane, then assume it to be a de facto exclusive left-turn lane and redo the
calculation.
6. For ~ermittedleft turns with mulbole exclusive left-turn lanes f ~=r.,f
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CAPACITY AND LOS WORKSHEET
General information

-- -

1

Project Description

Uniform delay, dl =

fim~lepr'Jblem2

126 11032 j
269 1 1556 1
0.46d 0.663
0.4% 0.4W

1842 1
1 1024 1
1 0.824
0.334:

:

yk[(;$z (dveh) 11.811 i13.326

I

Incrementaldelay calibralion? k
0.506 0.506
I
Incremental delay,4 d2
I
I
d2 = 9WT[(X- 1) + J m ] ( d v e h ) 5.748: 2.243;
I

lnilial queue delay, d3 (s'veh) (Appendix F)
Uniform delay, dl (slveh) (Appendix F)
Progression adjustment factor, PF
Delay, d = dl(PF) + d2 + d3 (slveh)
LDS by lane group (Exhibit 16-2)
Delay by approach, dA= Zo(V) (&h)

1
I

I

I

I

-.

Adjusted flow rate? v (vehh)
Lane group capa~ity,~
c (vehfh)
v/c ralio.' X = vlc
Total green ratio? glC
t

1

LDS bv aooroach (Exhibit 16-21
Approach flow rate, v vehfh)
Intersection delay, d, =
&.A

(riveh]

0

10
I

I
0

I

' 0

1

I

I
I
I

:

:0.500
I

I

I

I

I
I

I
I

: 28.81
,

n

I

j

:0.500/

: 1.000!

j

,

j18.264

I

1.000i 1.000i
17.6 15.6 1

I
I

I
I

I

I

j '7.429:

I

I

1208
0.74d
0.391;

;21.404

a

:

j 894 :
1

,

15.8

28.8

B

c

I
I

;4.09?
I

I

I

I

,

I
I

I

I

,

I
I
I

I

I
I

I
I

I
I

10

!

I

,

I

I
I

I
I

,

4

i 1.006

I

I

1

1

1

I

I

22.4:
I

I

I

I

22.4

c
894

21.6
I

Intersection LDS (Exhibit 16-21

I

C

, Notes

i 1. For permitted left turns, the minimum capacity is (1 + PL)(36W/C).

/

Example Problem 2

2. Primary and secondary phase parameten are summed obtain lane group parameten.
3. For pretimed or nonactualed signals, k = 0.5. Otherwise, refer to Exhibit 16-13.
4. T = analysis duralion (h); typically T = 0.25. which is for the analysis duration of 15 min.
i
I = upstream filtering metering adjuslment factor; I= 1 for isolated intersections.

1

I
I

/
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The Intersection The intersection of Fifth Avenue (NBISB) and Twelfth Street
(EBNVB) is a major CBD junction of two urban streets.
What are the delay and LOS during the peak hour for lane groups,
The Question
approaches, and the intersection as a whole?

The Facts

4 Fifth Avenue is a four-lane street,
4 Twelfth Street is a four-lane street,
4 Twelfth Street parking, 5 maneuverslh,
4 Twelfth Street pedestrian volume = 120 plh,
4 Fifth Avenue pedestrian volume = 40 plh,

4 Twelfth Street HV = 5 percent,
4 Fifth Avenue HV = 2 percent,
4 Twelfth Street PHF = 0.85,
4 Fifth Avenue PHF = 0.90,
4 Actuated signal,
4 Yellow = 4.0 s,
4 Level terrain,
4 3.0-m lane widths for EBNVB,
4 Pedestrian signals exist,
4 1 2 4 lane widths for NBISB,

4 Movement lost time = 4 s,

4 Arrival Type 3,
4 No bicycles, and
4 No buses.

Comments
4 Assume crosswalk width = 10 ft for all approaches,
4 Assume base saturation flow rate = 1,900 pclhlln,
4 Assume ET = 2.0,
4 No overlaps in signal phasing,
4 90.0-s cycle length, with green times given, and
4 Assume a unit extension of 2.5 s for all phases.
Steps
1. Pedestrianslcycle.

2.

I

1

I

L

Minimum effective green time
required for pedestrians (use
Equation 16-2).

Gp = 3.2

3.

Compare minimum effective
green time required for
pedestrians with actual

g(l2th) = 19.2 s, which is > 19.0 s
g(5th) = 50.7 s, which is .r 21.0 s

4.

Proportion of left turns and
right turns.

Proportions of left- and right-turn traffic are found by
dividing the appropriate turning flow rates by the total
lane group flow rate.
PLTfor exclusive LT lane is 1.000

5.

Lane width adjustment factor
(use Exhibit 16-7).

Chapter 16 - Signalized Intersections
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+

-+

S~
Gp (12th) = 3.2

fw =

+

0 . 2 7 (for
~ ~wE
~ ~12 8

60
+ 4.0
+ 0.27(3)

(W -12)
30

= 19.0 s

Highway Capacity Manual 2000
6.

Heavy-vehicle adjustment
factor (use Exhibit 16-7).

7.

Percent grade adjustment
factor (use Exhibit 16-7).

8.

Parking adjustment factor
(use Exhibit 16-7).

9.

1

Bus blockage adjustment
factor (use Exhibit 16-7).

100
100 + % HV(ET - 1)

fHV(NBISB) =

100
= 0.980
100+2(2.0-1)

fHV(EB/WB) =

100
= 0.952
100+5(2.0-1)

0% grade, fg = 1.000

N-0.1--

18N,

fp =

1

1

1

f~~ =

3600
N
f, = 0.938 for EB and WB throughlright lane groups

1

No bus stopping, fbb = 1.000

10. Area type adjustment factor
(use Exhibit 16-7).

For (3%fa = 0.900

11. Lane utilization adjustment
factor (use Exhibit 10-23).

NOspecific data are given. Use default of fLu = 1.000
for exclusive LT. Use 0.950 for shared LT.

12. Left-turn adjustment factor.

The left turn is permitted. A special procedure is
used. All approaches are opposed by multilane
approaches. The supplemental worksheet for
multilane approaches is used to determine the factor.
For all shared-lane approaches: fRT= 1.0 - 0.150PRT
Where PRT is the proportion of right turns in lane
group, f ,
,(EB) = 1.0 - 0.150(0.250) = 0.963

13. Right-turn adjustment factor.

14. Left-turn pedestrianlbicycle
adjustment factor.

Supplemental worksheet for pedestrian-bicycle
effects is used to determine the factor.

15. Right-turn pedestrianlbicycle
adjustment factor.

Supplemental worksheet for pedestrian-bicycle
effects is used to determine the factor.

16. Saturation flow.

= So

fw

f~~

fg fp fbb

f~~

fa

f~~ f~~

f~pb
f~pb

s(EBTHRT) = 1900 2 0.933 0.952 1.000 0.938
' 1.OOO ' 0.900 * 0.950 1.OOO ' 0.963 *.I .OOO
0.958 = 2497 vehlh
17. Lane group capacity.

c = s(g/C)
c(EBTHRT) = 2497(0.213) = 532 vehlh

19. Determine critical lane group
in each timing phase.

Critical lane groups:
Phase 1: SB protected left turn
Phase 2: NB through + right
Phase 3: WB left turn

20. Flow ratio of critical lane
groups.
118
vls (WBLT) = 480 = 0.246
21. Sum of critical lane group v/s
ratios.

Yc = 0.090

+ 0.549 + 0.246

= 0.885

I
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22. Critical flow rate to capacity
ratio.

Y *C
X, =L

C-L
0.885(90.0) = .021
X, =
90.0 - 12

z)

2

23. Uniform delay.

0.50~(1dl =

a1

[.

1- mm(l X)-

dl(EBLT) = 0'50(90'0)(1 - 0'213)2 = 35.41 5 s/veh
1- (0.213)(1.0)
Since NB and SB left turns are contained in two
phases, a supplemental uniform delay worksheet is
used.
24. Incremental delay.

d2 = ~ O O T [ (-X1) +

m]

d2(EBLT) = 900(0.25)[(1.109

- 1) +

m]

=

145.509 s/veh
25. Progression adjustment
factor (use Exhibit 16-12).

PF = 1.OOO

26. Lane group delay.
iteration)
d (EBLT) = 34.41 5(1.000)
27. Approach delay.

28. lntersection delay.

+ 145.509 = 180.9 s/veh

dA =- c(d)(v)
Cv
(180.9*71)+(41.6*424) = 61.6 s/veh
dA(EB)=
(71+ 424)
dl = C ( d )@A
~ )
CVA
(495 "61.6)+ (742'1 13.0)+(1866'33.0)+(1205 "20.6) (495 + 742 + 1866+ 1205)
46.6 s l v e h

d, =

29. LOS by lane group,
approach, and intersection.

LOS (EBLT) = F

LOS (EB) = E
LOS lntersection = D

The calculation results are summarized as follows.
Direction1
LnGrp
EBIL
EBiTR
WBIL
WBiTR
NBIL
NBiTR
SBIL
SBiTR

C h a p t e r 16 - S i g n a l i z e d I n t e r s e c t i o n s
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Unif
Progr
Factor
Delay
PF
d,
1.109 0.213
35.415 1.000
0.797 0.213
33.571 1.000
1.157 0.213
33.415 1.000
1.095 0.213
35.415 1.000
0.383 0.698
6.582 1.000
0.976 0.563
19.075 1.000
0.894 0.698
25.957 1.000
0.572 0.563
12.676 1.000
Intersection Delay = 46.6 slveh
vlc
Ratio

g1C
Ratio

Lane
Cal
Tenk
Grp
Cap
64 0.500
532 0.329
102 0.500
570 0.500
347 0.080
1776 0.480
217 0.411
1768 0.140

lncr
Delay d,
145.509
8.034
137.481
66.241
0.514
15.966
33.699
0.380

Lane
Grp
Delay

Lane
Grp
LOS

F
180.9
41.6
D
172.9
F
F
101.7
7.1
A
35.0
C
59.7
E
13.1
B
Intersection LOS = D

Delay
by App

LOS by
App

E
61.6
113.0

F

33.0

C

20.6

C
(
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Alternatives
As shown in the results, the vlc ratios for critical groups are not balanced. As a result,
certain lane groups experience high delay, whereas others experience little delay.
Reallocation of green times is needed.
Volume to capacity ratios for EB and WB lane groups are greater than those for NB
and SB lane groups. The result is higher delay for EB and WB. The performance of EB
and WB lane groups could be improved by assigning more green time, so 4.0 s is
reallocated to the east-west phase from the north-south through phase. The resulting
phase times are as follows:
Phase 1 (NBISB LT): 8.1 s,
Phase 4 (NBISB TH+RT): 46.7 s, and
Phase 5 (EBNVB TH+RT): 23.2 s.
The intersection performance is reassessed, and the results are as follows.
Direction1
LnGrp
EBIL
EBAR
WBIL
WBAR
NBIL
NBAR
SB/L
SBAR

vlc
Ratio

SIC
Ratio

Unif
Delay

Progr
Factor
PF

-

1.ooo
0.855 0.258
29.795 1.ooo
0.653 0.258
31.662 1.000
0.843 0.258
32.301 1.ooo
0.903 0.258
8.447 1.ooo
0.422 0.653
21.645 1.ooo
1.059 0.519
0.894 0.653
25.886 1.000
15.351 1.000
0.620 0.519
Intersection Delay = 45.3 slveh

Lane
G~P
Cap
83
649
140
691
315
1637
217
1630

Cal
Term k
0.500
0.329
0.500
0.500
0.080
0.480
0.411
0.140

lncr
Delay d,
64.372
3.362
42.939
17.352
0.666
39.338
33.699
0.504

Intersection LOS = D

The intersection performance has improved, with delay reduced from 46.6 slveh to
45.3 slveh.
Volume to capacity ratios for critical lane groups are high. Although the intersection
performance could still be improved by reallocating green times, delay reduction will be
minimal because the critical elements are close to capacity. Consideration should be
given to physical improvements to further optimize intersection operation.
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Example Problem 3

1

Site bfonnation

General Information

I

I

INPUT WORKSHEET
Analyst
Agency or Company
Date Performed
Analysis Time Period

Intersection

RPR
PTU
4/12/99
5-6 PM

5th Avenue/lPth Streeet

81 CBD

Area Type
Jurisdiction
Analysis Year

Other
1999

-

Intersection Geometry

-

C
g

= PedestrianButton
= Lane Width

= Through

(I = Right

7

= Left

= Through + Right
= Left+ Through
= Let+ Right
= Lefl+Through +Right

Volume and Timing Input

1

1

Volume, V (vehlh)
60 270 90
% heavy vehicles, % HV
I5
Peak-hourfactor, PHF
0.55,
Pretimed (P) or actuated (A)
I A
I
Start-up lost time, I, (s)
I
I
Extension of effective green time, e (s)
I
I
I
I .3
Arrival Woe.
,, . AT
Approach pedestrian ~ o l u m ev,,d~ (Nh)
120
Approach bicycle volume? vbi, (bicycles/h)
0
Parking (Yor N)
Y
Parking manewers, N, (manewerslh)
6
Bus stopping. N8 (buseslh)
0
Mln. t ~ m ~ nforg pedestr~ans?Gp (s)
19.0

100

'

1

Signal Phasjnq Plan

Chapter 16 - Signalized Intersections
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16-68

'

15
0.85,
, A
I

I
I .3

I

1

1 510 1 20

120
0
Y

1

,
I
I
I

I
I

I

1

-

SI

40
0
N

I
I

I

I
I
I .?5

-

I
I
I

40
0

6
0

n
o

0

19.0

21 0

21.0

I
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Example Problem 3

Adjusted saturabon flow, s (veWh)

""

"'-

Notes*

A

"

cn
'.
\I

;,
"

.

I

I

'

1. PLT= 1.OW for exclus~velee-turn lanes, and Pm= 1.000for exclus~venght-turn lanes Oberw~se,they are equal to the pmporbons

of turnlng volumes In the lane group.

-
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Example Problem 3

SUPPLEMENTAL WORKSHEET FOR PEDESTRIAN-BICYCLE EFFECTS
ON PERMllTED LEFT TURNS AND RIGHT TURNS

Generallnformstkm
Project Descript~on

Example Problem 3

I

Permitted Left Turns

Effectwe pedestrian green tirne,'n2 g, (s)
Conflicting pedestrian volume.' voed(plh)

19.2
120
563

19.2
120
563

50.7
40
71

50.7
40
71

1

p
p
p
p

OCCDede= vDeddMOOif ,v(,
5 1000) or
OCC'&= 0.4 ;vPdd10,Cl% if ( l a 0 c Vw, S %XI)
Opposing queue clearing
gq (s)
Effective pedestrian green consumed by opposing

0.282

0.282

0.036

0.036

11.603

6.022

16.502

40.379
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I

SUPPLEMENTAL UNIFORM DELAY WORKSHEET FOR LEFT TURNS FROM EXCLUSIVE
LANES WITH PROTECTED AND PERMllTED PHASES

Project Description
V/C

~

Eumple PmbIem 3

Ratio Computation
EB

WB

Cycle length, C (s)

I

SB

NB
90.0

Protected phase eff. green inlerval, g (s)

I

I

1

8.1
16.502

40.379

1

38.198

14.321

Opposing queue effective green interval, gq (s)I
Unopposed green interval, g,, (s)

1

1

8.1

Red time, r (s)
r=C-g-go-g,
Arrival rate, qa (veids)

1

qa=

soo+.'*mm

Protected phase deparlure rate, sp (vehls)

Permitted phase departure rate, s, (vehls)

~

qdg, g,)
v/c ratio, xPom= +

Ss Qu

If lagging left (permitted + protected)
qa(r 9q gu)

V
ratio.
IC
, ,X,
=

,
-"
+

+

"

If leading left (protected + permitted)
q (r+g)

vlc ratio. X p , =

S~ g

If lagging left (permitted + protected)
I

V
ratio.
IC
, ,X.
is NIA
p1vt

I

I

I

I

Uniform Queue Size and Delay Computations
Queue at beginning of green arrow. Qa

1.006

2.575

Queue at beg~nningof unsaturated green, (1,

0.611

2.180

n

1106

6 582

25.957 -

I Residual queue. (1,
Jn~formdelay, dl

Uniform Queue Size and Delay Equations
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1

1

1

CAPACITY AND LOS WORKSHEET
General information

1

Project Description

1.
2.
3.
4.

I

I I

Example Problem 3

Capacify Analysis

Example Problem 3

-

I

For permitted lefl turns, the minimum capacity is (1 + PL)(3600/C).
Primary and secondary phase parameters are summed to obtain lane group parameters.
For pretimed or nonactuated signals, k = 0.5. Otherwise, refer to Exhibit 16-13.
T = analysis duration (h); typically T = 0.25, which is for the analysis duration of 15 min.
I = upstream filtering metering adjustment factor; I = 1 for isolated intersections.

-
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EXAMPLEPROBLEM4
I

The Intersection Tenth Avenue (EBNVB) and First Street (NBISB) are two-lane streets
located in an area with high economic growth. In 20 years, the existing intersection of
these two streets is projected to be inadequate as a result of major developments. A
proposed geometric improvement and projected volumes are shown on the Input
Worksheet.
The Question Is the proposed improvement adequate? If not, what additional
improvements are needed?
The Facts
PHF = 0.90,
Cycle length = 90.0 s to 120.0 s, and
Movement lost time = 4 s.

d
d
d

Comments
High left-turn and opposing volumes, therefore protected treatment for left turns is
used; and
d Protected-plus-permittedtreatment is not favorable because of safety concerns and the
operation of adjacent intersections.

d

Steps
1. Lane volume and signal operations worksheets are used.
2. In this analysis, the main interest is to assess the intersection status. The results
show the intersection status to be over capacity, with a critical vlc ratio of 1.023. The
estimated cycle length is 120.0 s. This result could be interpreted as an uncertain
indication that the demand might exceed the capacity, especially since the projections are
for 20 years. Long-term projections are often based on coarse assumptions and
approximations, and the end results are often not particularly accurate.
3. According to Chapter 10, per-lane volumes are suggested to be kept to 450 vehlh
or less in intersection design. Currently, the eastbound approach violates that suggestion.
4. An exclusive right-turn lane is provided for the eastbound approach because of its
high volume. The per-lane volumes are brought to below 450 vehlh. The planning
method is again used to evaluate the intersection performance.
5. According to the analysis results, the eastbound right turn is now the critical
movement, and the intersection vlc ratio has been reduced from 1.023 to 0.999.
6. The signal timing plan synthesized by the planning method for the westbound left
turn violates the minimum green time requirement. The violation is overcome by
eliminating the eastbound through and left-turn phase and reassigning the green time to
the left-turn phase. The new signal timing plan is as follows.
Movement
EB WB LT
EB WB HT
NB SB Cr
NB HT LT
NB SB HT

Phase Time (s)
12.2
36.4
17.7
4.1
29.6

7. The operational analysis is performed using default values, and the analysis
results are summarized in an exhibit. The intersection operates at LOS D, and the vlc
ratios are well balanced.
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Results
The intersection performance is adequate assuming that the improvements are
implemented.

I
I

QUICK ESTIMATIONINPUT WORKSHEET
Site Inionnation

General Infomation

Analyst

lnter~eclion

WM
CEI

Agency or Company
Date Performed
Analysis Time Period

5/13/99
4:45 545 pm

-

1

Tenth Ave. and Fimt S t .

Area Type
Jurisdiction
Analysis Year

Example Problem 4

P Other

O CBD
Trenton, NJ

1999

I

lntersectian Geometry

@
Shwt North

= Through

(T =

7

Right

= Left

?=

Through + Right

= Left+Through
= Left+ Right

Tenth Ave.

Street

= Lefl+ Through + Right

I

Volume and S S p l lnput

I

LT

I

1

Volume, V (vehh)
Proportion of LT or RT (PU or Pm)2
Parkina (YesINo)
Left-turn treatment (permitled, protected.
not opposed) (if known)
Peak-hour factor, PHF
0.90
Cycle length
Minimum, Cmi,
Lost t~mdphase

'Notes

4

EB
TH

I

RT1

1300 460

120

No
Rotected

9 0 s

i

Maximum,, ,C
'"

'&S

<",

I

I

RT'

LT

1200 100

260

1

No

s

.-'*-

LT
80

WB
TH

1

RT1

700 180

LT

r
No

Protected

120 s

or
+
:

*Y

I

SB
TH

I

RT'

200 550 100

No

hteded

:-?

I

NB
TH

I

Protected

Given.C

+

"t

I

s

*

-4

I.RTvolumes, as shown, exclude RTOR.
2. PLT= 1 . W for exclusive lefl-turn lanes, and Pm = 1 . W for exclusive right-turn lanes. Otherwise, they are equal to the proportions of turning
volumes in the lane group.

-
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QUICK ESTIMATION LANE VOLUME WORKSHEET (RUN 1)
Example Problem 4

Lane type
RT volume, RV
Number of exclusive RT lanes, N
RT adjustment factor, fRT
RT volume per lane, VT
Lane type
L'T treatment
LT volume, VS
Opposing volume, V,
Cross-product, VLVo
Number of exclusive I T lanes, NT
L'T adjustment factor, fLT
LT volume per lane, VT
Through volume, VT
Parking adjustment factor, fp
Number of through lanes, HT
Total approach volume, Tot
Through volume per lane, HT
Critical lane volume, VcL
Permitted left sneaker capacity, c,

,

EB
WB
Right-Turn Movement
Shared
Shared
460
100
1
1
0.85
0.85
541
118
Left-Turn Movement
Exclusive
Exclusive
Prot
Prot
120
80
1300
1760
140800
156000
1
1
0.95
0.95
84
126
Through Movement
1300
1200
1.000
1.OOO
3
3
1841
1318
614
439
614
439
Sneaker Left-Turn Check
NIA
NtA

I

I

I

NB

I

Shared
180
1
0.85
212

Shared
100
1
0.85
118

Exclusive
Prot
260
650
169000
1
0.95
274

Exclusive
Prot
200
880
176000
1
0.95
211

700
1.OOO
2
912
456
456

I

NtA

I

QUICK ESTIMATION CONTROL DELAY AND LOS WORKSHEET (RUN 1)
East-West Phasin Plan
Phase 1
Selected plan
3a
Movement codes
Critical phase volume, CV
Lost timetphase, t
Selected plan
3a
Movement codes
Critical phase volume, CV

Critical sum, CS
Lost timetcycle, L
Reference sum flow rate, RS
Cycle length, C

Phase 2

Phase 3

EBWBLT

EBTHLT

EBWBTH

NBSBLT

NB'THL'I'

NBSBTH

120.0
1.023

Intersection status
East-west phasing
Green time, g
North-south phasing
Green time, g
Chapter 16 - Signalized lnterse
Example Problems

Over capacity
Green-Time Calculation
Phase 1
10.4
Phase 1
20.1

SB

Phase 2
3.2
Phase 2
4.8

Phase 3
47.6
Phase 3
33.9

NtA

Highway Capacity Manual 2000
QUICK ESTIMATION LANE VOLUME WORKSHEET (RUN 2)

Lane type
RT volume, RV
Number of exclusive RT lanes, N
,
Kt' adjustment factor, fRT
RT volume per lane, VRT
Lane type
LT treatment
LT volume, VL
Opposing volume, V,
Cross-product, VLVo
Number of exclusive LT lanes, NLT
L't' adjustment factor, fLT
LT volume per lane, VLT
Through volume, VT
Parking adjustment factor, fp
Number of through lanes, NHT
Total approach volume, V,,
Through volume per lane, VHT
Critical lane volume, VcL
Permitted left sneaker capacity, cLs

WB
EB
Right-Turn Movement
Shared
Exclusive
460
100
1
1
0.85
0.85
541
118
Left-Turn Movement
Exclusive
Exclusive
Prot
Prot
120
80
1300
1760
156000
140800
1
1
0.95
0.95
126
84
Through Movement
1200
1300
1.OOO
1.000
3
3
1300
1318
433
439
541
439
Sneaker Left-Turn Check
NtA
NtA

I

I

I

I

NB

I

SB

Shared
180
1
0.85
212

Shared
100
1
0.85
118

Exclusive
Prot
260
650
169000
1
0.95
274

Exclusive
Prot
200
880
176000
1
0.95
211

700
1.OOO
2
912
456
456

550
1.OOO
2
668
334
334

NtA

I

Example Problem 4

NtA

QUICK ESTIMATION CONTROL DELAY AND LOS WORKSHEET (RUN 2)
East-West Phasin Plan
Phase 1
Selected plan
3a
Movement codes
Critical phase volume, CV
Lost timetphase, t

EBWBL't'

Phase 2

Phase 3

EB'THLT

EBWBTH

Selected plan
34
Movement codes
Critical phase volume, CV
Intersection Status Computation
1292
Critical sum, CS
16
Lost timetcycle, L
1539
Reference sum flow rate, RS
100.0
Cycle length, C
0.999
Critical vtc ratio, X,,
Intersection status
At capacity
Green-Time Calculation
East-west phasing
Phase 1
Phase 2
Green time, g
9.5
2.7
North-south phasing
Phase 1
Phase 2
17.7
4.1
Green time, g
5

Phase 3
36.4
Phase 3
29.6
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Example Problem 4

I

LOS MODULE WORKSHEET (RUN 2)

NBIL
NBJTR
SBIL
SBJTR

Chapter 16 - Signalized Intersections
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1.000
0.917 0.178
40.374
1.000
0.960 0.297 34.566
1.000
0.917 0.137 42.589
1.000
0.816 0.256 34.985
IntersectionDelay = 50.3 slveh

315
1019
242
885

0.500
0.500
0.500
0.500

33.351
20.053
39.789
8.452

73.7
E
54.6
D
82.4
F
43.4
D
Intersection LOS = D

59.0

E

52.6

D
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EXAMPLE PROBLEM5

i

The Intersection The intersection of Eighth Avenue (EBNVB) and Main Street (NBISB)
is located in a rapidly growing semirural community. Eighth Avenue is a four-lane
roadway, and Main Street is a two-lane roadway. No turning lanes exist. The existing
intersection geometry and projected volumes are shown on the Input Worksheet.
The Question Will projected demand exceed the existing intersection capacity? If so,
what countermeasures should be implemented?
The Facts

4 PHF = 0.90,
4 Cycle length = 80 s to 120 s,
4 Movement lost time = 4 s, and
4 Non-CBD.
Steps
1. Run 1-Exclusive left turn for westbound approach: For the westbound approach,
one lane is assigned as an exclusive left-turn lane, and the other is assigned as a shared
lane. This assignment is appropriate for the volumes. The initial solution for signal
phasing is to use protected-only left-turn treatment for the westbound approach and
permitted treatment for all other approaches.
The quick estimation method is used to assess traffic operations. The results show
that critical lane volumes are high, and the critical vlc ratio is computed as 1.077,
indicating operations over capacity.
2. Run 2-Right-turn lane added on eastbound approach: The eastbound through
and right-turn movement is identified as the critical lane group largely because of the high
right-turn volume. An exclusive right-turn lane is added to the eastbound approach as a
countermeasure. The traffic operation is reassessed, and the results show that the critical
vlc ratio is reduced to 0.962. The intersection operates at capacity.
3. Run 3-Split phase operation for northbound and southbound approaches:
Although the intersection status is satisfied, northbound and southbound left turns merit
further consideration. Significant left-turn volumes in a pair of opposing single-lane
approaches should be avoided. Split phase signal phasing is introduced to provide a
complete directional separation between the northbound and southbound traffic.
The results show that the critical vlc ratio is increased to 1.138, which is over
capacity. The split phasing is not appropriate. Although northbound and southbound perlane volumes have been reduced, the critical sum is increased as the reduced volumes
are added into the critical sum because northbound and southbound movements operate
in different phases.
4. Run 4--Exclusive left-turn lane added on northbound and southbound
approaches: In order to provide a protected phase for the northbound and southbound left
turns while satisfying the operational requirement, an exclusive left-turn lane is added. As
shown in the results, northbound and southbound per-lane volumes decrease
substantially. The critical vlc ratio is computed as 0.933, which is near capacity.
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Example Problem 5
QUICK ESTIMATION INPUT WORKSHEET

-

General lnformption

Analyst

WM

Intersection

Agency or Company

CEI

Area Type

Date Performed

5/13/99
4:30 5:30 pm

Jurisdiction

-

Analysis Time Period

I I

Bi@$fomatidn

v

I

Eiahth Ave. and Main St.

'&
Other
I

CBD

1

Analysis Year

Intersection Geometry

f

= Through
= Right

1

= Lefi

?=

Through Right

= Left+ Through
........................ :.
...... .~.......................
A...

1('=

Eicqhth A v ~ ,

Street

= Left+Through + Right

. . . ... . . . . . . . . .. . .. .
.
.
. . : . . .:. : . ..

..:
,

Left + Right

Volumeand Signal Input

I

Cycle length

Minimum, Cmi, 2

Lost t~mdphase

4

s

Maximum,, ,C

1 2 0 s

or

Given, C

-

s

I

Notes

I

1
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1. RT volumes, $-shown, exclude RTOR

2. PLT= 1.OWfor exclusiw leR-turn lanes, and PUT= 1.OWfor exclusiw right-turn lanes. Olherwise. they are equal to the proportions of turning
vol~mesin the lane group.

I
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QUICK ESTIMATION I-ANE VOLUME WORKSHEET (RUN 1)

Lane type
R-r vo~ume,RV
Number of exclusive RT lanes, ,N
RT adjustment factor, fRT
Kr volume per lane, VT
Lane type
L'T treatment
LT volume, VS
Opposing volume, V,
Cross-product, VLVo
Number of exclusive LT lanes, NT
LT adjustment factor, fLT
LT volume per lane, VT
Through volume, V,
Parking adjustment factor, fp
Number of through lanes, \IHT
Total approach volume, V,,
Through volume per lane, ,V,
Critical lane volume, VcL
Permitted left sneaker capacity, cLs

1 ,ZZ

Example Problem 5

Right-Turn Movement
Shared
Shared

I

I

Left-Turn Movement
Shared
Exclusive
Prot
Perm
170
120
1090
470
185300
56400
1
0
0.95
0.95
179
0
Through Movement
690
360

I

I

721
489
721
489
Sneaker Left-Turn Check
NIA
NIA

1

I

Shared

I

I

Shared
Perm
80
400
32000
0
0.95
0

I

150

Shared

Shared
Perm
120
210
25200
0
0.95
0
230

..

287
287

1

NIA

1

NIA

QUICK ESTIMATION CONTROL DELAY AND LOS WORKSHEET (RUN 1)

Selected plan
2.3
Movement codes
Critical phase volume, CV

Selected plan 1
Movement codes
Critical phase volume, CV

Critical sum, CS
Lost timelcycle, L
Reference sum flow rate, RS
Cycle length, C
Critical vlc ratio, ,X,
Intersection status
East-west phasing
Green time, g
North-south phasing
Green time, g

NBSBLT

1492
12
1539
120.0
1.077

Over capacity
Green-Time Calculation
Phase 1
17.0
Phase 1
46.9

Phase 2
56.2
Phase 2

Phase 3
Phase 3
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QUICK ESTIMATION LANE VOLUME WORKSHEET (RUN 2)
Example Problem 5

Lane type
RT volume, VR
Number of exclusive RT lanes, NRT
RT adjustment factor, fRT
RT volume per lane, VRT
Lane type
LT treatment
LT volume, VL
Opposing volume, Vo
Cross-product, VLVo
Number of exclusive LT lanes, NLT
LT adjustment factor, fLT
LT volume per lane, V,,
Through volume, VT
Parking adjustment factor, fp
Number of through lanes, NHT
Total approach volume, ,V,
Through volume per lane, VHT
Critical lane volume, V,,
Permitted left sneaker capacity, c,,

EB
WB
Right-Turn Movement
Exclusive
Shared
280
110
1
1
0.85
0.85
329
129
Left-Turn Movement
Shared
Exclusive
Perm
Prot
120
170
1090
470
185300
56400
1
0
0.95
0.95
179
0
Through Movement
360
690
1.OOO
1.OOO
2
1
489
690
488
489
488
489
Sneaker Left-Turn Check
NIA
NIA

I

I

I

I

NB

I

SB

Shared
60
1
0.85
71

Shared
170
1
0.85
200

Shared
Perm
80
400
32000
0
0.95
0

Shared
Perm
120
210
25200
0
0.95
0

150
1.OOO
1
221
287
287

230
1.OOO
1
430
592
592

NIA

I

NIA

QUICK ESTIMATION CONTROL DELAY AND LOS WORKSHEET (RUN 2)
East-We Phasing Plan
Phase 1 I
Selected plan
2a
Movement codes
Critical phase volume, CV
Lost timel~hase,t,

Phase 2

Phase 3

WBTHI-I'
EBWBTH
179
488
4
4
North-South Phasin Plan

v
Selected plan 1
Movement codes
Critical phase volume, CV
Lost timelphase, t

Lost timelcycle, L
Reference sum flow rate, RS
Cycle length, C
Critical vlc ratio. X.Intersection status
East-west phasing
Green time, g
North-south phasing
Green time, g

-
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NBSBLT

0.962
At capacity
Green-Time Calculation
Phase 1
13.7
Phase 1
36.0

Phase 2
30.4
Phase 2

Phase 3
Phase 3
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QUICK ESTIMATION LANE VOLUME WORKSHEET (RUN 3)

Lane type
RT volume, V,
Number of exclusive RT lanes, NRT
RT adjustment factor,, f
RT volume per lane, VRT
Lane type
LT treatment
LT volume, VL
Opposing volume, V,
Cross-product, VLV,
Number of exclusive LT lanes, NLT
LT adjustment factor, fL,
LT volume per lane, VLT
Through volume, V,
Parking adjustment factor, f,
Number of through lanes, NHT
Total approach volume, V,,
Through volume per lane, ,V,
Critical lane volume, VCL
Permitted left sneaker capacity, cLs

EB
WB
Right-Turn Movement
Exclusive
Shared
280
110
1
1
0.85
0.85
329
129
Left-Turn Movement
Shared
Exclusive
Perm
Prot
120
170
470
1090
56400
185300
0
1
0.95
0.95
0
179
Through Movement
360
690
1.OOO
1.OOO
2
1
489
690
489
488
489
488
Sneaker Left-Turn Check
NtA
NtA

I

I

I

I

NB

I

SB

Shared
60
1
0.85
71

Shared
170
1
0.85
200

Shared
N~PP
80
0
0
0
0.95
80

Shared
N~PP
120
0
0
0
0.95
120

150
1.OD0
1
301
301
301

230
1.OOO
1
550
550
550

NIA

I

Example Problem 5
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QUICK ESTIMATION CONTROL DELAY AND LOS WORKSHEET (RUN 3)
East-West Phasin Plan
Phase 1
Selected plan
2a
Movement codes
Critical phase volume, CV
Lost timetphase, t

WB'rHI-T

Phase 2

Phase 3

EBWBTH

North-South Phasin Plan
Selected plan 4
Movement codes
Critical phase volume, CV
Lost timetphase, t

NBTHLT

SBTHLT

Intersection Status Computation
Critical sum, CS
1518
Lost timetcycle, L
16
Reference sum flow rate, RS
1539
Cycle length, C
120.0
Critical vlc ratio, X,,
1.138
Intersection status
Over capacity
Green-Time Calculation
East-west phasing
Phase 1
Phase 2
37.4
16.3
Green time, g
North-south phasing
Phase 1
Phase 2
41.7
Green time, g
24.6

Phase 3
Phase 3

-
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QUICK ESTIMATION LANE VOLUME WORKSHEET (RUN 4)
Example Problem 5

Lane type
RT volume, VR
Number of exclusive RT lanes, NRT
RT adjustment factor, fRT
RT volume per lane, VRT
Lane type
LT treatment
LT volume, VL
Opposing volume, V,
Cross-product, VLVo
Number of exclusive LT lanes, NLT
LT adjustment factor, fLT
LT volume per lane, VLT
Through volume, VT
Parking adjustment factor, fp
Number of through lanes, NHT
Total approach volume, V,,
Through volume per lane, VHT
Critical lane volume, VcL
Permitted left sneaker capacity, cLs

EB
WB
Riaht-Turn Movement
Exclusive
Shared
280
1
0.85
0.85
329
Left rurn Movement
Shared
Exclusive
Perm
Prot
120
170
1090
470
185300
56400
1
0
0.95
0.95
0
179.

I

Through Movement
690
1.OOO
2
690
488
488
Sneaker Left-Turn Check
NtA

1

1

I

I

360
1.OOO
1
489
489
489
NtA

I

NB

I

0.85

I

Exclusive
Prot
80
400
32000
1
0.95
84

1

I

150
1.OOO
1
221
221
221
NtA

0.85

Exclusive
Prot
120
210
25200
1
0.95
1
126

1

I

QUICK ESTIMATION CONTROL DELAY AND LOS WORKSHEET (RUN 4)

Selected plan
2a
Movement codes
Critical phase volume, CV
Lost timetphase, t
North-South Phasin Plan
3b
Selected plan
Movement codes
Critical phase volume, CV
Lost timelphase, t

NBSBLT

SBTHLT

Intersection Status Computation
1181
Critical sum, CS
16
Lost timetcycle, L
1539
Reference sum flow rate, RS
90.0
Cycle length, C
0.933
Critical vtc ratio, ,X,
Near capacity
Intersection status
Green-Time Calculation
Phase 2
Phase 1
East-west phasing
34.6
15.2
Green time, g
Phase 2
Phase 1
North-south phasing
2.6
9.3
Green time, g

-
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SB

NBSBTH

Phase 3
Phase 3
28.3

230
1.OOO
1
430
430
430
NtA
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The Intersection
A two-lane through movement at one approach to a signalized
intersection has a cycle length of 90 s with a g1C ratio of 0.50. The arrival type is currently
3 (random), but this could be improved by altering the progression.
The Question
What is the maximum service flow rate that could be accommodated
at LOS B (20 slveh delay) on this approach?
The Facts

4 Cycle length = 90 s,
4 g/C = 0.50, and
4 s = 3,200 vehlh.
Comments
This calculation is intended to illustrate the potential for alternative
computational sequences using the basic operational analysis format. Only one lane
group is addressed. The computations become far more complex when multiple lane
groups are addressed simultaneously. Nevertheless, the procedure is capable of
determining service flow rates or geometric or signal parameters based on a desired LOS.
Steps
1. Delay is a function of the vlc ratio, X; the green ratio, g/C; the cycle length, C; the
lane group capacity, c; and the progression factor, PF. The lane group capacity is the
product of a saturation flow rate, s, and a g/C ratio.
c = s * g1C = 3200 * 0.50 = 1600 vehlh
2. At the LOS B threshold of 20.0 slveh, the delay equation is expressed as follows:

f

c

20.0 = dl PF + d,

-

+ d,

where
dl

=

0.5(90)(1- 0 . 5 0 ) ~
(1- 0.50X)

-

3. Two tables are generated based on the equations above. The first table provides
delay as a function of arrival types and vlc ratios, X. The second table provides vlc ratios
and service flow rates as a function of delay and arrival types. In this problem, the second
table is more appropriate because service flows are the direct output.
4. Service flow rates, SF, are computed as X c, where c = 1,600 vehlh. Thus, at
LOS B, the approach can carry a maximum service flow rate of 1,126 vehlh at existing
Arrival Type 3. The maximum flow rate increases to 1,491 vehlh at Arrival Type 5 and to
1,571 at Arrival Type 6.

16-85

-
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Example Problem 6

1

SERVICE FLOW RATE SOLUTIONS FOR EXAMPLE PROBLEM 6
Flow
Rate
0
160
320
480
640
800
960
1120
1280
1440
1600

X
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

LOS
A

B

C

D

E

Max
Delay
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80

d,

11.250
11.842
12.500
13.235
14.063
15.000
16.071
17.308
18.750
20.455
22.500
AT

S,F,

177
707
1043
1259
1381
1462
1508
1554
1600

d,

0.000
0.125
0.281
0.481
0.748
1.119
1.672
2.576
4.295
8.514
22.500
1
X

0.11
0.44
0.65
0.79
0.86
0.91
0.94
0.97
1.00

AT 1
18.8
19.9
21.1
22.5
24.2
26.1
28.5
31.4
35.6
42.6
60.0
AT 2

S,F,

191
824
1164
1342
1451
1499
1548
1596

AT 2
14.0
14.8
15.8
16.9
18.2
19.7
21.6
24.0
27.5
33.9
50.4
X

0.12
0.51
0.73
0.84
0.91
0.94
0.97
1.00

AT3

Delay
AT 4

11.3
12.0
12.8
13.7
14.8
16.1
17.7
19.9
23.0
29.0
45.0
AT 3

S,F,

663
1126
1333
1450
1500
1550
1600

AT 5

8.6
9.2
9.9
10.6
11.5
12.6
14.0
15.9
18.7
24.2
39.8
X

0.41
0.70
0.83
0.91
0.94
0.97
1.00

3.7
4.1
4.4
4.9
5.4
6.1
7.0
8.3
10.5
15.3
30.0
AT 4

S,F,
348
1046
1318
1448
1500
1551

AT 6
0.0
0.1
0.3
0.5
0.7
1.1
1.7
2.6
4.3
8.5
22.5
AT 5
X

0.22
0.65
0.82
0.91
0.94
0.97

S,F,
513
1241
1429
1491
1546

AT 6
X

0.32
0.78
0.89
0.93
0.97

S,F,
1307
1457
1514
1571

X
0.82
0.91
0.95
0.98
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APPENDIX A. FIELD MEASUREMENT OF INTERSECTION
CONTROL DELAY
GENERAL NOTES
Equipment and
personnel requirements

Delay during
deceleration is not
directly measured

As an alternative to the estimation of control delay per vehicle using Equation 16-9
and the progression adjustment factor, delay at existing locations may be measured
directly. There are a number of techniques for making this measurement, including the
use of test-car observations, path tracing of individual vehicles, and the recording of
arrival and departure volumes on a cycle-by-cycle basis. The method summarized here is
based on direct observation of vehicle-in-queue counts at the intersection and normally
requires two field personnel per lane group surveyed, unless the volume is light. Also
needed is a multifunction digital watch that includes a countdown-repeat timer, with the
countdown interval in seconds, plus a volume-count board with at least two tally
counters. As an alternative, a laptop computer can be programmed to emit audio count
markers at user-selected intervals, take volume counts, and execute real-time delay
computations, thus simplifying data reduction.
In general, this method is applicable to all undersaturated signalized intersections.
For oversaturated conditions, queue buildup normally makes the method impractical.
Under such conditions, more personnel will be required to complete the field study, and
other methods may be considered, such as an input-output technique or a zoned-survey
technique.
In the input-output technique, different observers count arrivals separately from
departures and vehicles in queue are calculated as the accumulated difference, subject to
in-process checks for vehicles leaving the queue before they reach the stop line. The
zoned-survey technique requires subdividing the approach into manageable segments to
which the observers are assigned; they then count queued vehicles in their assigned zone.
Both of these techniques require more personnel and are more complicated in setup and
execution.
The method described here is applicable to situations in which the average maximum
queue per cycle is no more than about 20 to 25 veMn. When queues are long or the
demand to capacity ratio is near 1.0, care must be taken to continue the vehicle-in-queue
count past the end of the arrival count period, as detailed below. This requirement is for
consistency with the analytic delay equation used in the chapter text.
The method does not directly measure delay during deceleration and during a portion
of acceleration, which are very difficult to measure without sophisticated tracking
equipment. However, this method has been shown to yield a reasonable estimate of
control delay. The method includes an adjustment for errors that may occur when this
type of sampling technique is used, as well as an acceleration-deceleration delay
correction factor. The acceleration-deceleration factor is a function of the typical number
of vehicles in queue during each cycle and the normal free-flow speed when vehicles are
unimpeded by the signal.
Exhibit A16-1 is a worksheet that can be used for recording observations and
computation of average time-in-queue delay. Before beginning the detailed survey, the
observers need to make an estimate of the average free-flow speed during the study
period. Free-flow speed is the speed at which vehicles would pass unimpeded through
the intersection if the signal were green for an extended period. This speed may be
obtained by driving through the intersection a few times when the signal is green and
there is no queue and recording the speed at a location least affected by signal control.
Typically, the recording location should be upstream about midblock.
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EXHIBIT A16-1. INTERSECTION CONTROL DELAY WORKSHEET
INTERSECTION CONTROL DELAY WORKSHEET
Generallnformatlon

Site &formafIon

Analyst
Agency or Company
Date Performed
Analysis Time Period

Intersection
Area Type
Jurisdiction
Analysis Year

CBD

Other

- -

Input Initial Par@metws

<

Number of lanes, N

Total vehicles arriving, Vt0,

Free-flow speed, FFS (milh)
Survey count interval, I, (s)

Slopped-vehicle counl. VSlop
Cycle length. C (s)

I

<

'

,

'x.lA\>

Input Field Data
I

Number of Vehicles in Queue

I

1

Total

I

I

I

I

I

I

I

I

I

I

Total vehicles in queue, ZViq =
Time-in-queue per vehicle, ,d = (I,

I
>

C0mput;rtions

5 :
v

2)
&,
0.9

Number of cycles surveyed, Nc =
s

Fraction of vehicles slopping. FVS =

,>

,

<
Y,-

2

No. of vehicles stopping per lane each cycle =

AccellDecel correction delay, dad= FVS CF

s

AccellDecel correction factor, CF (Ex. A16-2)

Control delaylvehicle, d = &q+ dad

s

MEASUREMENT TECHNIQUE
The survey should begin at the start of the red phase of the lane group, ideally when
there is no overflow queue from the previous green phase. There is a need for
consistency with the analytic delay equation, which is based on delay to vehicles that
arrive during the study period, not before. If the survey does start with an overflow
queue, the overflow vehicles need to be excluded from subsequent queue counts.
Observer 1 performs the following tasks during the field study.

Field procedure
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1. Keeps track of the end of standing queues for each cycle in the survey period by
observing the last vehicle in each lane that stops because of the signal. This count
includes vehicles arriving when the signal is actually green but stopped because vehicles
in front have not yet started moving. For purposes of the survey, a vehicle is considered
as having joined the queue when it approaches within one car length of a stopped vehicle
and is itself about to stop. This definition is used because of the difficulty of keeping
precise track of the moment when a vehicle comes to a stop. All vehicles that join a
queue are then included in the vehicle-in-queue counts until they cross the stop line.
2. At regular intervals of between 10 and 20 s, records the number of vehicles in
queue (e.g., using the countdown-repeat timer on a digital watch to signal the count time).
The regular intervals should not be an integral divisor of the cycle length (e.g., if the
cycle length is 120 s, 14-s or 16-s count intervals should be used, not 15-s intervals).
Vehicles in queue are those that are included in the queue of stopping vehicles as defined
in Step 1 and have not yet exited the intersection. For through vehicles, exiting the
intersection can be considered to occur when the rear axle of a vehicle crosses the stop
line. For turning vehicles, exiting the intersection occurs the instant a vehicle clears
opposing through traffic or pedestrians to which it must yield and begins accelerating
back to free-flow speed. Note that the vehicle-in-queue count often includes some
vehicles that have regained speed but have not yet exited the intersection.
3. Enters the vehicle-in-queue counts in the appropriate box on the worksheet.
Cycles of the survey period are listed in the second column of the sheet, after the column
to record clock time every five cycles, and interval count identifiers are listed as column
headings. For ease in conducting the study, the survey period is most conveniently
defined as an integer number of cycles, though a precisely defined time length for the
survey period (e.g., 15 min) can be used. The key point is that the end of the survey
period must be clearly defined in advance since the last arriving vehicle or vehicles that
stop in the period must be identified and counted until they exit the intersection, per the
next step.
4. At the end of the survey period, continues taking vehicle-in-queue counts for all
vehicles that arrived during the survey period until all of them have exited the
intersection. This step requires mentally noting the last stopping vehicle that arrived
during the survey period in each lane of the lane group and continuing the vehicle-inqueue counts until the last stopping vehicle or vehicles, plus all vehicles in front of the
last stopping vehicles, exit the intersection. Stopping vehicles that arrive after the end of
the survey period are not included in the final vehicle-in-queue counts.
Observer 2 performs the following study task.
1. During the entire survey period, maintains separate volume counts of total
vehicles amving during the survey period and total vehicles arriving during the survey
period that stop one or more times. A vehicle stopping multiple times is counted only
once as a stopping vehicle. Enters these volumes in the appropriate boxes on the
worksheet.
Data reduction is accomplished with the following steps.
1. Sum each column of vehicle-in-queue counts, then sum the column totals for the
entire survey period.
2. A vehicle recorded as part of a vehicle-in-queue count is in queue, on average, for
the time interval between counts. The average time-in-queue per vehicle arriving during
the survey period is estimated using Equation A16-1.
Time-in-queue per vehicle = [Is

2)

where
I,
zVig

-
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VtOt = total number of vehicles arriving during the survey period (veh), and
0.9 = empirical adjustment factor.

The 0.9 adjustment factor accounts for the errors that may occur when this type of
sampling technique is used to derive actual delay values, normally resulting in an
overestimate of delay. Research has shown the correction required to be fairly consistent
over a variety of conditions.
3. Compute the fraction of vehicles stopping and the average number of vehicles
stopping per lane in each signal cycle, as indicated on the worksheet.
4. Using Exhibit A16-2, look up a correction factor appropriate to the lane group
free-flow speed and the average number of vehicles stopping per lane in each cycle. This
factor adds an adjustment for deceleration and acceleration delay, which cannot be
measured directly with manual techniques.
EXHIBIT A16-2. ACCELERATION-DECELERATIOhl DELAY CORRECTION FACTOR, C F (s)
..
Free-Flow Speed

1 7 Vehicles

8 - 19 Vehicles

1

20 - 30 Vehiclesa

Note:

a. Vehicle-in-queuecounts in excess of about 30 vehicles per lane are typically unreliable.

5. Multiply the correction factor by the fraction of vehicles stopping, then add this
product to the time-in-queue value of Step 2 to obtain the final estimate of control delay
per vehicle.
Exhibit A16-3 presents a sample computation for a study site over a 15-min period,
operating with a 115-s cycle over almost eight cycles. The exhibit is annotated to clarify
the procedure. The 15-s count interval is not an integral divisor of the cycle length, thus
eliminating potential survey bias due to queue buildup in a regular, cyclic pattern.
Exhibit A16-4 shows how the field study would have been finished if a queue still
remained at the end of the 15-min study period. Only the vehicles that arrived during the
15-min period would be counted.
If the study site is an actuated signal with varying cycle and phase lengths, the count
interval may be chosen as the most convenient value for conducting the field survey on
the basis of volume and vantage point considerations.

-
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EXHIBIT A16-3. EXAMPLE APPLICATION
INTERSECTION CONTROL DELAY WORKSHEET

I
I

General Information

Sife lnformatlon

Analyst
Agency or Company
Date Performed
Analysis Time Period

Intersection
Area Type
Jurisdiction
Analysis Year

1

Phi

Cicero & Belrnont

CBD

B] Other

1999

Input Initial Parameters
Number of lanes. N

2

Total vehicles arriving, V,,

Free-flow speed, FFS (milh)

40

Stopped vehicles count, V,

Survey count interval, I, (s)

15

Cycle length, C (s)

530
223

Input Field Data
Clock
Time
434

i

*
Number of Vehicles in Queue

cvcle
Number

I

1

1

2

No. of vehicles stopplng per lane each cycle =

4

11

15

&,

AccellDecel correction factor, CF (Ex. A16-2)
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8

3

16-92

1

5

12

6

7

2

0

8

2

14

AccellDecel correclion delay, dad= FVS ' CF

4

Control delaylvehicle, d = ,d + dad

1

9

10
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EXHIBIT A16-4. EXAMPLE APPLICATION WITH RESIDUAL QUEUE AT END
INTERSECTION CONTROL DELAY WORKSHEET

I

site information

F n f o r m a t b n
Analyst
Agency or Company
Date Performed
Analysis Time Period

Intersection
Area Type
Jurisdiction
Analysis Year

1

PM

Cicero & Belmont

CBD

Other
1999

I

I

Input Initial Parameters
Number of lanes. N

2

Total vehicles arriving, Vt0,

Free-flow speed, FFS (milh)

40

Stopped-vehicle count, V,,op

Survey count interval. I, (s)

15

Cycle length, C (s)

..

I
I

I

I

!

I

I

I

I

I

1

Total

1

61

37

81

99

Computations
Total vehicles in queue, EViq =

xv, '0.9
d)

Time-in-queue per vehicle, dvq = (I, '

No. of vehicles stopping per lane each cycle =
AccelIDecel correction factor, CF (Ex. A16-2)

A,

52

4

0

I

6

Number of cycles surveyed, N, =
s

Fraction of vehicles stopping, FVS =
AccelIDecel correction delay, dad= FVS 'CF

s

Control delaylvehicle, d = dvq+ dad

s

APPENDIX 6. SIGNAL TIMING DESIGN

c.

.

The design for the operation of a traffic signal is a complex process involving three
important decisions: type of signal controller to be used, phase plan to be adopted, and
allocation of green time among the various phases.
Each of these three decisions is heavily influenced by state and local policies,
guidelines, and standards. This appendix presents the alternatives available to the analyst
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along with a general discussion of the range in which they are employed. These
discussions are intended only to assist the analyst in establishing an initial signal design
for study and do not represent established standards or guidelines.

i

TYPE OF SIGNAL CONTROLLER

Three types of controllers
defined:
fully actuated
semiactuated
pretimed

Traffic engineering reference books describe three types of traffic signal controllers:
pretimed, fully actuated, and semiactuated. Pretimed controllers have a preset sequence
of phases displayed in repetitive order. Each phase has a fixed green time and change
interval that are repeated in each cycle to produce a constant cycle length.
Fully actuated controllers operate with timing on all approaches being influenced by
vehicle detectors. Each phase is subject to a minimum and maximum green time, and
some phases may be skipped if no demand is detected. The cycle length for fully
actuated control will vary from cycle to cycle.
Semiactuated controllers operate with some approaches (typically on the minor
street) having detectors. The earliest form of semiactuated control was designed to
maintain the green on the major street in the absence of a minor-street actuation. Once
actuated, the minor-street green is displayed for a period just long enough to
accommodate the traffic demand.
Although these equipment-based definitions have persisted in traffic engineering
terminology, the evolution of traffic control technology has complicated their function
from the analyst's perspective. For purposes of capacity and LOS analysis, it is no longer
sufficient to consider the controller type as a global descriptor of the intersection
operation. Instead, an expanded set of these definitions must be applied individually to
each lane group.
Each lane group may be served by a phase that is either actuated or nonactuated.
Nonactuated phases may be coordinated with neighboring signals on the same route, or
they may function in an isolated mode without influence from other signals. Nonactuated
phases generally operate with fixed minimum green times, which can be extended by
reassigning unused green time from actuated phases with low demand.
Actuated phases, on the other hand, may be used at intersections at which other
phases are coordinated, but they may not, for purposes of this chapter, be coordinated
themselves. Actuated phases are subject to being shortened on cycles with low demand.
On cycles with no demand, they may be skipped entirely, or they may be displayed for
their minimum duration. With systems in which the nonactuated phases are coordinated,
the actuated phases are also subject to early termination (force off) to accommodate the
progression design for the system.
If all of the phases at an intersection are nonactuated, the length of each phase, and
consequently the cycle length, will be fixed for purposes of analysis. This arrangement
denotes the condition of pretimed operation. In current practice, one or more phases
under this type of control will usually be coordinated. In general, if the intersection is
sufficiently removed from its neighbors to operate in an isolated mode, actuated operation
can produce lower delays and a better level of service. The methodology in this chapter
will indicate the degree to which vehicle delay may be reduced by actuated control.
If all of the phases at an intersection are actuated, the length of each phase, and
consequently the cycle length, will vary with each cycle. This mangement denotes the
condition of fully actuated operation. No coordination with neighboring signals is
possible under this control mode. Fully actuated signals are generally used only at
intersections where distances are such that coordination would not be expected to be
beneficial or where, for administrative or cost reasons, it would not be expected to be
implemented. The analysis procedures prescribed previously in this chapter will support
an evaluation of the comparative benefits of coordinated operation versus actuated
operation.
The semiactuated control mode includes all of the cases that do not fit into either the
pretimed or fully actuated categories. The majority of coordinated signal systems must
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be treated as systems of semiactuated controllers with coordinated nonactuated phases
serving the major-street approaches and isolated actuated phases serving the cross-street
approaches. The cycle length is constant at coordinated semiactuated intersections and
variable at isolated semiactuated intersections.
The analysis procedures in this chapter are based on the assumption of a fixed
sequence of phases, each of which is displayed for a predictable time. In the case of
pretimed control (i.e., no actuated phases), the length of each phase is assumed to be
fixed and constant from cycle to cycle. Actuated phases must be approximated for
analysis purposes by their average green time, recognizing that the actual time may differ
from cycle to cycle. For a given timing plan (i.e., constant or average green times), the
differences between actuated and nonactuated phases are recognized by the parameters
used in the incremental term (d2) of the delay equation.

PHASE PLANS

Analysis procedures in this
chapter are based on fixed
lengths of intewals and
sequences of phases. Other
types of control are
approximated.

Y

The most critical aspect of any design of signal timing is the selection of an
appropriate phase plan. The phase plan comprises the number of phases to be used and
the sequence in which they are implemented. As a general guideline, simple two-phase
control should be used unless conditions dictate the need for additional phases. Because
the change interval between phases contributes to lost time in the cycle, as the number of
phases increases, the percentage of the cycle made up of lost time generally also
increases.
Exhibit B16-1 shows a number of common phase plans that may be used with either
pretimed or actuated controllers. Exhibit B 16-2 illustrates an optional phasing scheme
that typically can be implemented only with actuated controllers.
EXHIBIT B I 6-1. PHASE PLANS FOR PRETIMED AND TRAFFIC-ACTUATED CONTROL
Two phases

t
*
4

i'

;
4----

D

i

(a)
Exclus~ve
left-turn
phase
Three phases

4
4

:

? i
i

(b~
I

I

I

A<--.

I

(c)
Four phases
Two lefi-turn phases

1

r -

(4

a it,----'+a

i

Note:
a. Optional movement
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EXHIBIT B16-2. DUAL-RING CONCURRENT PHASING SCHEME WITH ASSIGNED MOVEMENTS

__C

RING 2
Left Side of Barrier
(E-W Movements)

Right Side of Barrier
(N-S Movements)
Barrier

*

Two-Phase Control
Two-phase control is the simplest of the available phase plans. Each of two
intersecting streets is given a green phase during which all movements on the street are
allowed to proceed. All left and right turns are made on a permitted basis against an
opposing vehicle flow, pedestrian flow, or both. The two-phase plan is shown in Exhibit
B 16- l(a). This phase plan is generally used unless turn volumes require protected
phasing.

Multiphase Control

It is common practice to
provide exclusive lanes
for left or right turns with
protected phases

-

Multiphase control is adopted at any intersection where one or more left or right
turns require protected phasing. It is generally the left-turn movement that requires a
partially or fully protected phase. Local policy and practice are critical determinants of
this need. Most agencies have guidelines for when left turns require protected phasing.
Protected left-turn phasing is also considered when the speed of opposing traffic is
greater than 40 milh.
Multiphase control can be provided in a variety of ways, depending on the number of
turns requiring protected phasing and the sequence and overlaps used. Exhibit B16-1
presents three common plans for multiphase control. Exhibit B 16-l(b) shows a threephase plan in which an exclusive left-turn phase is provided for both left-turn movements
on the major street. It is followed by a through phase for both directions of the major
street, during which left turns in both directions may be permitted on an optional basis.
The use of a permitted left-turn phase following protected left-turn phases is very
much a matter of local practice. The phasing illustrated in Exhibit B16-l(b) can be used
either for protected or protected-permitted operation in either mode. Note that a few
agencies use permitted-plus-protected phasing. Exclusive left-turn phases provide for
simultaneous movement of opposing left turns and are most efficient when the opposing
left-turn volumes are nearly equal. When volumes are unequal, or in cases in which only
one left turn requires protected phasing, other phase plans are more efficient.
The three-phase plan may be expanded to a four-phase sequence if both streets
require left-turn phases. Such a sequence is shown in Exhibit B16-l(d). Left turns may
be continued on a permitted basis concurrent with the through phases. It is common
practice to provide exclusive lanes for left or right turns with protected phases.
Exhibit B16-l(c) shows what is commonly referred to as leading and lagging green
phasing. The initial phase is a through plus left-turn phase for one direction of the major
street, followed by a through phase for both directions of the major street, during which
left turns in both directions may be permitted on an optional basis. Note that many
operating agencies do not, as a matter of policy, use the optional permitted left turn with
this type of phasing because of safety considerations. The direction of flow started in the
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first phase is then stopped, providing the opposing direction with a through-plus-left-turn
phase. The final phase accommodates all movements on the minor street.
Such phasing is extremely flexible. When only one left turn requires a protected
phase, a leading green can be provided without a lagging green phase. When left-turn
volumes are unequal, the lengths of the leading and lagging green can be adjusted to
avoid excessive green time for one or both left-turn movements. Leading or lagging
green phase, or both, can even be used where no left turn exists as long as turns are
permitted to continue during the through phase. The phasing of Exhibit B16-l(c) may
also be expanded to incorporate leading or lagging green phases on both streets.
All of the phase plans discussed to this point can be implemented with pretimed or
actuated controllers. The only difference in operation would be the manner in which
green time is allocated to the various phases. For pretimed controllers, green times are
preset, whereas for actuated controllers, green times vary on the basis of detector
actuations.
At this point, it is necessary to recognize the differences in the way that modern
traffic-actuated controllers actually implement the phase plan. Exhibit B 16-1 depicts a
single-ring, sequential representation of the phase plan, in which a signal phase is used to
indicate the combination of all movements that are proceeding at a given point in time.
Modern traffic-actuated controllers do not use this scheme. Instead, they implement a
dual-ring concurrent phasing in which each phase controls only one movement, but two
phases are generally being displayed concurrently.
The dual-ring concurrent concept is illustrated in Exhibit B 16-2. Note that eight
phases are shown, each of which accommodates one of the through or left-turning
movements. A barrier separates the north-south phases from the east-west phases. Any
phase in the top group (Ring 1) may be displayed with any phase in the bottom group
(Ring 2) on the same side of the barrier without introducing traffic conflicts. For
simplicity, the right turns are omitted and assumed to proceed with the through
movements.
The definition of a phase as presented in Exhibit B16-2 is not consistent with that in
Exhibit B16-1 nor with the definition given in Chapter 10. It is, however, a definition
that is universally applied in the traffic control industry. It is the responsibility of the
analyst to recognize which definition is applicable to any given situation. For purposes of
the capacity and delay analysis procedures presented in the body of this chapter, each
lane group is considered to be controlled separately by a phase with specified red, green,
yellow, and all-red times, so either definition could apply. The examples shown
throughout the chapter are based on the single-ring sequential concept. However, the
dual-ring definition must be used for estimating the timing plan at traffic-actuated
intersections using the procedure presented in this appendix.
The dual-ring phases that accommodate left turns will only be used if the left turns
are protected. Left turns with compound protection will proceed with their concurrent
through movements. For example, none of the left-turn phases would be used by a
dual-ring controller to implement the two-phase plan shown in Exhibit B16-l(a). All of
the other phase plan examples shown in Exhibit B16-1 may be created by selectively
omitting left-turn phases and by reversing the order in which the through and left-turn
phases are displayed in either ring.
The advantage of the dual-ring concept is that it is able to generate the optimal phase
plan for each cycle in response to the traffic demand. Pretimed controllers, and earlier
versions of traffic-actuated controllers, are more constrained in this regard. The
maximum flexibility is provided by allowing the first (usually left-turn) phases in Rings 1
and 2 to terminate independently after their respective demands have been satisfied.
It is also possible to constrain these phases to terminate simultaneously to emulate
d e older, less efficient equipment. For example, simultaneous termination of the
northbound and southbound left-turn phases in Exhibit B 16-2 would produce the phasing
example shown in Exhibit B 16-1(b). Independent termination of the two left turns would

i-.
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Careful selection of a
phase plan is necessary
to achieve efficient
operation

introduce an overlap phase between the left-turn phase and the through-movement phase
in Exhibit B 16-l(b). The overlap phase would accommodate the heavier volume of the
two left turns together with the concurrent through movement, thereby making more
effective use of the cycle length. The degree of benefit obtained from phase overlaps of
this nature depends on the degree of difference in the opposing left-turn volumes.
The establishment of a phase plan is the most creative part of signal design and
deserves the careful attention of the analyst. A good phase plan can achieve efficiency in
the use of available space and time, whereas an inappropriate plan can cause inefficiency.
The phase plans presented and discussed in this appendix represent a sampling of the
more common forms used. They may be combined in a number of innovative ways on
various approaches of an intersection.
Again, local practice is an important determinant in the selection of a phase plan.
Phasing throughout an area should be relatively uniform. The introduction of the
protected-plus-permittedphasing at one location in an area where left turns are generally
handled in exclusive left-turn phases, for example, may confuse drivers. Thus, system
considerations should also be evaluated when phase plans are established.

i

ALLOCATION OF GREEN TIME
The allocation of green time is an important input to the methodology presented
earlier in this chapter for the estimation of delay. The average cycle length and effective
green time for each lane group must be defined. The most desirable way to obtain these
values is by field measurement; however, there are many cases in which field
measurement is not possible. For example, the comparison of hypothetical alternatives
precludes field measurements. Even for the evaluation of existing conditions, the
required data collection is beyond the resources of many agencies.
A procedure for estimating the signal timing characteristics is therefore an important
traffic analysis tool. Such a procedure is also useful in designing timing plans that will
optimize some aspect of the signal operation. In this respect, pretimed and actuated
control must be treated differently because the design and analysis objectives are
different. For pretimed control, the objective is to design an implementable timing plan
as an end product. In traffic-actuated control, the timing plan is generated by the
controller itself on the basis of operating parameters that are established for each phase.
This operation creates two separate objectives for traffic-actuated control. The first is to
determine how the controller will respond to a specified combination of operating
parameters and traffic conditions. The second is to provide some indication of the
optimal values for the key operating parameters.

TIMING PLAN DESIGN FOR PRETIMED CONTROL
The design of an implementable timing plan is a complex and iterative process that is
generally carried out with the assistance of computer software. Several software products
are available for this purpose, some of which employ, at least in part, the methodology of
this chapter.

Design Strategies

Equalizing the v/c ratios
for critical lane groups is
the simplest strategy and
the only one that may be
calculated without
excessive iteration

There are several aspects of signal timing design that are beyond the scope of this
manual. One such aspect is the choice of the timing strategy itself. Three basic strategies
are commonly used for pretimed signals.
Equalizing the vlc ratios for critical lane groups is the simplest strategy and the only
one that may be calculated without excessive iteration. It will be described briefly in this
appendix. It is also employed in the timing plan synthesis procedures of the planning
procedure presented in Chapter 10. Under this strategy, the green time is allocated
among the various signal phases in proportion to the flow ratio of the critical lane group
for each phase.

i
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Minimizing the total delay to all vehicles is generally proposed as the optimal
solution to the signal timing problem, often in combination with other measures such as
stops and fuel consumption. Many signal timing models offer this optimization feature.
Some use a delay estimation procedure identical to the methodology in this chapter,
whereas others employ minor departures from this method.
Balancing the LOS for all critical lane groups promotes an LOS on all approaches
that is consistent with the overall intersection LOS. Both of the other strategies tend to
produce a higher delay per vehicle, and therefore a less favorable LOS, for the minor
movements at an intersection. This lack of balance in LOS for critical lane groups causes
some difficulty in representing the overall intersection LOS.

Minimizing the total delay to
all vehicles is generally
proposed as the optimal
solution to the signal timing
problem, often in combination
with other measures such as
stops and fuel consumption
Balancing the LOS for all
critical lane groups promotes
an LOS on all approaches that
is consistent with the overall
intersection LOS

Procedure for Equalizing Degree of Saturation
Once a phase plan and signal type have been established, signal timing may be
estimated using Equations B 16-1, B 16-2, B 16-3, and B 16-4.

where
C
L

xc
xi

=
=
=
=

cycle length (s);
lost time per cycle (s);
critical vlc ratio for the intersection;
VICratio for lane group i (note that target vlc ratio is a user-specified
input with respect to this procedure; default value suggested is 0.90);
flow ratio for lane group i;
saturation flow rate for lane group i (vehlh); and
effective green time for lane group i (s).

Cycle lengths and green times may be estimated using these relationships, computed flow
ratios, and desired vlc ratios.
For pretimed signals, fixed green times and cycle lengths may be estimated using
Equations B 16-3 and B 16-4. The procedure will be illustrated using a sample
calculation. Consider the two-phase signal shown in Exhibit B16-3. Flow ratios are
shown, and it is assumed that lost times equal the change-and-clearanceintervals, which
are 4 s for each phase or 8 slcycle.
The cycle length is computed from Equation B16-3 for the desired vlc ratio X,,
which must be selected by the analyst. The shortest cycle length that will avoid
oversaturation may be computed by Equation B 16-5 using X, = 1.00:

C (minimum) =

8(1.0)
8
=-=4Os
[I.0 - (0.45+ 0.35)) 0.2
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EXHIBIT B16-3. SAMPLE TWO-PHASE SIGNAL

( ) = Flow ratio
E/W = Phase1
NIS = Phase 2

This cycle length has no direct value in the design of implementable timing plans;
however, it is commonly used as a departure point for iterative procedures that seek to
minimize or equalize delay among lane groups.
If a vlc ratio of no more than 0.8 were desired, the computation would become

C=

S(0.80)
-= infinity
[O.8 - (0.45+ 0.35)] 0
a'

This computation indicates that a critical vlc ratio of 0.8 cannot be provided for a
40-s cycle and the demand levels existing at the intersection. Any cycle length greater
than 40 s may be selected. For purposes of illustration, assume a cycle length of 60 S. In
all cases, the cycle length assumed would be rounded to the nearest 5 s for values
between 30 and 90 s and to the nearest 10 s for higher values.
The actual critical vlc ratio provided by a 60-s cycle is given by Equation B16-6:

A number of different policies may be employed in allocating the available green
time. A comaon policy for two-phase signals is to allocate the green such that the vlc
ratios for critical movements in each phase are equal. Thus, for the example problem, the
VICratio for each phase would be 0.923, and green times are computed using Equation
B 16-7.
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Lost time

Another common policy would be to allocate the minimum required green time to
the minor approach and assign all remaining green to the major approach. In this case,
the VICratio for Phase 2 would be 1.O, and
g2 = 0.35(6011.O) = 21.0 s
g l = 60-8-21
=31.0~
52.0 s
Lost time
=8.0s
60.0 s
Note that in both cases the entire 60-s cycle is fully allocated among the green times
and lost time.
The procedure for timing may be summarized as follows:
Estimate the cycle length for full saturation using Equation B16-3 and Xc = 1.0.
Estimate the cycle length for the desired critical vlc ratio, Xc, using Equation
B16-3.
From the results of the first two calculations, select an appropriate cycle length for
the signal. When system constraints determine the cycle length, the first step and this
step may be eliminated.
Estimate the green times using Equation B16-4 and vlc ratios, Xi, appropriate to
the proportioning policy adopted.
Check the timing to ensure that the sum of green times and the lost time equals the
cycle length. Include overlapping green times only once in this summation.

TIMING PLAN ESTIMATION FOR TRAFFIC-ACTUATED CONTROL
This procedure encompasses both a traffic-actuated control model and an analytical
structure for implementation of the model.

Functional Requirements of Model
A practical traffic-actuated control model must be functionally capable of providing
reasonable estimates of the operating characteristics of traffic-actuated controllers under
the normal range of design configurations at both isolated and coordinated intersections.
It must also be sensitive to common variations in design parameters. Examples of design
parameters include
Traffic-actuated controller settings (initial interval, allowable gap, maximum green
time),
Conventional actuated versus volume-density control strategies,
Detector configuration (length and setback),
Pedestrian timing (Walk and flashing Don't Walk),
Left-turn treatment @emitted, protected, permitted and protected, not opposed),
and
Left-turn phase position (leading or lagging).

Data Requirements

(

-.

The information that is already required by this chapter methodology is used to the
extent possible to avoid the need for new data. Most of the additional data items relate to
the operation of the controller itself. The model structure is based on the standard
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eight-phase dual-ring control scheme that was illustrated in Exhibit B 16-2. This scheme
is more or less universally applied in the United States.
For purposes of this discussion, the scheme for assignment of movements to phases
presented in Exhibit B16-2 will be adopted. This procedure will greatly simplify the
illustration of all modeling procedures without affecting the generality of the results.
The process is highly iterative, and the productive application of the manual
worksheets is not practical. Only the input data worksheet will be discussed in detail in
this appendix. This worksheet, presented in Exhibit B16-4, gathers together all data
required by the analytical model.

I

Approach-Specific Data
The top portion of the worksheet summarizes the approach-specific information. A
separate column is used for each of the four approaches. The logic of the model requires
that the left-turn treatment be identified explicitly. The codes used here are consistent
with the definitions presented in the body of this chapter.
The term simple left-turn protection refers to left turns moving only on the protected
phase. The term compound left-turn protection will be used to denote either protectedplus-permitted or permitted-plus-protectedtreatments.

Position Codes
Position codes are required to distinguish between leading and lagging left-turn
protection. The terms leading and lagging apply equally to the cases of simple and
compound left-turn protection. These codes do not apply if the left turn is not protected.
The worksheet offers a simple choice of leading, lagging, or NIA. The definition is very
simple: leading left turns precede the movement of the opposing through traffic and
lagging left turns follow it.

Sneakers
The term sneaker describes the number of left turns per cycle that may be discharged
at the end of a permitted phase. An implicit default of two per cycle is built into the
supplemental permitted left-turn worksheets for purposes of determining the minimum
saturation flow rate. Since any vehicles that rest in the detection zone will extend their
respective phases (assuming that the phase has not already extended to a preset
maximum), a more detailed treatment of sneakers will be required for traffic-actuated
control.

Free Queue
The pretimed model assumes that the first permitted left turn at the stop line will
block a shared lane. However, through vehicles in the shared lane are often able to
squeeze around one or more left-turning vehicles, which define the free queue. The lack
of a free-queue parameter is a deficiency of the pretimed model, but it is especially
critical with traffic-actuated control because vehicles in the free queue do not occupy the
detector and therefore do not extend the green phase. A permitted left turn stopped on the
detector must be treated entirely differently in the modeling process than one that has
stopped beyond the detector.

Approach Speed, SA
The speed of vehicles on a signalized intersection approach is required in the analysis
of traffic-actuated operation. It determines the passage time between the detector and the
stop line as well as the portion of intervehicle headways during which a presence detector
is occupied. In modeling the operation of vehicles at a traffic signal, it is typical to
assume a single value for speed that applies throughout the cycle.

(
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EXHIBIT 816-4. TRAFFIC-ACTUATED CONTROL INPUT DATA WORKSHEET
I

I

I

I

TRAFFIC-ACTUATED CONTROL INPUT DATA WORKSHEET

I

General lnfonnation

1

Analyst
Agency or Company
Date Performed
Analys~sTime Period

-

Site lnfonnatlon
Intersection
Area Type
Jurisdiction
Analysis Year

Approach-Specific Data

CBD

WB

I

Other

I

--EB

II

NB

SB

Left-turn treatment codet

1

Left-turn position (leading, lagging, or NIA)
Left-turn max sneakers, ,v

I

(

I

I

I

(veh)

Left-turn free queue. Q, (veh)
Approach speed, SA (rnilh)
Rina 1 and 2 termination (simultaneous.
Independent, or NIA)
'

I

Phase-Specific'Data
Ring 2

Ring 1

1. WELT

1 2. EBTH 1 3. NBLT 1 4.

5. EBLT 16. WBTH

SETH

1 7. SBLT 1

8. NBTH

Phase type2 (L, T. G, N. X)

1

Phase reversal (Yes or No)

1

Detector length, DL (ft)

I

I

I

I

I

I

1

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

1

I

I

I

I

I

I

Detector setback. DS (ft)
/'

(

Max initial interval, Mxl (s)

:

Added initial per actuation, Al (s)
Min allowable gap, MnA (s)
Gap reduction rate. GR
Ped Walk + Don't Walk. WDW (s)

I

Maximum green. MxG (s)
Intergreen time. Y (s)
Recall mode (min, max, ped, none)

1

Min veh phase time. MnV (s)

I

I

I

I

I

I

I

Notes
1. (0)Does not exist (1) Permitted (2) Protected (3) Protected+ Permitled (4) Not opposed
2. (L) Protected left turn on a green arrcw

I

(T) Through and right-turning trafficonly
(G) Permitled left turns and compound left-turn protection
(N) In addition to other mwements, left turns are not opposed
(X) lnacliie phases

Terminating of Rings 1 and 2

i

The nature of dual-ring control requires that the second phases of Rings 1 and 2
terminate simultaneously because they yield control to approaches with conflicting
traffic. However, control may pass from the first phase to the second phase of either ring
without causing conflict. Independent termination of the first phases improves efficiency
in the allocation of time among competing movements and is generally exploited for this
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reason. The type of operation created by independent termination is sometimes referred
to as phase overlap.
It is, however, not essential that the phases terminate independently. Older
single-ring controller operation may be approximated by requiring that the first phases of
each ring (i.e., Phases 1 and 5, or 3 and 7) terminate simultaneously. In some situations
involving coordination of controllers on major routes, it is common to force both rings
out of their first phase simultaneously. The model considers simultaneous or independent
termination as legitimate alternatives.
It is possible that one or more of the first phases will not be used, because their
associated left turn is not protected. In this case, the question of simultaneous or
independent termination will not apply. This is another multiple-choice entry on the
worksheet. The alternatives are simultaneous, independent, and NIA.

\

Phasing and Detector Design Parameters

The bottom portion of the worksheet includes all of the data items that are specific to
each of the eight phases represented in Exhibit B 16-2. A separate column is provided on
the worksheet for each phase. The first group includes the design parameters relating to
phasing and detector placement that will affect the operation. The following data items
are included.
Phase Type
Convention for
designating movements
accommodated on a
phase

Phase type is the first of several phase-specific inputs that are required. A phase that
is not active will not be recognized in any of the subsequent computations. Inactive
phases are indicated by an X in the appropriate column of the worksheet. A left-turn
phase will be considered active only if it accommodates a protected left turn. A through
phase will be considered active if it accommodates any traffic at all-through, left, or
right. Active phases will be designated as follows:
L if the phase accommodates a protected left turn on a green arrow.
T if the phase accommodates through and right-turning traffic only. In this case,
all left turns are accommodated entirely on another phase (i.e., simple left-turn
protection).
G if any left turns are accommodated on this phase and opposed by oncoming
traffic. This case will occur on phases with permitted left turns and those with compound
left-turn protection.
N if the phase accommodates, in addition to other movements, left turns that are
not opposed at any time in the phase sequence. This case will happen at T-intersections,
on one-way streets, and in cases in which the phasing completely separates all
movements on opposing approaches.
Note that right turns are not referenced specifically in these designations. Right turns
are assumed to proceed concurrently with the through traffic.

i

Phase Reversal
Normally the first phase in each ring on each side of the barrier (odd-numbered
phase) handles protected left turns and the second (even-numbered) phase handles the
remaining traffic. This operation creates a condition of leading left-turn protection.
When lagging left-turn protection is desired, the movements in the first and second
phases are interchanged. Most controllers provide an internal function to specify phase
reversal. For purposes of this methodology, two phases may only be interchanged if both
phases are active.
Detector Length, DL
Detector length is the effective distance, measured parallel to the direction of travel,
through which a vehicle will occupy the detector. This design parameter is user-specified

-
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and influenced by local practice. The detector length influences the choice of other
parameters, such as the allowable gap in traffic that will terminate the phase.

Detector Setback, DS
Detector setback is the distance between the downstream edge of the detector and the
stop line.
Controller Settings
The controller itself has several operating parameters that must be specified for each
phase. Collectively, these will be referred to as the controller settings because they must
be physically set in the controller with switches, keypads, or some other electrical means.
The following settings will exert a significant influence on the operation of the
intersection and must therefore be recognized by the analysis methodology.

Maximum Initial Interval, Mxl
Maximum initial interval is used only when the initial interval is extended under
volume-density control. It must be long enough to ensure that a queue of vehicles
released at the beginning of the green will be in motion at the detector before the green
phase terminates.
Added Initial per Actuation, A1
When the initial interval is extended under volume-density control, the added initial
interval per actuation will depend on the number of approach lanes. It should be long
enough to ensure that each vehicle crossing the approach detector on the red will add an
appropriate increment of time to the initial interval.
L-

f

Minimum Allowable Gap, MnA
MnA is a user-specified controller parameter, the effect of which will be illustrated
later as the analytical model is exercised. It is typically set in the range of 2 to 3 s. It
establishes the threshold for the length of the gap in traffic that will cause the phase to
terminate.
It is important to distinguish between the time gap and the time headway between
vehicles. The time headway indicates the elapsed time between the successive arrival of
two consecutive vehicles at a detector. The time gap indicates the elapsed time between
the departure of the first vehicle from the detector and the arrival of the second. The time
gap is what is left of the headway after the detector occupancy time has been subtracted.
A traffic-actuated controller using presence detectors views the passage of traffic in terms
of gaps, not headways.

Difference between time
headway and time gap

Gap Reduction Rate, GR
The gap reduction rate determines the speed at which the allowable gap is reduced in
volume-density controllers as the green display continues. There are subtle differences in
the definition of the gap reduction rate among controllers. For purposes of this project, a
linear reduction rate (seconds reduction of gap per second of elapsed green time) will be
assumed.

Pedestrian Walk + Don't Walk, WDW
WDW is the minimum time given to each phase when pedestrian demand is
registered or the pedestrian recall is active. It includes both the pedestrian Walk and
flashing Don't Walk intervals. These intervals are actually entered into the controller as
two separate parameters but will be combined for purposes of this analysis. If the
pedestrian timing function is not implemented in a particular phase, the WDW value
should be entered as zero.
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Maximum Green, MxG
MxG is a user-specified parameter, the effect of which will be discussed later. Local
practice often plays an important part in the determination of maximum green times.
lntergreen Time, Y
The intergreen interval consists of a yellow change interval followed by an all-red
clearance interval. These two intervals are entered separately into the controller but will
be combined here to simplify the analysis.
Recall Mode
Recall mode determines how a phase will be treated in the absence of demand on the
previous red phase. The options are as follows:
None: the phase will not be displayed.
Max: the phase will be displayed to its specified maximum length.
Min: the phase will always be displayed to its specified minimum length but may
be extended up to its specified maximum length by vehicle actuations.
Ped: the phase will be given the full Walk plus flashing Don't Walk intervals and
may be extended further, up to its specified maximum by vehicle actuations.
Coord: a coordinated phase on the major street; this phase will always be displayed
for its nominal design time, which may be increased by reassigning unused green time
from actuated phases.
The recall function will have a significant effect on the operation of the controller.
For example, the maximum recall option will have the effect of creating a nonactuated
phase.
Minimum Vehicle Phase Time, MnV
MnV is actually a traffic engineering input that specifies the minimum time for
which a phase must be displayed unless it is skipped because of lack of demand. It is
implemented in a conventional traffic-actuated controller as the sum of three intervals:
the initial interval, the minimum allowable gap (MnA), and the intergreen time (Y). As a
matter of design, it is important that the controller settings be compatible with the
minimum phase times determined by traffic engineering considerations.
This parameter did not appear earlier in this chapter because the chapter
methodology procedure does not offer the ability to compute timing plans. Nevertheless,
it is not possible to deal realistically with traffic-actuated control without recognizing the
existence of a minimum phase time. For compatibility with other signal timing programs,
the phase times include all intervals, including green, yellow, and all-red. For the
purposes of the worksheet, the minimum phase time must be replaced by the maximum
phase time (MxG + Y) if the recall-to-maximum mode is in effect.

i

Green-Time Estimation Model

Queue accumulation
polygon is a basic tool for
analysis of signalized
intersections

The discussion of pretimed operation presented in this appendix indicates that the
determination of required green time is a relatively straightforward process when the
cycle length is given. However, traffic-actuated controllers do not recognize specified
cycle lengths. Instead they determine, by a mechanical analogy, the required green time
given the length of the previous red period and the arrival rate. They accomplish this by
holding the right-of-way until the accumulated queue has been served.
The basic principle underlying all signal timing analysis is the queue accumulation
polygon (QAP), which plots the number of vehicles queued at the stop line over the
duration of the cycle. The QAP for a simple protected movement is illustrated in Exhibit
B16-5. The queue accumulation takes place on the left side of the triangle (i.e., effective
red) and the discharge takes place on the right side of the triangle (i.e., effective green).
More complex polygons are generated when permitted movements occur when a

I
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movement proceeds on more than one phase. The body of this chapter and Appendix E
include a discussion on this subject.
EXHIBIT B16-5. QUEUE ACCUMIJLATION POLYGON II-I-USTRATING TWO METHODS OFGREEN-TIME
COMPUTATION

I

1

Green time based on
~ h a s eextension time
Green time based on
target v/c ratio
4

b

Green Extension Time

(.

\.

Two methods of determining the required green time given the length of the previous
red are depicted in Exhibit B16-5. The first employs a target vlc approach. This method
is the basis for the planning procedure described in Chapter 10 and for the discussion on
timing plan design for pretimed control presented earlier in this appendix. Under this
approach, the green-time requirement is determined by the slope of the line representing
the target vlc of 0.9. If the phase ends when the queue has dissipated under these
conditions, the target vlc will be achieved.
The second method recognizes the way a traffic-actuated controller really works. It
does not deal explicitly with vlc ratios; in fact, it has no way of determining the vlc ratio.
Instead it terminates each phase when a gap of a particular length is encountered at the
detector. Good practice dictates that the gap threshold must be longer than the gap that
would be encountered when the queue is being served. Assuming that gaps large enough
to terminate the phase can only occur after the queue service interval (based on vlc = 1.0),
the average green time may be estimated as the sum of the queue service time and the
phase extension time as shown in Exhibit B16-5.
Queue Service Time
The queue service time, g,, can be estimated using Equation B 16-8.

where
g,

q r Qg
J

r
s
fq

= queue service time (s);
= red arrival rate (vehls) and green arrival rate (vehls), respectively;
= effective red time (s);

= saturation flow rate (vehls); and
= 1.08 - 0.1 (actual green time/maximum green time)2.

The queue calibration factor, fq, accounts for randomness in arrivals (I).
Chapter 16 - Signalized Intersections
Appendix B

Highway Capacity Manual 2000

I
Assumptions regarding
headway distribution

Green Extension Time
To estimate the extension time analytically for a particular phase, it is necessary to
determine the expected waiting time for a gap of a specific length, given the average
intervehicular headways and some assumptions about the headway distribution. An
analytical model for this purpose was developed (1, 2) on the basis of earlier work (3, 4).
The average green extension time, g,, is estimated from Equation B 16-9, which is based
on the use of a bunched exponential distribution of arrival headways. Equations B16-10,
B 16-11, and B16-12 are used to compute specific factors used in Equation B16-9.

t.

where
ge

q
eo
to

=
=
=
=

green extension time (s),
vehicle arrival rate throughout cycle (velds),
unit extension time setting (s), and
time during which detector is occupied by a passing vehicle (s).

=
=
=
=
=
=

vehicle length, assumed to be 18 ft,
detector length, DL (ft),
vehicle approach speed (mith),
minimum arrival (intra-bunch) headway (s),
proportion of free (unbunched) vehicles, and
parameter calculated as

where
L,
Ld
SA

A

cp
h

where h is in vehicles per second for all lane groups that actuate the phase under
consideration.
A detailed discussion of the bunched exponential model and the results of its
calibration are given elsewhere (5, 6). The following relationship can be used for
estimating the proportion of free (unbunched) vehicles in the traffic stream (cp):

Note that b is a bunching factor. The recommended parameter values based on the
calibration of the bunched exponential model using real-life and simulation data are
summarized in Exhibit B 16-6.
An iterative process is
required to arrive at
average times

I

Computational Structure for Green-Time Estimation
This green-time estimation model is not difficult to implement, but it does not lead
directly to the determination of an average cycle length or green time because the green
time required for each phase is dependent on the green time required by the other phases.
Thus, a circular dependency is established that requires an iterative process to solve.
With each iteration, the green time required by each phase, given the green times required
by the other phases, can be determined.
The logical starting point for the iterative process involves the minimum times
specified for each phase. If these times turn out to be adequate for all phases, the cycle
length will simply be the sum of the minimum phase times for the critical phases. If a
particular phase demands more than its minimum time, more time should be given to that
phase. Thus, a longer red time must be imposed on all of the other phases. This, in turn,
will increase the green time required for the subject phase.
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EXHIBIT B16-6. RECOMMENDED PAMMETER VALUES
\

Case
Single-lane
Multilane
2 lanes
3 or more lanes

A (S)

b

1.5

0.6

0.5
0.5

0.5
0.8

Simple Two-Phase Example
The circular dependency mentioned earlier will converge quite reliably through a
series of repeated iterations. The convergence may be demonstrated by using a simple
example. More complex examples will be introduced later to examine the effects of
controller settings and traffic volumes in a practical situation.
Consider an intersection of two streets with a single lane in each direction. Each
approach has identical characteristics and carries 675 vehlh with no left or right turns.
The average headway is 2.0 s per vehicle and the lost time per phase is 3.0 s. Detectors
are 30 ft long with no setback from the stop line. The actuated controller settings are as
follows:
Setting
Time (s)
Initial interval
10
Unit extension
3
Maximum green
46
Intergreen
4
The maximum phase time for each phase will be (46 + 4) = 50 s. The minimum
phase time will be 10 + 3 + 4 = 17 s, which will be the starting point for the timing
computations. The first iteration will be used with a 34-s cycle with 17 s of green time on
each approach. Allowing for lost time, the effective red time will be 20 s, and the
effective green time will be 14 s for each phase.
The total lost time is the sum of two components, including the start-up lost time and
the clearance lost time. In the methodology of this chapter, all of the lost time is assumed
to be concentrated at the beginning of the green. This approximation is valid for delay
estimation because the lost time is only used in the computation of effective green time,
and its position in the phase is irrelevant.
However, for purposes of traffic-actuated timing estimation, the distribution of lost
time throughout the phase will have a definite influence on the results. The lost time at
the beginning of the phase will influence the length of the phase. The lost time at the end
of the phase will influence the delay, but it will have no effect on the phase duration. It is
recommended (7) that, for a specified lost time of n seconds, 1 s be assigned to the end of
the phase and n - 1 s be assigned to the beginning. Thus, for this example, the start-up
lost time (I1) will be 2.0 s.
The computational process may be described as follows:
1. Compute the arrival rate throughout the cycle, q:
q = 67513600 = 0.188 vehls
2. Compute the net departure rate (saturation flow rate - arrival rate):

I

Guidelines on lost-time
assumptions

(s - q) = -- 0.188 = 0.312 vehls
3600
3. Compute the queue at the end of 20 s of effective red time:
q,r = 20 * (0.188) = 3.760 veh
4. Compute the queue calibration factor, fq:
f, = 1.08 - 0.1 (13146)~= 1.072
5. Compute the time required to serve the queue, g,:
g, = 1.072 (3.76010.312) = 12.919 s
16-109
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After 12.919 s of effective green time, the queue will have been served and gaps will
start to be observed at the detector. The start-up lost time (11 = 2) must be added to the
queue service time for purposes of determining the total phase time requirements. The
question now is how long one would expect to wait for a gap of 3.0 s.
6. Determine the parameters of Equation B 16-12 as follows:
A

(,,

= 1.5 and b = 0.6, from Exhibit B16-6
= e-bAq
- e-(0.6 * 1.5 * 0.188) = 0.844

7. Determine the occupancy time of the detector for a vehicle length of 18 ft, a
detector length of 30 ft, and an approach speed of 30 milh:

This is assuming that the detector sensor is operating in the presence mode.
8. Apply Equation B 16-9 to determine the expected green extension time, g,:

Guideline for termination
of iterations

6,.
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e0.221(3.0+ 1.088 - 1.5)

-- 1
(0.844)(0.188)
0.221
= 6.641 s
9. Compute the total phase time:
G = Il +g,+g,+Y
G = 2.0 + 12.919 + 6.641 + 4.0 = 25.560 s
10. Compute the phase time deficiency as the difference between the trial phase time
and the computed phase time, or 25.560 - 17.0 = 8.560 s.
This computation indicates that the trial phase time was not adequate to satisfy the
rules under which the controller operates. It also suggests a new trial green time of
25.560 s and a cycle length of 5 1.120 s for the next iteration.
The next iteration will still produce a green-time deficiency because the red time has
been increased. However, this deficiency will be smaller. Successive iterations will
produce successively smaller green time deficiencies until eventually the solution will
converge. This process is illustrated in Exhibit B 16-7. The solution converged (i.e., the
green-time deficiency became negligible) at a phase time of 37.919 s, producing a cycle
length of 75.838 s. This convergence was based on a threshold of 0.1 s difference in the
computed cycle length between iterations. In other words, the process terminated when
the cycle lengths on two successive iterations fell within 0.1 s of each other.
As a matter of interest, consider the effect of reducing the unit extension time, eo,
from 3.0 s to 2.0 s. This reduction would be expected to reduce the green extension time,
g,, for both phases and to shorten the resulting cycle length. The extent of the reduction
may be estimated by repeating all of the steps described above with the new value for g,.
In the first iteration, the queue service time will remain the same, but the green extension
time will be reduced from the value of 6.641 s computed above to 4.427 s. Repeated
iterations with this lower unit extension time would converge to a cycle length of
65.880 s.
In this example, the green time for both phases was determined by the sum of the
queue service time and the extension time. Phase times will also be constrained by their
specified maximum and minimum times.
-
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EXHIBIT B16-7. CONVERGENCE OF GREEN-TIME COMPUTATION BY ELIMINATION OF GREEN-TIME
DEFICIENCY

0Phase time deficiency
0Computed phase time

Iteration Number

Minimum Phase Times
The specified minimum green-time constraints are valid only for pretimed phases
and phases that are set to recall to the minimum time regardless of demand. The
significance of the minimum time for an actuated phase is that the phase must be
displayed for its specified minimum unless it is skipped because of lack of demand. This
situation may be addressed analytically by determining the probability of zero arrivals on
the previous cycle. Assuming a Poisson arrival distribution, Equation B 16-13 may be
used.
pOW =e-lc
(816-13)
where
Pow = minimum phase time (s),

q
C

= vehicle arrival rate (vehls), and
= cycle length for the current iteration (s).

Assuming that the phase will be displayed for the minimum time, except when no
vehicles have arrived, the adjusted minimum phase time is computed using Equation
B16-14:
A VM = Mn V ( I - Pow)
(816-14)
where
AVM
MnV

= adjusted vehicle minimum time (s), and
= specified minimum green time from worksheet in Exhibit B16-4 (s).

This relationship also has circular dependencies because as the adjusted minimums
become shorter, the probability of zero arrivals also becomes higher, which further
reduces the adjusted minimums. Fortunately, the solution fits well into the iterative
scheme that was just described.
The use of adjusted minimum green times offers a practical method for dealing with
phases that are not displayed on each cycle but may have their minimum durations
determined by agency policy. The concept applies equally well to pedestrian minimum
times.
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Multiphase Operation

Extension of the
methodology to
Account for different
arrival and departure
times at points in cycle
Synthesize dual-ring
into equivalent singlering sequence

Three important tools have been introduced for estimating the timing plan at trafficactuated signals: a model for predicting the green time for any phase given the length of
the previous red period, an iterative computational structure that converges to a stable
value for the average cycle length and green times, and a procedure to account for
minimum green times with low volumes. These concepts were illustrated in a simple
example, but fortunately they are robust enough to deal with the practical complexities of
traffic-actuated control. These complexities include multiphase operation (both singleand dual-ring), permitted left turns (both exclusive and shared lanes), and compound leftturn protection (both leading and lagging).
Two extensions to the methodology presented to this point are required to deal with
more complex situations. The first is the extension of the QAP from its simple triangular
shape to a more complex shape that represents different arrival and departure times at
different points in the cycle. The second is a procedure to synthesize a complete
single-ring equivalent sequence by combining critical phases in the dual-ring operation.
The QAP extensions will be considered first.
Exhibit B 16-5 presented the triangular QAP for a protected movement from an
exclusive lane. There are four other cases to be considered, including permitted left turns
from an exclusive lane, permitted left turns from a shared lane, protected-plus-permitted
left turns, and permitted-plus-protected left turns. The QAP shapes for these cases are
shown in Exhibits B 16-8 through B 16-11. Each of the exhibits conforms to a common
terminology with respect to its labeling. Intervals are illustrated along the horizontal axis
as follows:
r = effective red time,
= portion of permitted green time blocked by a queue of opposing
gq
vehicles,
=
portion
of permitted green time not blocked by a queue of opposing
g,
vehicles,
= portion of protected green time required to serve queue of vehicles that
g,
accumulated on previous phases,
=
extension
to protected green time that occurs while controller waits for
g,
a gap in arriving traffic long enough to terminate the phase, and
gf = portion of green time in which a through vehicle in a shared lane would
not be blocked by a left-turn vehicle waiting for opposed movement to
clear. (This condition occurs only at the beginning of the permitted
green when one or more through vehicles are at the front of the queue.)
Note that, in each case, the phases are arranged so that the protected phase is the last
to occur. The length of this phase will be determined by its detector actuations. The
actual length will be the sum of the time required to serve the queue that exists at the
beginning of the phase plus the extension time.
Points in the cycle at which the queue size is important to the computations are also
identified as follows:
Qr = queue size at end of effective red;
Qq = queue size at end of interval gq;
Qp = queue size at end of permitted green period;
= queue size at end of permitted green period, adjusted for sneakers;
Q;
= queue size at beginning ofirotected green (green arrow) period; and
Q
= queue size at end of interval gr.
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EXHIBIT 8 1 6 - 8 QUEUE ACCUMULATION POLYGON FOR PERMITTED LEFT TURNS FROM EXCLUSIVE LANE

I

Time (s)
Note:
s, is saturation flow under permitted operation.

EXHIBIT B16-9. QUEUE ACCUMULATION POLYGON FOR PERMITTED LEFT TURNS FROM SHARED LANE

I

Time (s)

C..
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EXHIBIT 816-10. QUEUE ACCUMULATION POLYGON FOR PROTECTED-PLUS-PERMITTED LEFT-TURN
PHASING WITH EXCLUSIVE LEFT-TURN LANE

I

Time (s)

EXHIBIT B16-11. QUEUE ACCUMULATION POLYGON FOR PERMITTED-PLUS-PROTECTED LEFT-TURN
PHASING WITH EXCLUSIVE LEFT-TURN LANE

Time (s)

The shape of each QAP is based on termination by a gap that exceeds the unit
extension, allowing the full extension time, g,, to be displayed. When a phase terminates
on the maximum green time, the extension time may be reduced or eliminated. If a
permitted left-turn phase terminates before the queue has been served, a maximum of two
sneakers will be discharged from the queue at that point.
These extensions to the QAP analysis will accommodate all of the practical
conditions covered by the methodology presented in the body of this chapter. The
remaining issue to be dealt with is the synthesis of the complete cycle by combining
critical phases in a dual-ring operation. This procedure may be carried out using the
worksheet shown in Exhibit B16-12. The structure of this worksheet is compatible with
the dual-ring concurrent phasing depicted in Exhibit B16-2.
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EXHIBIT B16-12. TRAFFIC-ACTUATED TIMING COMPUTATIONS
East-West Movements
B
Total
No Yes No Yes
WBL EBT EBT WBL

hlorth-South Movements
Total
B
No Yes No Yes
SBL NBT NBT SBL

No
WBL

No Yes
SBL NBT

A

Ring 1: Phases reversed?
Movements
Phase times
Ring 2: Phases reversed?
Movements
Phase times
Difference:
ABS (Ring 1 - Ring 2)
Cycle time components:
Independent termination
Simultaneous termination

Yes No Yes
EBT EBT WBL

A

No Yes
NBT SBL

The east-west movements (left side of the barrier) are shown in the first three
columns. The first column, labeled A, represents the first phase (1 or 5) in each ring.
The second column represents the second phase (2 or 6). The third column will contain
the total of the phase times. The same format is repeated in the next three columns for
the north-south movements (right side of the barrier).
There are three rows for each of the two rings. The first row indicates whether the
phase pair is reversed. This information was entered on the input data worksheet
presented earlier in this appendix. The next two rows give the movements and phase
times for their respective phases. If the phases are not reversed, the assignments will be
shown in the dual-ring configuration of Exhibit B16-2. If they are reversed, the through
movements will appear in Column A and the left turns in Column B. Note that the
movements in a given phase pair cannot be interchanged if the left turn is not protected.
The order of the phases in the pair does not affect the total phase time entered in the Total
column.
The next row contains the absolute value of the phase time difference between the
two rings. Values are entered for each of the six columns.
The components of the cycle time must now be determined and entered in the cycle
time components row. The procedure will depend on whether the first phase termination
is simultaneous or independent. For simultaneous termination, enter the maximum value
of each phase in the A and B columns (Ring 1 or 2, whichever time is greater). For
independent termination, enter the maximum value of the total time (A + B) from Ring 1
or 2. So for each side of the barrier, either A and B columns or the Total column will
have an entry, but not all three columns. This procedure should be carried out for both
sides of the barrier. Remember that the termination treatment may be different on either
side. The cycle length may now be determined as the sum of all the entries in the cycle
time components row.
If the computed cycle length agrees with the cycle length determined on the previous
iteration, no further action is necessary. If not, this timing plan will serve as the starting
point for the next iteration.
COORDINATED SEMIACTUATED OPERATION
It is possible that nonactuated phases under semiactuated control may be coordinated
with neighboring intersections. In the most common coordination scheme, a background
cycle length is imposed. The actuated phases receive their allotment of green time in the
usual manner, except that their maximum green times are controlled externally to ensure
conformance with the specified cycle length. If the actuated phases require all of their
nominal green-time allotment, the intersection operates in a more or less pretimed
manner. If they do not, the unused time is reassigned to the coordinated phase.

I
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Iterative procedure

The analysis of coordinated operation requires another iterative loop, which executes
the procedure described in this appendix, adding more green time incrementally to the
coordinated phases until the design cycle length has been reached. The result is a timing
plan that approximates the operation of the controller in the field.
The procedure for timing plan estimation in coordinated systems requires that a
design timing plan be established first, with phase splits that add up to the design cycle
length. This plan becomes the starting point for the iterative procedure that involves the
following steps.
1. Set up the controller timing parameters for the initial timing plan computations.
The coordinated major-street phases (usually 2 and 6) should be set for recall to
maximum. The maximum green times for all phases should be determined by their
respective splits in the pretimed timing plan. No recall modes should be specified for any
of the actuated phases.
2. Perform the timing computations to determine the resulting cycle length. If the
maximum green times have been specified correctly in Step 1, the computed cycle length
will not exceed the specified cycle length.
3. If the computed cycle length is equal to the specified cycle length, there is no
green time available for reassignment. In this case the procedure will be complete and
the final timing plan will be produced.
4. If the computed cycle length is lower than the specified cycle length, some time
should be reassigned to the major-street phases by increasing the maximum green times
for the coordinated phases. The recommended procedure is to assign one-half of the
difference between the computed cycle and the specified cycle to the coordinated phases.
This procedure provides a reasonable speed of convergence without overshooting the
specified cycle length.
5. Repeat Steps 2 through 4 iteratively until the computed and specified cycle
lengths converge.

I
\

MULTIPHASE EXAMPLE
The complete timing estimation procedure described in this appendix will now be
applied using a multiphase example. In the discussion of this example presented
previously in this appendix, an initial timing plan was developed using the planning
procedure. The green times were then modified by trial and error to arrive at a signal
timing plan for analyzing capacity, delay, and LOS.
The intersection layout for this example is shown in Exhibit B 16-13. Note that all
left turns take place from exclusive lanes. The northbound and southbound left turns
have protected-plus-permittedphasing. The eastbound and westbound left turns are
permitted, with no protected phases.
The timing plan design is as follows:
Phase 1: NB and SB left turns
11 s
54 s
Phase 2: NB and SB green
Phase 3: EB and WB green
30 s
Cycle length
95 s
This timing plan was shown to accommodate all movements with no oversaturation.
The average delay per vehicle for all approaches combined was 23 s.
The timing estimation methodology will now be exercised for this example using
several different values for some of the actuated controller settings to observe the effect
on the results. The detector configuration will use loop detectors 30 ft long and
positioned at the stop line with no setback. A 30-mi/h speed will be assumed for all
approaches. Both isolated and coordinated operation will be explored. Different values
will be used for the unit extension and maximum green settings. Three unit extension
settings will be used:
Short values of 1.5 s and 2.0 s for two-lane and one-lane approaches, respectively,
representing a condition sometimes referred to as snappy operation.
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Medium values of 2.5 s and 3.5 s for two-lane approaches and one-lane
approaches, respectively, the standard condition for most intersections.
Long values of 3.5 s and 4.5 s for two-lane approaches and one-lane approaches,
respectively, representing a condition sometimes referred to as sluggish operation.
EXHIBIT 816-13. INTERSECTION LAYOUT FOR MULTIPHASE EXAMPLE

I

I

l
l
Fifth Avenue SB

I

'

I

Fiflh Avenue NB

I

300 - Lane Length (ft)

These values represent the actual gap between vehicles that will cause a phase to
terminate. With the assumed approach speed and detector configuration, each vehicle
(assumed length is 18 ft) passing over the loop will occupy the detector for an additional
1.08 s.
Three different values for maximum green times will also be investigated. The first
will use very long maximum times (120 s for each phase) to determine how the
intersection would operate if most phases terminated on the unit extension. The second
will use maximum times that are proportional to the design times for each phase. It has
been proposed that the maximum extensions be set at 125 and 150 percent of the design
green times. A more complex scheme has been proposed that results in maximum times
in the range of 150 to 200 percent of the design times. For purposes of this exercise, the
maximum times will be set at 150 percent of the design times, representing a value
somewhere in the middle of the range suggested in the literature. The third value will use
the actual design green times as maximums to constrain the operation to its original
design.
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Recognizing that much of the benefit of traffic-actuated control is derived from the
ability of the controller to respond to fluctuations in traffic volumes throughout the day,
the operation will also be examined by using volume levels of 70 percent of the
peak-hour levels reflected in the original data. Coordinated operation will also be
examined at the reduced volume levels to observe the reassignment of unused green time
from the actuated phases to the nonactuated phases to reduce the delay to arterial traffic.
The first conditions to be analyzed involve 100 percent volume levels, 120-s
maximum green time on each phase, and short unit extensions. The input data worksheet
for this example is shown in Exhibit B16-14. The resulting cycle length is 258.2 s.
Because of the dual-ring operation, an overlap phase for the north-south approaches
appears in the results. The estimated average phase times are as follows:
NB and SB left
17.2 s
SB through and left
15.0 s
NB and SB green
144.0 s
EB and WB green
82.0 s
Cycle length
258.2 s

(\.

EXHIBIT B'I 6-14. TR4FFIC-ACTUATED CONTROL DATA FOR MULTIPHASE EXAMPLE
Traffic-Actuated Control Input Data Worksheet
Example Problem 3: Fifth Avenue at 12th Street
Ao~roachData
Northbound
Southbound
Eastbound
Westbound
1
1
3
3
LT treatment
LT position
Lead
Lead
NIA
NIA
Sneakers
2.0
2.0
2.0
2.0
Free queue
0.00
0.00
0.00
0.00
Speed
50
50
50
50
Termination
--Independent---NIA-Ring 1
Ring 2
Phase Data
1 (WBL) 2 (EBT) 3 (NBL)
4 (SBT)
5 (EBL) 6 (WBT) 7 (SBL) 8 (NBT)
Phase type
PH reversal?
Det length
Setback
Max initial
Min gap
Walk + FDW
Max green
Change + clr
Recall mode
Veh min
Min initial
Max PH time
124
124
124
124
124
124

This timing plan, when analyzed by the procedure described in the body of this
chapter, produces results shown on the LOS worksheet in Exhibit B 16-15. Note that the
average delay per vehicle is 47.4 s, which is considerably higher than the 23-slveh delay
associated with the timing plan developed in Example Problem 3. The logical conclusion
here is that the peak-hour volumes cannot be handled in an optimal manner by a fully
actuated controller without some influence being exerted on the timing plan through
maximum green constraints.
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EXHIBIT B16-15. LOS RESULTS FOR MULTIPHASE EXAMPLE
Direct1
Ln Grp

LOS Worksheet
Lane
Calib
Group
d2
Cap

Lane
Grp
Delay

Lane
Grp
LOS

9.6
23.2

27.1
61.0

D
F

58.6

E

16
16

19.3
0.2

75.6
20.6

F
C

29.4

D

888

16

0.3

41.1

E

153
937

16
16

14.1
1.3

60.3
F
47.7
E
45.3
Intersection LOS = D

E

vlc
Ratio

g1C
Ratio

Delay
d,

Del
Adj
Fact

L 0.735
TR 1.026

0.118
0.508

20.6
44.5

0.850
0.850

181
1689

16
16

L 1.866
TR 0.535

0.256
0.571

66.3
23.9

0.850
0.850

224
1890

TR 0.478

0.332

48.0

0.850

54.3
L 0.773
0.332
0.850
51.8
TR 0.666 0.332
0.850
Intersection Delay = 47.4 slveh

Delay
d2

Delay
LOS
by App by App

NB

SB

EB

WB

A total o f 10 alternatives, similar in concept t o the one just described, were analyzed
using combinations o f these conditions. F o r each analysis, the average phase times and
cycle length were recorded along w i t h the average delay per vehicle and any movements
that were oversaturated. T h e results are summarized in E x h i b i t B16-16.

Ten alternatives were
analyzed (see Exhibit B 16-16)

EXHIBIT B16-16. COMPARISON OF TRAFFIC-ACTIJATED CONTROLLER SETTINGS FOR
MULTIPHASE EXAMPLE

i
Volume
Level

100%

70%

Maximum Green
Time (s)

Gap
(s)

Estimated Phase Times (s)
NSL SBT + NSG EWG Cycle
L

Set to 120 s for all
phases to eliminate
maximum green
constraints
Set to 150% of the
design splits
indicated in Example
Problem 3
Set to 100% of the
design splits
indicated in Example
Problem 3
Set to 120 s for all
phases to eliminate
maximum green
constraints
Set to 150% of the
design splits
indicated in Example
Problem 3 (no
overlap phase)

Short
Med
Long

17.2
19.2
20.8

15.0
16.3
17.4

124.0
124.0
124.0

82.0
85.3
88.7

Med

13.4

1.6

79.0

Med

10.2

0.8

Short
Med
Long

6.8
7.5
8.4

1.8
2.1
2.4

Med
Med

10.3
12.4

238.2
244.8
250.9

Average
Delay
(slveh)
47.4
51.6
56.6

NB vlc = 1.02
NB vlc = 1.04
NB vlc = 1.07

43.0

137.0

28.9

EB vlc = 1.07

54.0

30.0

95

22.9

Same as in
Example
Problem 3
results

31.7
35.4
41.7

22.0
22.0
24.1

62.3
67.0
76.6

10.2
10.2
10.6

60.0
45.4

25.2
36.0

95.5
93.8

11.9
14.4

Comments

North-south
phases
coordinated;
east-west
phases
coordinated
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It is clearly essential that
some maximum green
times must be imposed
to control the
apportionment of time
between the competing
.
phases

The interpretation is that
when traffic volumes are
close to capacity, as they
are in this example, the
maximum green times
must be used to
apportion the time
among the competing
phases

In the first three alternatives, only the unit extensions (short, medium, and long) were
changed. Note that the cycle length increased with the unit extensions from 238 s (short)
to 251 s (long). In all cases, the northbound green phase reached its maximum of 124 s
(i.e., 120 s green plus 4 s intergreen). Because the northbound phase was already at its
maximum length, it lost time proportionally as the other phases increased and therefore
became more oversaturated. It is clearly essential that some maximum green times must
be imposed to control the apportionment of time between the competing phases.
The next two analyses used the medium extension times and evaluated both of the
strategies for setting the maximum green intervals in proportion to their design values.
The average delay was reduced to 29 slveh for the 150 percent strategy and to 23 slveh
for the 100 percent strategy. The 150 percent strategy produced slightly oversaturated
conditions for the eastbound approach. Note that the results of the 100 percent strategy
were identical to the results reported in the discussion of the design timing plan for
Example Problem 3 in the body of this chapter. The interpretation is that when traffic
volumes are close to capacity, as they are in this example, the maximum green times must
be used to apportion the time among the competing phases. The gap termination tactic
does not ensure a satisfactory distribution of green times.
One of the major benefits of traffic-actuated control is its ability to respond to shortterm and daily fluctuations in traffic volumes. To illustrate this principle, volumes are
reduced across the board to 70 percent of their peak values. The analysis using 120-s
maximum green times on all phases is repeated with the three levels of unit extension.
The results indicate that the cycle length varies from 62.3 to 76.6 s throughout the full
range of unit extension settings. The average delays are almost identical for these three
cases, varying from 10.2 to 10.6 slveh. This result indicates that when the traffic volumes
drop below their saturation levels, it is no longer necessary to control the distribution of
green times using the maximum green settings. An important observation here is that the
same controller settings would be able to control both the full and reduced volume
settings effectively provided that the maximum greens are optimized for the high-volume
conditions.
The final two cases deal with coordinated operation. Each of the intersecting routes
is assumed to be coordinated in separate cases. The design timing plan, based on a 95-s
cycle, is used to establish nominal splits for the coordinated operation. The medium unit
extensions are used in combination with maximum green times that reflect 150 percent of
the design timing plan. Because the design timing plan includes no overlap, the input
data values were adjusted to require simultaneous termination of the first (i.e., left-turn)
phases that accommodate the northbound and southbound traffic as opposed to
independent termination.
The results indicate that the cycle length established by the iterative computations
falls within 1.0 s of the design cycle length. In the case involving east-west coordination,
the east-west phases receive more than their nominal allotment of time at the expense of
the north-south movements. The reverse is true when coordination is established for the
north-south approaches. The delay is also reduced on the approaches that are coordinated
and increased on those that are not.

,
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LIMITATIONS OF TRAFFIC-ACTUATED TIMING ESTIMATION PROCEDURE
Appendix B provides a
reasonable
approximation of trafficactuated operation

The traffic-actuated estimation procedure described in this appendix provides a
reasonable approximation of the operation of a traffic-actuated controller for nearly all of
the conditions encountered in practice. The results obtained from this procedure have
correlated well with extensive simulation data and with limited field studies (7).
However, the procedure involves a deterministic analytical representation of an extremely
complex stochastic process and therefore has some limitations that must be recognized.
Some of the limitations result from unique situations that cannot be modeled
analytically in a satisfactory manner. One example is the case of compound left-turn
protection with opposing shared lanes for left turns and through movements. The chapter
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methodology deals with this as a separate case and applies an empirical treatment to
determine the saturation flow adjustment factor for left turns. Simulation provides the
only effective way to estimate the timing plan parameters for this case.
The sample problem presented in this appendix demonstrates the sensitivity of the
procedure to the unit extension times set in the controller. As expected, longer unit
extension times produce longer average green times except when constrained by the
maximum green-time settings. Shorter extension times have the opposite effect. There
is, however, a lower limit to the range of unit extension times that can be modeled
realistically. It is well known in practice that when the unit extension times are too short,
premature terminations of a phase may result because of anomalies in the departure
headways created primarily by lapses in driver attention. The traffic-actuated control
model described in this appendix assumes a constant departure headway and therefore
does not reflect this phenomenon. Simulation models introduce a stochastic element into
the departure headways based on a theoretical distribution. They are therefore able to
invoke premature phase terminations to some extent, but they do not deal with anomalous
driver behavior.
As a practical matter, unit extensions should reflect headways at least 50 percent
longer than the expected departure headways. For example, assuming a 2-s average
departure headway, unit extensions should accommodate up to a 3-s departure headway
without terminating the phase. Assuming a detector occupancy time of 1 s, this implies a
2-s gap. The minimum practical value for the unit extension is 2 s. Smaller values may
be appropriate in multiple-lane cases in which the average departure headways are
shorter.
The analysis of permitted left turns from shared lanes always poses special problems.
The semi-empirical treatment prescribed for shared-lane permitted left turns in the body
of the chapter does not lend itself to the iterative timing estimation procedure described in
this appendix. An analytical approximation of the shared-lane model was therefore
substituted to ensure stable convergence of the solution. This produces timing plans that
agree well with simulation results; however, the analysis of delay resulting from the
timing plan will not always agree with the results of the chapter method. It appears that
an iterative method of achieving equilibrium between the shared lane and the adjacent
through lanes in the chapter methodology is a prerequisite to the development of a
satisfactory timing estimation procedure.
When traffic volumes are extremely low, the timing plan becomes somewhat of an
obstruction unless the recall function is used for each phase. In the absence of demand,
the green indication rests on the phase that received the latest demand and may do so for
several minutes. This operation implies that very long red times will be displayed on
some phases; however, no delay will be associated with these red times because no
vehicles will be affected. The procedure described in this appendix will compute very
short equivalent red times for these phases in an attempt to provide a signal timing plan
that will produce realistic delays.
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APPENDIX C. LEFT-TURN ADJUSTMENT FACTORS FOR PERMllTED
PHASING
The left-turn adjustment factors in Exhibit C16-1 reflect different cases under which
turns may be made.
EXHIBIT C16-1. ADJUSTMENT FACTORS FOR LEFT TURNS (fiT)
Case

1

1

3
4
5

6

The opposing queue
must clear before left
turns can begin filtering
through

-

1

Type of Lane Group
Exclusive LT lane;
protected phasing
Exclusive LT lane;
Dermitted Dhasina
Exclusive LT lane;
protected-plus-permitted phasing
Shared LT lane;
protected phasing
Shared LT lane;
permitted phasing
Shared LT lane;
protected-plus-permitted phasing

Left-Turn Factor, fLT
0.95

1

Special procedure; see worksheet in Exhibit C16-9 or C16-10
Apply Case 1 to protected phase;
apply Case 2 to permitted phase
fLT= l.Ol(1.0 + 0.05 PLT)

Apply Case 4 to protected phase;
apply Case 5 to permitted phase

When permitted left turns exist, either from shared lanes or from exclusive lanes,
their impact on intersection operations is complex. The procedure outlined in Appendix
C is applied to Cases 2, 3,5, and 6 discussed earlier in this chapter. The basic case for
which this model was developed is one in which there are simple permitted left turns
from either exclusive or shared lanes. This case does not consider the complications of
protected-plus-permitted phasing nor cases in which an opposing leading left phase may
exist.
Consider Exhibit C16-2, which shows a permitted left turn being made from a shared
lane group. When the green is initiated, the opposing queue begins to move. While the
opposing queue clears, left turns from the subject direction are effectively blocked. The
portion of effective green blocked by the clearance of an opposing queue of vehicles is
designated gq. During this time, the shared lane from which subject left tums are made is
blocked when the left-turning vehicle arrives. Until the first left-turning vehicle arrives,
however, the shared lane is unaffected by left turners. The portion of the effective green
until the arrival of the first left-turning vehicle is designated gf.
Once the opposing queue of vehicles clears, subject left-turning vehicles filter
through an unsaturated opposing flow at a rate affected by the magnitude of the opposing
flow. The portion of the effective green during which left turns filter through the
opposing flow is designated g,,.
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EXHIBIT C16-2. PERMITTED LEFT TlJRN FROM SHARED LANE

Portions of the Green Phase

i

\

This division of the effective green phase for permitted left turns creates up to three
distinct periods for which the impact of left turns on a shared or exclusive left-turn lane
must be considered.
gf: Until the arrival of the first left-turning vehicle, a shared lane is unaffected by
left turns. During this period of time, the effective left-turn adjustment factor is logically
1.0 because no left turns are present. By definition, gf = 0.0 for exclusive permitted leftturn lanes because it is assumed that a queue of left turners is present at the beginning of
the phase.
gq - gf: If the first left-turning vehicle arrives before the opposing queue clears, it
waits until the opposing queue clears, blocking the shared lane, and then seeks a gap in
the unsaturated opposing flow that follows. During this period of time, there is
effectively no movement in the shared lane, and the left-turn adjustment factor (fLT)
applied to the shared lane is logically 0.0.
When the first left-turning vehicle arrives after the opposing queue clears, this period
of time does not exist; that is, gq - gf has a practical minimum value of zero. The value
of gq has a practical range of 0.0 to g.
g,: After the opposing queue clears, left-turning vehicles select gaps through the
unsaturated opposing flow. These gaps occur at a reduced rate because of the
interference of opposing vehicles and the effect of this interference on other vehicles in
the shared lane from which left turns are made. For this period, Exhibit C16-3 is used to
assign ELI through-car equivalents for each left-turning vehicle. Then an adjustment
factor can be computed for this period by using Equation C16-1:

where

PL = proportion of left-turning vehicles in shared lane, and
ELI = through-car equivalent for permitted left turns (veh/h/ln).
For exclusive permitted left-turn lanes, PL = 1.O. On the basis of this conception of
permitted left-turn operations, the left-turn adjustment factor for the lane from which
permitted left turns are made can be computed by Equation C16-2.
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EXHIBIT C16-3. THROUGH-CAR EQUIVALENTS, EM, FOR PERMITTED LEFT TURNS
Effective Opposing Flow,,,v
Tvoe of Left-Turn Lane
Shared
Exclusive

1
1.4
1.3

1

200
1.7
1.6

1

Notes:
a. Use formula for effective opposing flow more than 1200;, ,v
ELI = sHT/sLT - 1 (shared)
ELI = sHT/sLT (exclusive)

400
2.1
1.9

1

600
2.5
2.3

1

= vo/fLuo
800
3.1
2.8

1

1000
3.7
3.3

1

1200a
4.5
4.0

must be > 0.

( 3600 )
I-e
where
EL, =
through-car equivalent for permitted left turns
saturation flow of through traftic (vehlhlln) = 1900 vehlhlln
SHT =
SLT =
filter saturation flow of permitted lefl turns (vehlwln)
t,
=
critical gap = 4.5 s
1,
=
follow-up headway = 4.5 s (shared), 2.5 s (exclusive)

1
Sneakers are considered
to be part of the leff-turn
count for the
corresponding green
interval, even though
they may enter and
depart the intersection
during the yellow or red
intervals

A reduced form is given as Equation C16-3.

Note that there is no term in this formulation to account for sneakers, that is, for
drivers completing left turns during the effective red portion of the clearance-and-change
interval. This term is missing because in saturation flow rate measurements, vehicles are
counted when they enter the intersection, not when they leave it. However, there is a
practical minimum number of left turns that will be made on any phase, defined by
sneakers.
To account for this situation, a practical minimum value must be imposed on f,.
One sneaker per cycle may be assumed as a minimum. The probability that a second
sneaker will be in position at the end of the green phase will be equal to the proportion of
left turns in the shared lane, PL. The estimated number of sneakers per cycle may
therefore be computed as (1 + PL). Assuming an approximate average headway of 2 s per
vehicle in an exclusive lane on a protected phase, the practical minimum value of fmmay
be estimated as 2(1 + PL)/g.

MULTILANE APPROACH WITH OPPOSING MULTILANE APPROACHES
Multilane approaches are
legs of intersections with
more than one approach
lane

For multilane approaches, the impact of left turns on a shared lane must be extended
to include their impact on the entire lane group. One might simply assume that the factor
for the shared lane is fm and that the factor for each other lane in the group is 1.O. In this
assumption, however, left turns affect only the lane from which they are made. This is
incorrect because vehicles typically maneuver from lane to lane to avoid left-turn
congestion. Equation C16-4 provides the relationship for computing realistic fLT values.

where
fLT

= left-turn adjustment factor applied to a total lane group from which left

turns are made, and
fm

= left-turn adjustment factor applied only to lane from which left turns are

made.

C h a p t e r 16 - S i g n a l i z e d Intersections
Appendix C

Highway Capacity Manual 2000
Regression equations are
used to estimate how effective
green for a phase will be
divided into its three parts

When a single (or double) exclusive-permitted left-turn lane is involved, fLT = f, .
To implement this model, it is necessary to estimate the subportions of the effective
green phase, gf, gq, and g,. Regression relationships have been developed to permit this
estimation, as follows:
1. Compute gf:
(Cl6-5)

gf = Ge- 0.882LTC0'717- tL (shared permitted left-turn lanes) 0 5 gf 5 g
gf = 0.0 (exclusive-permitted left-turn lanes)

where
G
LTC
VLT

C
tL

=
=
=
=
=

actual green time for permitted phase (s);
left turns per cycle, computed as vL,C/3600;
adjusted left-turn flow rate (veh/h);
cycle length (s); and
lost time for subject left-turn lane group (s).

2. Compute h:

where
volt

(

= adjusted opposing flow rate per lane per cycle, computed as

voC/(3600NofLUo);

t

vo = adjusted opposing flow rate (veh/h);
fLUo = lane utilization factor for opposing flow;
No = number of opposing lanes;
qro = opposing queue ratio, that is, proportion of opposing flow rate

originating in opposing queues, computed as 1 - %,(g,/C);

Rpo
go
tL

qr, 2 0;

= platoon ratio for opposing flow, obtained from Exhibit 16-12 based on

opposing arrival type;
= effective green for opposing flow (s); and
= lost time for opposing lane group (s).

3. Compute g,:

gu = g - g f whengq<gf

where
g

= effective green time for subject pennitted left turn (s).

.'

Note that when gq < gf, that is, when the first left-turning vehlcle does not arrive until
after the opposing queue clears, an effective adjustment factor of 1.0 is applied
throughout gf and a factor based on ELI thereafter.
4. Select the appropriate value of ELI from Exhibit C16-3 on the basis of the
opposing flow rate, v,, and the lane utilization adjustment factor of the opposing flow,
fLUo. For the purposes of determining v,, opposing right and left turns from exclusive
lanes are not included in v,.
5. Compute PL (proportion of left turns in shared lane):

-
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where
PLT = proportion of left turns in lane group, and
N = number of lanes in lane group.

Note that when an exclusive-permitted left-turn lane is involved, PL = PLT = 1.O.
6. Compute f, using Equation C16-3.
7. Compute fLTusing Equation C16-4.

1

Single-lane approaches
are legs of intersections
with only one approach
lane

SINGLE-LANE APPROACH OPPOSED BY SINGLE-LANE APPROACH
The case of a single-lane approach opposed by another single-lane approach has a
number of unique features that must be reflected in the model. The most critical of these
is the effect of opposing left turns. An opposing left-turning vehicle in effect creates a
gap in the opposing flow through which a subject left turn may be made. This gap can
occur during the clearance of the opposing queue as well as during the unsaturated
portion of the green phase.
Thus, the assumption in the multilane model that there is no flow during the period
gq - gf (where gq > gf) is not applicable to opposing single-lane approaches, on which
there is flow during this period at a reduced rate reflecting the blocking effect of leftturning vehicles as they await an opposing left turn. Left-turning vehicles during the
period gq - gf are assigned a through-car equivalent value EL2based on simple queuing
analysis, which can be converted to an adjustment factor for application during this
period of the green.
Since vehicles do not have the flexibility to choose lanes on a single-lane approach,
regression relationships for predicting gf and gq are also different from those for the
multilane case. Further, for a single-lane approach, fLT= f,, and PL = PLT. AS in the
multilane case, the opposing single-lane model has no term to account for sneakers but
has a practical minimum value of fLT= 2(1 + PLT)/g.
The basic model of left-turn lanes with opposing single-lane approaches is defined
by Equations C16-8 and C16-9:

where
gdiff

= max (gq - gf, 0). Note that when no opposing left turns are present, the

value of gdiffis set to zero.
To implement this model, it is again necessary to estimate the subportions of the
effective green phase, gf, gq, and g,, using Equations C16-10 through C16-12.
1. Compute gf:

where
G
LTC
VLT

C

-
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= left turns per cycle, computed as vLTC/3600;
= adjusted left-turn flow rate (vehth);
= cycle length (s); and
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tL

= lost time for subject left-turn lane group (s).

2. Compute gq:
g9 = 4 . 9 4 3 ~ ~ ~ ~ 0qro1.O6I
. 7 6 2 - tL when 0 I g9 I g

(C16-11)

where
volt
v,
qr,

= adjusted opposing flow rate per lane per cycle, computed as

voC/(3600)fLUo;
= adjusted opposing flow rate (vehlh);
= opposing queue ratio, that is, the proportion of opposing flow rate

originating in opposing queues, computed as 1 - %,(g0/C), qr, 2 0;

Rpo = platoon ratio for opposing flow, obtained from Exhibit 16-11 on basis

of opposing arrival type;

go
tL

= effective green for opposing flow (s); and
= lost time for opposing lane group (s).

3. Compute g,:

where
g

,-. -

= effective green time for subject permitted left turn (s).

Note that when g, < gf, that is, when the first left-turning vehicle does not arrive until
after the opposing queue clears, an effective adjustment factor of 1.0 is applied
throughout gf and a factor based on ELI thereafter.
4. Select the appropriate value of ELI from Exhibit C16-3 on the basis of the
opposing flow rate, v,, and the lane utilization adjustment factor of the opposing flow,
~LuO.

5. Compute EL2:

EL^

= (l-p:HD)

when EL2 z 1.0

PLTO

where
PLTo = proportion of left turns in opposing single-lane approach;
PTHo = proportion of through and right-turning vehicles in opposing single-lane

approach, computed as 1 - PLTo;and

n

= maximum number of opposing vehicles that could arrive during gq - gf,

computed as (gq - gf)/2. Note that n is subject to a minimum value of
zero.
6. Compute fLTusing Equation C16-9.

SPECIAL CASES
Single-lane approach in
combination with multilane
approach

Two special cases for permitted left turns must be addressed: a single-lane approach
opposed by a multilane approach and vice versa. When the subject lane in these cases is
the single-lane approach, it is opposed by a multilane opposing flow. Even if the
opposing approach is a single through lane and an exclusive left-turn lane, opposing left
turns will not open gaps in the opposing flow. Thus, the special structure of the singlelane model does not apply. The multilane model is applied, except that fLT= f,. The
value of gf, however, should be computed using the single-lane equation,
G e ( - ~ . 8 6 ~ ~ ~ ~ 0'629)

gf =
tL.
When the multilane approach is considered, the reverse is true. The opposing flow is
in a single lane, and opposing left turns could open gaps for subject left turners. The
single-lane model may be applied, with several notable revisions. The term gf should be

-
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computed using Equation C16-5. PL must be estimated and substituted for PLTin the
single-lane model. PL may be estimated from PLT using Equation C 16-7. Also, fLTdoes
not equal f,. Thus, the conversion must be made using the multilane equations, except
when the subject approach is a double left-turn lane as shown in Equation C16-4.
Worksheets that may be used to assist in implementing the special models for
permitted left-turn movements are presented later in this appendix. These worksheets do
not account for the modifications that must be made to analyze single-lane approaches
opposed by multilane approaches and vice versa.

MORE COMPLEX PHASING WITH PERMITTED LEFT TURNS

Modification to account
for leading and lagging
phases orprotected:
plus-permittedphaslng

The models and worksheets presented in previous sections of Appendix C apply
directly to situations in which left turns are made only on permitted phases and in which
no protected phases or opposing leading green phases exist. The models may, however,
be applied to these more complex cases with some modifications.
In general, protected-plus-permitted phases are analyzed by separating the portions
of the phase into two lane groups for the sake of analysis. Each portion of the phase is
then handled as if the other were not present. The protected portion of the phase is
treated as a protected phase, and a left-turn adjustment factor appropriate to a protected
phase is selected. The permitted portion of the phase is treated as a permitted phase, and
the special procedures outlined here are used to estimate a left-turn adjustment factor
(with modifications as defined in this section).
With the foregoing procedure, separate saturation flow rates may be computed for
each portion of the phase. This method does not require that the demand volume for the
protected-plus-permitted movement be divided between the two portions of the phase.
However, the computation of the critical vlc ratio, X,, does require this apportionment.
The following is a reasonable and conservative approach to apportioning the volumes for
purposes of computing X,.
The first portion of the phase, whether protected or permitted, is assumed to be
fully utilized, that is, to have a vlc of 1.0, unless total demand is insufficient to use the
capacity of that portion of the phase.
Any remaining demand not handled by the first portion of the phase is assigned to
the second portion of the phase, whether protected or permitted.
This approach assumes that when the movement is initiated, a queue exists that uses
available capacity in the initial portion of the phase. In cases of a failed cycle, the
unserved queue will exist after the end of the second portion of the phase, with those
vehicles queued and ready to use the initial portion of the phase on the next cycle. In this
sense, the initial portion of the movement can never operate at a vlc of more than 1.O.
In the analysis of the permitted portion of such phases, as well as those with
opposing leading protected left-turn phases, the basic models described previously may
be applied. The difficulty is in selecting values of G, g, gf, gq, and g, for use in these
models. The equation for gf is indexed to the beginning of effective green in the subject
direction, and gq is indexed to the beginning of the effective green for the opposing flow.
When leading or lagging phasing or protected-plus-permitted phasing exists, these
equations must be modified to account for shifts in the initiation and overlap of various
green times.
Some common examples are shown in Exhibits C16-4 through C16-8. G, g, gf, and
gq are computed as shown in the models and worksheets. These values are modified as
shown and replaced on the worksheets with G*, g*, gf*, and gq* for the permitted portion
of protected-plus-permittedphasing. This extended notation is required to cover the
general case of complex left-turn phasing. In most practical cases, it will not be
necessary to use all the superscripted terms.
Exhibit C16-4 shows the standard case. Exhibit C16-5 shows Case 2 with a leading
green phase. The equations shown are valid for either exclusive-lane or shared-lane
operation, except that gf is zero by definition for the exclusive-lane case. For exclusive-
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lane operation, the leading green, G1, is followed by G N l , a period during which the leftturn change-and-clearance interval is displayed, and the through movement continues
has a green indication for both the through and left-turn
with a green indication. G2
movements, followed by a full change-and-clearance interval for all north-south
movements, Y2.

EXHIBIT C16-4. CASE 1 - PERMITTED TURNS: STANDARD CASE

G
tl,

9

1 I

g, and g, indexed to start of effective green
g, (min) = 0

I

g, (ma) = g

EXHIBIT C16-5. CASE 2 - GREEN-TIME ADJUSTMENTS FOR LEADING GREEN

3D

Perm

<,

1

91

:

------I

G* = G

2

(0 - g')

I
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EXHIBIT C16-6. CASE 3 - GREEN-TIME ADJUSTMENTS FORLAGGING GREEN

I g'
Perm

=Gl+GNl-t=g

* - - - - - j G' = GI + G N l + G2
I
g
,
+.--.._
' I g* = g
I
f
Q4
,----I gqt=
gq
ggt

,-_._I

EXHIBIT C16-7. CASE 4 - GREEN-TIME ADJUSTMENTS FORLEADING AND LAGGING GREEN

NB
Perm

SB
Perm
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i

gr

ltL'

I G'
I g 1'

------------.--

,-I

g',

= GI + GN,

+ G2

= g - GI - G N l + t

-..-.--.------f

(0-g')
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EXHIBIT CI6-8. CASE 5 - GREEN-TIME ADJUSTMENTS FORLT PHASE WITH LEADING GREEN

Sf

1 g'

= G3+Y3

4 G'

= G,+G/Yl+G2+GN2+G3

---.--.-.--.-

NB
Perm

g
t,,

gq

.------4

= g, 2 . 2 + L

gqt = gq+lL

(0-g')
(0 - g')

The effective green time for the permitted phase, g*, is equal to G2 + Y2 for the NB
direction and G2 + Y2 - tL for the SB direction. Note that there is no lost time for the NB
movements, since both were initiated in the leading phase, and the lost time is assessed
there. Thus, the NB and SB effective green times that must be used are not equal.
For the NB phase, gf is computed using the total green time for the NB left-turn
movement, G1 + G N l + G2. The computed value, however, begins with the leadingphase effective green, as shown. The value that needs to be applied to the permitted
phase, however, is that portion of gf that overlaps g*, which results in gf* = gf - G1 G N l + tL This computation would be done for a shared lane, and the result, gf*, would
have to be a value between 0 and g*. For an exclusive-lane case, gf and gf* are by
definition zero. For the SB phase, gf as normally computed is the same as gf*, and no
adjustment is necessary.
For the NB phase, gq is referenced to the beginning of the opposing (SB) effective
green. Again, the value needed is the portion of the NB g* blocked by the clearance of
the opposing queue. Because the NB effective green (g*) does not account for lost time,
gq* = gq + tL For the SB phase, the usual computation of gq is indexed to the start of the
opposing (NB) flow, which begins in the leading phase. For analysis of the permitted
phase, however, only the portion that blocks the SB permitted effective green is of
interest. Thus, gq* = gq - GI - GN,.
The foregoing discussion is illustrative. The relationship between the normal
calculations of g, G, gf, and gq and their adjusted counterparts, g*, G*, gf*, and gq*, is
best described by Exhibits C16-5 through C16-8, which may be used in conjunction with
the standard worksheets to arrive at the appropriate left-turn adjustment factor for the
permitted portion of a protected-plus-permitted phase plan. Obviously, north and south
can be reversed or replaced by east and west without any change in the equations shown.
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PROCEDURES FOR APPLICATION
The procedure described in this appendix is used at the point in the analysis where
the base saturation flow is being adjusted to site conditions. Exhibits C16-9 and C16-10
show worksheets that are used in the computation of the left-turn adjustment factor when
permitted left-turn phasing exists. These worksheets are applied to the permitted portion
of left turns, including permitted-only and protected-plus-permittedphasing, whether
made from an exclusive or shared lane for Cases 2,3,5, and 6.
The basic methodology for each worksheet assumes that the subject approach is a
multilane approach if the opposing approach is a multilane approach (Exhibit C16-9) and
that the subject approach is a single-lane approach if the opposing approach is a singlelane approach (Exhibit C16-10). For cases in which the two approaches are not of the
same type as well as for cases of protected-plus-permittedphasing and a phasing in which
the opposing through movement has a lead phase, the worksheets may still be used, but
the special instructions cited earlier in this appendix must be followed carefully.
There is a column for each approach on the worksheets, although only those
approaches with permitted left-turn conditions would be included. Since the worksheets
are quite similar, they are discussed together here, with exceptions and differences noted
where appropriate.
The first set of entries consists of input variables that should be entered directly from
values appearing on previous worksheets.
1. The cycle length is entered from the Input Worksheet.
2. The actual green time for the permitted phase is entered from the Input
Worksheet. If the permitted phase is part of a protected-plus-permitted phasing or the
opposing approach has a lead phase, see the special instructions earlier in this appendix.
3. The effective green time for the permitted phase is entered. This entry is
generally the actual green time from the Input Worksheet plus the yellow-plus-all-red
change-and-clearance interval minus the movement's lost time. If the permitted phase is
part of a protected-plus-permitted phasing or the opposing approach has a lead phase, see
the special instructions in this appendix.
4. The effective green time for the opposing approach is entered for the permitted
phase. This entry is generally the actual green time from the Input Worksheet plus the
yellow-plus-all-red change-and-clearanceinterval minus the movement's lost time. If the
permitted phase is part of a protected-plus-permitted phasing or the opposing approach
has a lead phase, see the special instructions in this appendix.
5. The number of lanes in the subject lane group is entered from the Input
Worksheet. If the left turn is opposed by a multilane approach (Exhibit C16-9), the
number of lanes in the opposing lane group is entered from the Input Worksheet as well.
If left or right turns are made from exclusive turn lanes on the opposing approach, these
lanes are not included in the number of opposing lanes.
6. The adjusted left-turn flow rate is entered from the Volume Adjustment and
Saturation Flow Rate Worksheet.
7. The proportion of left turns in the lane group is entered from the Volume
Adjustment and Saturation Flow Rate Worksheet. When an exclusive left-turn lane
group is involved, PLT= 1.O. If the left turn is opposed by a single-lane approach
(Exhibit C16-lo), the proportion of left turns in the opposing flow is entered from the
Volume Adjustment and Saturation Flow Rate Worksheet.
8. The adjusted opposing flow rate is entered from the Volume Adjustment and
Saturation Flow Rate Worksheet. If left or right turns are made from exclusive turn lanes
on the opposing approach, these adjusted volumes are not included in the opposing flow
rate.
9. The lost time for the left-turn lane group is entered as determined from the Input
Worksheet.
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EXHIBIT C16-9. SUPPLEMENTAL WORKSHEET FOR PERMITTED LEFT TURNS WHERE APPROACH IS
OPPOSED BY MULTILANE APPROACH
I

I

SUPPLEMENTAL WORKSHEET FOR PERMllTED LEFT TURNS
OPPOSED BY MULTILANE APPROACH

I

I I

Project Description

I

Cycle length, C (s)
Total actual areen time for LT lane group.'
- . G (s)
.,

--

I

I

I

1

I

I

--

I

I

Effective permitted green time for LT lane group.' g (s)
Opposing effective green time, go (s)
Number of lanes in LT lane group? N
Number of lanes in oppos~ngapproach. No
Adjusted LT flow rate, VLT (vehlh)
Proporbon of LT volume in LT lane group? PLT
Adjusted flow rate for opposlng approach, vo (vehlh)
Lost t~mefor LT lane group, tL
LT volume Der cvcle. LTC = vlrC/3600

1

Opposing lane utilization factor, Lf, (refer to Volume
Adiustment and Saturation Flow Rate Worksheet)
Opposing flow per lane, per cycle

I

1

gf = ~ [ e ~ . ~ ~ tL~g1(< ~g (except
~ ~ for
~ exclusive
~ ' ~ ) ]
Opposing platoon ratio, Rpo (refer to Exhibit 16-11)
Opposing queue ratio, qro = max[l - Rpo(gdC).0]
VOI

r

gq = 0.5 - [vd,{~ qrOvgDl- volc(1 - qro)Igo 0.49
(note case-specific parameters)'
g,=g-g,ifg,?gf,or
g" = g -Sf if gq < Sf
El j (refer to Exhibit C16-3)

(except with multilane subject approa~h)~
fmin = 2(1 + PL)lg
fm = [g,lgl+ [gJgl
fLT= [f,
tlrns)6

+ 0.91(N

r

i
~m)],
(fmin 5 fm 5 1.00:

- I)]lN (except for permitted left

Notes

I
1

1 Refer to Exhibits C16-4, C16-5. C16-6. C16-7, ana C16-8 for case-specific parameters and adlustmentfactors.
2. For exclusive left-tdrn lanes. N is equal to the number of exclusive left-turn lanes. For shared left-turn lanes, N is eaual to the sum of the
shared left-turn. through, and shared right-turn (if one exists) lanes in that approach.
3. For exclusive left-turn lanes, PLT= 1.
4. For exclusive left-turn lanes, gl = 0, and skip the nexl step. Lost time, tL, may not be applicable for protected-permitted case.
5. For a multilane subject approach, if PL r 1 for a lem-turn shared lane, then assume it to be a de facto exclusive left-turn lane and redo the
calculation.
6. For oermitted left turns with multiole exclusive left-turn lanes f ~=r f-.

I
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EXHIBIT C16-10. SUPPLEMENTAL
WORKSHEET FOR PERMI'ITED LEFT TURNS WHERE APPROACH IS
OPPOSED BY SINGLE-LANE APPROACH
I

I

SUPPLEMENTAL WORKSHEET FOR PERMllTED LEFT TURNS
OPPOSED BY SINGLE-LANE APPROACH
General Information

I I

I

I

Project Description

Adjusted flow rate for opposlng approach, v, (vehlh)

I

Lost tlme for LT lane group, tL

Computation

1

.

LT volume per cycle, LTC = vLfi/3600
Opposing flow per lane, per cycle.

I

I

r

I

I

I

I

vol, = voC13600 (veh1CAn)
Opposing platoon ratio, F$, (refer to Exhibit 1611)
g, = ~ [ e ~ . ~ ~ tL~ ( gf~ 5~g (except
~ ~ 'exclusive
~ ~ ) ]
leR-turn lanes)3
Opposing queue ratio, qr, = max[l - Rpo(gdC), 0]
gq = 4.943vol$762qr,1.061 - tL
Sq<g
g, = g - g, if g, 2 gf, or

I I

I

Notes

I
.-

...
.

-

1. Refer to Exhibits C16-4, C16-5, C166, C16-7, and C16-8 for case-specific parameters and adjustment factors.
2. For exclusive left-turn lanes. N is equal to the number of exclusive left-turn lanes. For shared left-turn lanes. N is equal to the sum of
the shared left-turn, through, and shared right-turn (if one exists) lanes in Ulat approach.
3. For exclusive left-turn lanes, gl= 0, and skip the next step. Lost time, tL, may not be applicable for protected-permitted case.
4. If the opposing left-turn volume is 0,then gdin= 0.

The equations used in subsequent computations are shown in the remaining rows of
the worksheet. These equations are based on the input variables that have been entered.
Some of these computations deserve further discussion, as follows.
The opposing platoon ratio, Rpo, may be determined in two ways. If the arrival
type of the opposing traffic appears on the Input Worksheet, the default platoon ratio
from Exhibit 16-11 is used. If the proportion of arrivals on green appears on the Input
Worksheet, Equation 16-1 based on the g/C ratio is used.
The equation shown for gf in Exhibit C16-9 assumes that the subject approach is a
multilane approach like the opposing approach. If the subject approach is a single-lane
approach, the equation for gf from Exhibit C 16-10 should be used. Conversely, the

-
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equation shown for gf in Exhibit C16-10 assumes that the subject approach is a
single-lane approach like the opposing approach. If the subject approach is a multilane
approach, the equation for gf from Exhibit C16-9 should be used. In either case, if the
subject lane group is an exclusive left-turn lane, then gf = 0.
For multilane lane groups (Exhibit C16-9), PL is computed as the proportion of left
turns in the left-hand lane of the lane group. If this value is determined to be 1.0 or
higher, the lane groups for the approach should be reassigned showing this left-hand lane
as an exclusive left-turn lane (a de facto left-turn lane), since it is occupied entirely by
left-turning vehicles. This change requires redoing all of the computations for this
approach. If a multilane lane group is opposed by a single-lane approach, Exhibit C16-10
should be used, but a value of PL should be estimated and substituted for PLT, as
described in this appendix. In this case, the same de facto left-turn check should be
applied.
Exhibit C16-3 is used to determine the value of ELI based on the opposing flow
rate and the lane utilization factor of the opposing flow. For the single-lane approach
(Exhibit C16-4), EL2 is computed by formula, not by Exhibit C16-3.
The value of fm is computed. The maximum value is 1.0 and the minimum value
is 2(1 + PL)/g. These limits are used if the computed value falls outside this range.
The left-turn adjustment factor, fLT,is computed. For a single-lane group, fLT =
fm. If a multilane lane group is opposed by a single-lane approach, Exhibit C16-10 is
used, but fLTis calculated on the basis of fm and the number of lanes as shown in Exhibit
C16-9 except when the subject lane group contains multiple exclusive left-turn lanes.
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APPENDIX D. PEDESTRIAN AND BICYCLE ADJUSTMENT FACTORS
Appendix D provides the procedure used to calculate pedestrian and bicycle
adjustment factors for calculating saturation flow of turning vehicles. Exhibit D16-1
shows sample conflict zones where intersection users compete for space. The variables
required for input are shown in Exhibit D16-2. These variables are divided into two
groups, qualitative and quantitative, and they are displayed in computational order. A
flowchart in Exhibit D16-3 illustrates a step-by-step procedure for computation, and a
supplemental worksheet is also provided to facilitate the computation.
There are four steps for computing pedestrian-bicycle saturation flow rate adjustment
factors.
Step 1: Determine average pedestrian occupancy, OCCpedg.
Average pedestrian occupancy is derived from pedestrian volume, vped. If pedestrian
flow rate, vpedg,rather than pedestrian volume, vped,is collected in the field, average
pedestrian occupancy can be calculated directly from pedestrian flow rate. Otherwise,
pedestrian flow rate first has to be converted from pedestrian volume using Equation
D16-1.
Vpedg

= Vped (C/gd

(~pedg 5000)

(D16-1)

Then average pedestrian occupancy can be calculated using Equation D16-2.
OCCpedg= vpedg/2000 (vpedg5 1000 and OCCpedg5 0.5)

(D16-2)

or
OCCpedg= 0.4 + vped/1O,000

I

\ --

(1000 < vpedg5 5,000 and 0.5 < OCCpedg5 0.9)

Step 2: Determine relevant conflict zone occupancy, OCC,.
If bicycle traffic weaves with right-turning vehicles in advance of the stop line, the
bicycle volume should be ignored in the analysis because this interaction does not take
place within the intersection. Only pedestrian interference should be considered.
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EXHIBIT D16-1. CONFLICT ZONE LOCATIONS
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Turning
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For right-turn movements with no bicycle interference or for left-turn movements
from a one-way street, Equation D16-3 is used.
OCC, = OCCpdg
(D16-3)
For right-turn movements with bicycle interference, bicycle flow rate, vbicg,f ~ s t
has to be converted from bicycle volume, vbi, If bicycle flow rate data are collected in
the field, no conversion is needed. The relationship between bicycle flow rate and
bicycle volume is given by Equation D16-4.
Vbicg = vbic(c/g)
j c g
1900)
(D16-4)
The bicycle conflict zone occupancy, OCCbicg,is determined by Equation D16-5.

OCC
,,,

= 0.02 + vb,/2700

,,v,(

5 1900 and OCC
,,,

5 0.72)

( D l 6-5)

Then the relevant occupancy is determined from combined pedestrian occupancy and
bicycle conflict zone occupancy using Equation D 16-6.
OCCr = OCCpedg+ OCCbjcg- (OCCpedg~(OCCbjcg)

(D16-6)

For left-turn movements from a two-way street, opposing queue clearing time, g
9'
is first compared with pedestrian green, g If g > g ,then fLpb= 1.O, and the procedure
P'
9- P
ends here because the opposing queue consumes the entire pedestrian green time. Hence,
the adjustment factor is 1.
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EXHIBIT Dl 6-2. INPUT VARIABLES
Qualitative Variables
Turning movements (lefl-turn or right-turn)
Street types (one-way or two-way)
Turn lane types (exclusive or shared)
Signal phasing types (protected, permitted, or protected-permitted)
Quantitative Parameters
Cycle length, s
Opposing queue clearing
s
Opposing flow rate afler queue clearsa vehlh
Number of effective turning lanes
Number of effective receiving lanes
Proportion of lefl-turn volumesb
Proportion of right-turn volumesb
Proportion of lefl turns using protected phase
Proportion of right turns using protected phaseC
Pedestrian v o ~ u m eplh
,~
Pedestrian flow rate,d plh
Bicycle volume,e bicycleslh
Bicycle flow rate,e bicycleslh
Effective greeke s
Pedestrian Green WALK +flashing DON'T WALK,^ s

Svmbols

P~~~
'ped
'pedg

'bit
'bicg

9
QP

Notes:
a. Only for left-turn movements from a two-way street.
b. Only for right-turn movements from a single-lane approach or for shared turning lanes.
c. Only for cases with both protected and permitted green phases.
d. Without consideration of noncompliant pedestrians.
e. Only for right-turn movements impeded by bicycles.
f. If pedestrian signal timing is unknown, gp may be assumed to be equal to g.

Otherwise, pedestrian occupancy after the opposing queue clears, OCCpedu,is
determined by Equation D 16-7.
(D 16-7)
OCCpedU= OCCpedgfl- 0.5(gdgdl
After the opposing queue clears, left-turning vehicles complete their maneuvers on
the basis of accepted gap availability in opposing traffic, Vo. Relevant occupancy is a
function of the probability of accepted gap availability and pedestrian occupancy and is
computed by Equation D16-8.

Step 3: Determine permitted phase pedestrian-bicycle adjustment factors for turning
movements, ApbT.
The number of turning lanes, N,
and receiving lanes, N,,, should be determined
from field observation rather than on the basis of intersection striping because some
vehicles may consistently and deliberately make illegal turns from an outer lane, or
sometimes proper turning cannot be executed because the receiving lane is blocked by
double-parked vehicles. Two conditions are being considered in this step.
If the number of cross-street receiving lanes is equal to the number of turning
lanes, turning vehicles will not be able to maneuver around pedestrians or bicycles; the
adjustment factor is the proportion of time the conflict zone is unoccupied as shown in
Equation D16-9.
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EXHIBIT D16-3. OUTLINE OF COMPUTATIONAL PROCEDURE FORfRpb AND fLpb

m
Compute pedestrian
occupancy, OCCPea

Determine relevant
occupancy, OCC,

(' ~ ~',
~~
( ; ; ; ~'1 ~
Left turns from 1-way
streets

by through bicycles

Right turns with no

Compute bicycle
occupancy

1s relevant

Determine average
occupancy after

Relevant
OCC
= ped. OCC

Relevant OCC = ped OCC + bike

unscreened OCC

'.

/'

v

\
Compute turning-vehicle adjustment,
ApbTfunctionof: ,N, and N,,

/-

{occ - ped occ * acycle occ))

1

betermine pedestrian-bicycle saturation flow adjustment factors
for right turns, fRpbor left turns, fLpb
ction of: lane type, signal phasing, % turning, % protec

\

If the number of cross-street receiving lanes exceeds the number of turning lanes,
turning vehicles will more likely maneuver around pedestrians or bicycles and pedestrianbicycle effects on saturation flow are reduced. The adjustment factor can be calculated
using Equation D16-10.
ApbT= I - O.G(OCC,J (N,, > NtUrJ
(D16-10)
Step 4: Determine saturation flow adjustment factors for turning movements, fLpb,
for left-turn movements and fRpbfor right-turn movements.
Saturation flow adjustment factors account for pedestrian-bicycle effects on
saturation flow for turning vehicles, and the factors are dependent on the proportion of
turning traffic using protected phases. The proportion of right-turn movements is roughly
equal to the proportion of the protected green phase. The proportion of left-turn
movements is approximately equal to [l - (permitted phase fLT)]/0.95.
For right-turn movements, the pedestrian-bicycle adjustment factor, f ~ ~can
b be
,
calculated using Equation D16-11.
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(D16-11)
=~1.0b PR, (1 -Apb,)f1 - PRTJ
For left-turn movements, the pedestrian adjustment factor, f ~ ~can
b be
, calculated
using Equation D16-12.
f

~

(D16-12)
=~1.0b - P,,fI- Apb~)(l
- PLTJ
The supplemental worksheet for pedestrian-bicycle effects on permitted left turns
and right turns is shown in Exhibit D16-4.
f

~

EXHIBIT D l 6-4. SUPPLEMENTAL WORKSHEET FOR PEDESTRIAN-BICYCLE EFFECTS
SUPPLEMENTALWORKSHEET FOR PEDESTRIAN-BICYCLE ERECTS
ON PERMllTED LEFT TURNS AND RIGHT TURNS
General Information

I

I

Project Description

I

Permitted Left Turns

II
I

9
Effective pedestrian green time,'a2 g, (s)
Conflicting pedestrian volume,' v,d (plh)
.

-

.

-

OCCwg = 0.4 + vPddl0,Cbl if (1MX) c vpedg< 5WO)
Opposing queue clearing green,3A g, (s)
Effective pedestrian green consumed by opposing
vehicle queue, gdg,; if g, 2 gp then fLpb= 1.0
OCC,dU = OCC,ed, [ l - 0.5(gdgp)l
Opposing flow rate? v, (vehlh)
OCC, = OCCPedu[e-(5/3600)Vo]
Number of cross-street receiving lanes,' N
,,,
Number of turning lanes,' Nul m
ApbT= 1 - OCC, if ,N, = NIum
Proportion of left turns,5 PLT
Proportion of left turns using protected phase? PLTA

I

Effective pedestrian green
g, (s)
Conflicting pedestrianvolume,' vPed(plh)
Conflicting bicycle volume.'-7 vbic (bicycledh)
Vpedg = Vped(C1gp)
OCCpadg= ~ ~ ~ ~ ~if/ (vpedq
2 0 02 01000). or
OCCpedg= 0.4 + vpedg/lO,WO~f(10W c vpedg< 5000)
Effective green,' g(s)
vbicg = ~bic(C/g)

16-139
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APPENDIX E. ESTIMATING UNIFORM CONTROL DELAY (dl) FOR
PROTECTED-PLUS-PERMIlTED OPERATION

Inputs needed

Left turns from exclusive lanes that are allowed to proceed on both protected and
permitted phases in the signal sequence must be treated as a special case for purposes of
computing the uniform delay. Such movements are analyzed for both phases on the
Capacity and LOS Worksheet, on which the protected phase and the permitted phase are
identified.
Specifically, the following parameters must be known for evaluating the uniform
delay:
Arrival rate, q, (veh/s), presumed to be uniform over entire cycle;
Saturation flow rate for protected phase, s, (veh/s);
Saturation flow rate for unsaturated portion of permitted phase, s, (veh/s)
(unsaturated portion begins when queue of opposing vehicles has been served);
Effective green time for protected phase in which a green arrow is displayed to left
turns, g (s);
Green time during permitted phase when opposing through movement blocks
permitted left turns, g, (s) (this interval begins at start of permitted green and continues
until queue of opposin'g through vehicles has been fully discharged);
Green time available for left-turning vehicles to filter through gaps in oncoming
traffic, g, (s) (this interval begins when queue of opposing through vehicles has been
satisfied, i.e., at end of gq, and continues until end of permitted green phase); and
Red time during which signal is effectively red for left turn, r (s).
This terminology will be used in the following description of the supplemental uniform
delay procedures and on the worksheet.
The input-output relationships that determine the shape and area of the polygon are
shown in Exhibit E16-1. Note that the queuing polygon may assume any one of five
shapes depending on the relationship of arrivals and departures. Slightly mathematical
formulas must be applied to determine the area for each of the shapes. In all cases, the
arrival rate must be adjusted to ensure that, for purposes of uniform delay computation,
the VICratio is not greater than 1.O. This adjustment is also necessary for the analysis of
simple protected operation as described previously. If the vlc ratio is greater than 1.0, the
area contained by the polygon will not be defined. The effect of vlc ratios greater than
1.0 is expressed by the second term of the delay equation.

I

i

EXHIBIT E16-1. QUEUE ACCUMULATION POLYGONS
Protected + Permitted (Leading)
Permitted + Protected (Lagging)
CASE 1

CASE 4

Qa

QI I

uu

CASE 2

I

n

r

Accumulation on red
Dischargeon green arrow

Qr

Accumulation on permitted green
gq

0Discharge on permittedgreen
gu

-
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It is first necessary to distinguish between protected-plus-permitted (leading leftturn) phasing and permitted-plus-protected (lagging left-turn) phasing. Three of the five
cases shown in Exhibit E16-1 are associated with leading left-turn phases and the other
two with lagging left-turn phases. The five cases are identified as follows:
Case 1-Leading left-turn phase: no queue remains at the end of the protected or
permitted phase.
Case 2-Leading left-turn phase: a,queue remains at the end of the protected phase
but not at the end of the permitted phase.
Case 3-Leading left-turn phase: a queue remains at the end of the permitted phase
but not at the end of the protected phase. Note that it is not possible to have a queue at
the end of both the protected and permitted phases if the vlc ratio is not allowed to exceed
1.0 when the uniform delay term is calculated.
Case 4--Lagging left-turn phase: no queue remains at the end of the permitted
phase. In this case there will be no queue at the end of the protected phase either, because
the protected phase follows immediately after the permitted phase and will therefore
accommodate all of its arrivals without further delay.
Case 5-Lagging left-turn phase: a queue remains at the end of the permitted
phase. If the vlc ratio is kept below 1.0 as just discussed, this queue will be fully served
during the protected phase.
Some intermediate computations are required to provide a consistent framework for
dealing with all of these cases. Three queue lengths may be determined at various
transition points within the cycle. These values are defined as follows:
Queue size at the beginning of the green arrow, Q, (veh);
Queue size at the beginning of the unsaturated interval of the permitted green
phase, Q, (veh); and
Residual queue size at the end of either the permitted or protected phase, Q, (veh).
These queue sizes dictate the shape of the polygon whose area determines the value
of uniform delay. Separate equations are given for computing each of the queue sizes for
the five cases. Equations are provided on the supplemental worksheet (Exhibit 16-23) for
computing the uniform delay as a function of queue sizes.

~

\,

SUPPLEMENTAL UNIFORM DELAY WORKSHEET
The worksheet is presented in Exhibit 16-23. Input data must first be obtained from
other worksheets and entered here, namely, the adjusted left-turn volume from the
Volume Adjustment and Saturation Flow Rate Worksheet (Exhibit 16-21) and the vlc
ratio, X, for the lane group, obtained from the Capacity and LOS Worksheet (Exhibit
16-22).
The following signal timing intervals are obtained from previous computations:
Protected-phase effective green, g, determined from the Capacity and LOS
Worksheet (Exhibit 16-22);
Permitted-phase effective green intervals, gq and g,, from the supplemental
worksheets for permitted left turns (see Appendix C); and
Red time, r, computed as C - (g + gq + g,), where C is the cycle length .
These values are entered in the appropriate rows on the worksheet. Note that
extremely heavy opposing traffic may reduce g, to zero, which means that all of the left
turns on the permitted phase will be accommodated as sneakers. The effect of sneakers
was approximated on the Volume Adjustment and Saturation Flow Rate Worksheet
(Exhibit 16-22) by imposing a lower limit on fLT. Because of the lower limit on fLT,a
lower limit must also be imposed on the value of g, to be entered on the supplemental
uniform delay worksheet. The necessary time should be transferred from gq to g, to
ensure that the value of g, does not fall below 4 s.
The delay computations begin with determination of the arrival and departure rates in
units of vehicles per second for compatibility with the remaining worksheet
computations. The arrival rate is determined by dividing the left-turn flow rate, v, by

C,:...
.

'
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3600. This value is adjusted to ensure that for purposes of uniform delay computation,
the arrivals do not exceed the capacity of the intersection. If the vlc ratio, X, exceeds 1.0,
the arrival rate is divided by X, as indicated on the worksheet.
Two departure rates are determined:
Protected-phase departure rate, sp = ~13600,where s is obtained from the Capacity
and LOS Worksheet (Exhibit 16-22); and
Permitted-phase departure rate, s,, is computed using Equation E16-1.

Constraint on permittedphase departure rate, s,

where s is the adjusted saturation flow rate for the permitted phase from the Capacity and
LOS Worksheet (Exhibit 16-22) and the other values have already been determined as
described.
When g, is very short, the permitted-phase departures will be mostly sneakers. Since
sneakers move with very low headway, it is possible to have extremely high values of s,.
As a practical matter, the per-lane value of s, should not exceed the base saturation flow
rate for the lane group divided by 3600.
Next, the vlc ratios for the protected and permitted phases, Xpmtand Xpem, are
determined from the equations on the worksheet. Note that different equations are used
for leading and lagging left-turn phases. Because of the adjustment of the arrival rate .
performed in the previous step, it will not be possible for both XprOtand Xpe,, to exceed
1.0. It will, however, be possible for one or the other to exceed 1.0. It is possible to
define five separate cases for delay computation, depending on which of the X values
exceed 1.0 and on the left-turn phasing (leading or lagging). The case number is now
determined and entered at the bottom of the worksheet.
When the case number is known, the size of the queue at three transition points (Q,,
Q,, and Q,) may be determined from the formulas at the bottom of the worksheet. When
these values have been computed and entered on the worksheet, uniform delay, dl, has
been determined.

APPENDIX F. EXTENSION OF SIGNAL DELAY MODELS TO
INCORPORATE EFFECT OF AN INITIAL QUEUE
INTRODUCTION
d, = initial queue delay

The delay model represented by Equations 16-9 to 16-12 is based on the assumption
that there is no initial queue at the start of the analysis period of duration T. In cases
where X > 1.0 for a 15-min period, the following period begins with an initial queue.
This initial queue is referred to as Qb, in vehicles. Qb is observed at the start of the red
period and excludes any vehicles in queue due to random, cycle-by-cycle fluctuations in
demand (overflow queue due to cycle failures). When Qb # 0, vehicles arriving during
the analysis period will experience an additional delay because of the presence of an
initial queue. The magnitude of this additional delay depends on several factors,
including the size of the initial queue, the length of the analysis period, and the volume to
capacity ratio during the analysis period. The initial queue delay term is designated d3.
Five scenarios emerge in the estimation of control delay, labeled Cases I to V. Cases
I and I1 occur when there is no initial queue and the period is either undersaturated (Case
I) or oversaturated (Case 11). In both Cases d3 = 0, and the delay model in Equation
16-11 applies. Cases III, IV, and V are shown in Exhibits F16-1, F16-2, and F16-3,
respectively. Case I11 occurs when the initial queue Qb can be fully served in time period
T. For this to happen, the sum of Qb and the total demand in T, qT, must be less than the
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available capacity, cT. Case IV in Exhibit F16-2 occurs when there is still unmet demand
at the end of T but the size of the unmet demand is decreasing. For this to happen, the
demand in T (i.e., qT), should be less than the capacity, cT. Finally, Case V in Exhibit
F16-3 occurs when demand in T exceeds the capacity. Here the unmet demand will
increase at the end of the period T.
EXHIBIT F16-1. CASE Ill: INITIAL QUEUE DELAY WlTH INITIAL QUEUE CLEARING DURING T

i, Time

T

4

Case

lnitial
Queue

I
I1
111
IV

No
No
Yes
Yes

V

Yes

Queue
at Endof
Analysis
Period
No
Yes
No
Yes,but
smaller
Yes, but
larger

~

Initial queue delay per vehicle (d,)
in seconds = 1800 Qbt/cT

EXHIBIT F16-2. CASE IV: INITIAL QUEUE DELAY WlTH INITIAL QUEUE DECREASING DURING T
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Initial queue delay per vehicle (d ) in seconds =
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The total initial queue delay due to an initial queue that is incurred in the average
cycle is depicted as the shaded area in Exhibits F16-1 to F16-3, labeled D. It represents
the delay experienced by all vehicles arriving during the analysis period, including delay
that is experienced in subsequent time periods (Exhibits F16-2 and F16-3). Excluded
from this delay are two components: the delay incurred by vehicles in the initial queue
(labeled Di in the exhibits) and the oversaturation delay corresponding to a zero initial
queue (labeled D,, in Exhibit F16-3). This last term is already accounted for in the d2
term component of the delay model in Equation 16-12.

Delay estimates for the
analysis period include delay
experienced by vehicles
arriving during the period but
leaving after ~t
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EXHIBIT F16-3. CASE V: INITIAL QUEUE DELAY WITH INITIAL QUEUE INCREASING DURING T
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Delays after
analysis period

Time

-TInitial queue delay per vehicle
(d3)in seconds = 3600 Qdc

ESTIMATION OF d3
A generalized form of d3 appears as Equation F16-1, which provides estimation of
the initial queue delay per vehicle (in seconds) when an initial queue of size Qb is present
at the start of the analysis period T. d3 is a term in the delay model given in Equation
16-9.

where
Qb
c
T

= initial queue at the start of period T (veh),
= adjusted lane group capacity (vehlh),
= duration of analysis period (h),

t = duration of unmet demand in T (h), and
u = delay parameter.
The parameters t and u are determined according to the prevailing case. Equations
F16-2 and F16-3 may be used to estimate the values for Cases III, N,and V:

t = 0 if Qb = 0,else t = min

c [ l - min(1, X ) ]

where
X

Initial queue clearing
time defined

= lane group degree of saturation, vlc

In addition to computation of the initial queue delay term, the analyst may be
interested in computing the time at which the last vehicle that arrives during the analysis
period clears the intersection (measured from the start of the time period T) because of
the presence of an initial queue of length Qb. This time is referred to as the initial queue
clearing time, T,. In Cases I, 11, and 111,all vehicles will clear at the end of the period T
(in addition to the normal delays dl + d2). For Cases N and V, the last vehicle amving
in T will clear the intersection at time T, > T (again, in addition to dl + d2). Therefore, a
enera1 formula for the initial queue clearing time in the case of an initial queue,
measured from the start of the analysis period, T, is given as Equation F16-4:

Chapter 16 - Signalized lntersections
Appendix F

Highway Capacity Manual 2000

1

(:

T, = max T,-+TX

To summarize the procedure for estimating control delay, Exhibit F16-4 gives a
comparison of the model parameters for Cases I through V. Note that in order to decide
whether Case 111 (t < T) or IV (t = T) applies, the value oft must first be computed from
Equation F16-2.
EXHIBIT FI6-4. SELECTION OF DELAY MODEL VARIABLES BY CASE
Case NO.
I
II
111
IV
V

x

Qb

dl

51.0
> 1.0
51.0
51.0
> 1.0

0
0
>0
>0
>0

Eq. 16-14
Eq. 16-14
Eq. F16-5
Eq. F16-5
Eq. F16-5

t

u

d3
Tc
Eq. 16-15
0
0
0
T
0
TX
Eq. 16-15
0
0
T
Eq. 16-15 Eq. F16-2
0
Eq. F16-1
Eq. 16-15
T
Eq. F16-3 Eq. FIG-1 Eq. F16-4
Eq. 16-15
1
Eq. FIG-1 Eq. F16-4
T
d2

dl must also be evaluated
d~fferentlyif initial queue is
present

For Cases Ill, IV, and V, the uniform control delay component (dl) must be
evaluated using X = 1.0 for the period when an oversaturation queue exists (t) and using
the actual X value for the remainder of the analysis period (T --t). Therefore, in these cases, a time-weighted value of dl is to be used as shown in Equation F16-5.

where
/'

ds
d,

= saturated delay (dl evaluated for X = 1.0), and
= undersaturated delay (dl evaluated for actual X value).

In Equation F16-5 for Cases IV and V, the d, term drops out because t = T.
Equation 16-11 is used to evaluate the d, and d, components in all cases except for left
turns made from exclusive lanes with compound left-turn protection (protected-permitted
and permitted-protected), using X = 1.0 in the equation to compute d, and using the actual
X value to compute d,. For compound left-turn protection, the supplemental uniform
delay worksheet in Exhibit 16-23 is used as a means to approximate the d, and d,
components, again using X = 1.0 for d, and the actual X value for d,. When X = 1.0 is
used for the d, component in Exhibit 16-23, the left-turn volume (v) must also be adjusted
by the actual X value (use v' = v/X) to meet the basic assumptions of the supplemental
uniform delay worksheet.
Note that the only place where PF is used in the initial queue analysis of this
appendix is for the undersaturated d, portion of a Case Ill condition because the existence
of the initial queue defeats the value of the progression under all other conditions.
Analysts are advised to be aware of a similar concern in the use of PF in a Case I1
analysis (oversaturated) using Equation 16-9 because all but the first cycle will be
blocked by initial queues due to the oversaturated condition.

NUMERICAL EXAMPLE OF DELAYS WITH INITIAL QUEUE
To demonstrate the application of the delay model extension, an analysis of the EB
lane group in Example Problem 1 is carried out with and without an initial queue. The
following input values are considered:
Lane group capacity (c) = 780 vehlh,
Lane group degree of saturation (X) = 1.026,
Analysis period length (T) = 0.25 h,
Initial queue = 20 vehicles (across the two-lane lane group).
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Scenario I: No initial queue
In this case, d3 = 0 as per Exhibit F16-4, Case 11. The average control delay per
vehicle is d,PF + d2 + d3 = 22.0 * 0.923 + 39.0 + 0.0 = 59.3 s. The corresponding LOS
for a control delay of 59.3 s is E. Finally, the supplemental clearing time T, = 15.4 min
for Case II.
Scenario 11: Initial queue of 20 vehicles
Since X > 1.0 and Qb = 20, Case V in Exhibit F16-4 applies. Here, t = 0.25 and
u = 1. Substituting in Equation F16-1 gives

Therefore, the average control delay per cycle is

d = 22.0 + 39.0+ 92.3= 153.3s/veh (LOS F)
which is more than twice the delay calculated when no initial queue is assumed. Note
that PF is not applied for Case V. Thus, the impact of an initial queue can be substantial
and must be accounted for in delay and LOS estimation.
Finally, the initial queue clearing time, T,, is estimated from Equation F16-4:

orq6.9 min from the start of the peak period. The last vehicle entering in the peak 15min period will experience an additional 1.9 min of delay because of the presence of the
initial queue of 20 vehicles.

EXTENSION TO MlJLTlPLE TIME PERIODS
The procedure described above can be extended to analyze multiple time periods,
each of duration T and each having a fixed demand during T. The analysis is performed
sequentially, carrying over the final initial queue Qb (if any) from one time period to the
beginning of the next. In general, for time period i the final initial queue Qb,i+lat the
start of the next time period T can be estimated from Equation F16-6:
(F16-6)
QbSi+,= max [O, Qbri+ cT(Xi- I)],fori = 1,2,..., n
where
Qbri,Xi

= initial queue and degree of saturation for period i.

Typically, a multiple-time-period analysis would start with an undersaturated time
period, particularly for Qb,l = 0. Once the initial queue is calculated, delays are estimated
according to the method described in the previous section. An important feature of
multiple-period analysis is that the actual counts taken during each time period should be
used in the procedure, that is, the PHF is unity. Counts are then converted into hourly
flow rates by dividing each count by T (in hours). The procedure is best described using
a numerical example.

NUMERICAL EXAMPLE FOR MULTIPLE-PERIOD ANALYSIS
In this example, consider a signalized lane group with no initial queue that has a
fixed capacity of 1,000 vehlh. The demand profile based on 15-min counts (factored to
hourly rates) is depicted in Exhibit F16-5. The lane group receives 40 s of effective green
time in a 100-s cycle. Arrivals are considered to be random (Arrival Type 3). Calculate
the delay and LOS for vehicles arriving in each 15-min time period and for the overall
analysis period of 1 h.
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EXHIBIT FI6-5. DEMAND PROFILE FOR MULTIPLE-PERIOD ANALYSIS WITH 15-MIN PERIODS

T

T

T

T

Time

Period 1
Period 1 is undersaturated, with a degree of saturation X = 800/1000 = 0.80.
Therefore, from Equation F16-6, there is no initial queue (Qb2) at the start of Period 2,
assuming no initial queue at the start of Period 1 (Qb,l = 0). The average control delay to
vehicles arriving in Period 1 will be labeled d,,l and is estimated as follows:

Period 2
Period 2 is oversaturated, with a degree of saturation X = 1200/1000 = 1.20. There is
no initial queue at the start of the period, so again the two-component delay formula can
be used:
2

0.50'100'
dc.2 =

1--

( f)

1---rn1n(1,1.20)
40 .

*

~

.

~

+

~

~

100

=/I
~

*

~

.

8*0.50*1.20 =129.7
~ ~ ~ ~ ~ .

~

~

-

~

~

+

Period 3
Period 3 is fully saturated, with a degree of saturation X = 1000/1000 = 1.00. The
residual queue from the previous period, which is equivalent to the initial queue of Period
3, is calculated from Equation F16-6 as follows:
Qbr3 = ma~[O,
0

+ 1000 * 0.25

(7.2 - I)]
= 50 veh

Here, the initial queue delay term (d3) must be added. First, the values o f t and u are
determined from Equations F16-2 and F16-3, respectively:
50
]=0.25
1000(1- 1)
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u=l-

1000 * 0.25[1- min(l.O,1.O)]
= 1.0
50

Substituting in Equation F16-1 gives
d3 =

7800 * 50 (7 + 7 ) 0.25- 780
7000 0.25

So the average control delay in Period 3 is
2

0.50'100'
3

I--

* 0.25
"+900*0.25[(1.0-1)+/~]+180=238.5~

(

- - m40
in(110)
100

Period 4
Period 4 is undersaturated, with a degree of saturation X = 600/1000 = 0.60. The
residual queue from the previous period, which is equivalent to the initial queue of Period
4, is calculated from Equation F16-6 as follows:
Qbf4 = mECf[O,50

+ 1000 * 0.25 * (1.0 - I ) ] = 50 veh

In essence, since the previous period was at capacity, the residual queue at the end of
the period is equivalent to that at the start of the period. Again, the computation of d3
requires the values o f t and u, which are calculated as follows:

[

t = min 0.25,

1OOO(1- 0.60)]=0.125

Since t < 0.25, then u = 0 from Equation F16-3. Substituting in Equation F16-1 gives
d3 =

7800 * 5 0 * ( 7 +O.O) *0.725-45.0s
7000 0.25

Since t < T, the uniform delay component is calculated as per Equation F16-5:

(

0.50'100 1--

$1

2

0.125

(

0.50'100 1-+

$1

1-"*min(l,0.60)
100

2

* l . o + 0'25-0.125 =Z6,8*eh
0.25

Thus, the average control delay in Period 4 is

[

d,,, =26.8+900*0.25* (0.60-1.0)+

I

(0.60-1.0j2+ 8*0'50*0.60 +45=74.5*&
1000 *0.25

The contribution of each delay term in each period is shown in Exhibit F16-6. The
impact of the initial queue delay term is evident, particularly for Periods 3 and 4.
Finally, the average overall control delay to all vehicles arriving in the hour is
calculated as a volume-weighted delay of the individual period delays:
dc,t =
The example
demonstrates how
misleading information
can result from analyzing
only one portion of an
oversaturated time
period

[BOO * 33.2 + 1200 * 129.7 + 1000 * 238.5 + 600 * 74.51 = 729. s/veh
[800 + 1200 + 1000 + 6001

The average control delay in the entire period is virtually identical to the delay to
vehicles arriving in the peak Period 2, but it is much smaller than the worst delay (and
LOS) that is experienced in Period 3, which immediately follows the peak. Thus, a
single-period analysis may not be sufficient to determine the worst LOS in an
oversaturated time period. When residual queues occur at the end of a peak period, it is
recommended that a delay analysis be carried out over subsequent time intervals to
ensure that the most severe LOS period is identified.
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EXHIBIT F16-6. ILLUSTR4TION OF DELAY MODEL COMPONENTS FOR MULTIPLE-PERIOD ANALYSIS
250 1
1

2

3

4

Period Designation (i)

PROCEDURES FOR MAKING CALCULATIONS

i

Exhibit F16-7 provides a worksheet that can be used in the calculation of delay with
initial queue. The following steps should be followed for this worksheet. Each time
period will utilize a separate worksheet to calculate the delay when any of the movements
at the intersection start with an initial queue during that time period. Each time period
should be numbered and the period number and time entered. The duration of the time
period, in hours, should also be entered. Note that in a multiperiod analysis the length of
each time period should be the same.
Lane groups to be analyzed are those used in the Capacity and LOS Worksheet.
Lane groups that do not have an initial queue may appear on this worksheet so that their
delay values can be averaged with oversaturated lane groups. In this case, their dl and d;!
values will be unchanged and d3 will be 0. The vlc, lane group capacity, unadjusted
uniform delay, and incremental delay values are taken from the Capacity and LOS
Worksheet. Unadjusted uniform delay is the product of uniform delay and the
progression adjustment factor.
The initial queue for each lane group may either be physically observed in the field
(excluding any vehicles in queue due to random cycle-by-cycle fluctuation in demand) or
be carried over as the residual queue from the previous analysis time period.
The duration of unmet demand, t, is calculated using Equation F16-2. If there is no
initial queue (Qb = 0), then t = 0, and the value o f t is limited to be no larger than the
length of the time period, T.
The adjusted uniform delay term, dl, is calculated using Equation F16-5. When t =
0, the result is the same as for the unadjusted value of dl. Progression effects are
included, as appropriate, in this adjusted uniform delay result. The values of g and C for
the lane group from the Capacity and LOS Worksheet must be used to make this
calculation. Note that the unadjusted value of d2 is used (from the Capacity and LOS
Worksheet) in the final delay calculations and that this delay value includes the
oversaturation delay when vlc > 1.

Time periods should be of
equal lengths in multiperiod
analyses

Undersaturatedlane groups
should be entered for
purposes of averaging
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EXHIBIT F16-7. INITIAL QUEUE DELAY WORKSHEET
1
\

INITIAL QUEUE DELAY WORKSHEET

II

I

General Information

I

Project Description

Period (i)
Duration, T
Cycle length. C

h
s

EB
Lane group

NB

WB

I

I

I

I

4

,
I

I
I

,

4

8

I

I

Initial queue. Qb (veh)

8
I

,

I
I

I

I

Green ratio, glC

,

,

I

vlc ratio, X
X = vIC
Adjusted lane group capacity, c (vehlh)

8

8

I
I

Duration of unmet demand in T (h)
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,
I

I

I
I

0
I

I

,
I
I

3

I

I

I

I

I

I
I

I
I

I
I

I
I

I

I

,

I

I

I

I

I

I
I

I

I

I
I
I
I

I

I
I

I
I

I

I

I
I
I

,

I

I
I
I

8
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I

I
I

I

8

8

I

I

I
I

I

I
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!
I
4
,
,
,
,
,
,
Case
I
I
I

,I

P

8

1 = min{~. -rnPn(~~)l)

II II
I

8

I

I

I

I

I

I

I

I
I
I

I
I

I

I

I
I

I

I

I
I

I

I

,

I

I

I

3

I

I

I

I

Cases I end I/ (Qb= 0)

1

Initial queue delay, d3 = 0, and uniform delay, dl, is as shown on Capacity and LOS Worksheet

-

-

(x s 1.0)

case /I/ fob r 0)
ln~tlalqueue delay, d3 (s)
d3- 1800Qbt
cT
Unlform delay, dl (s)
d , . o s o c ( lT- s1-g/Crnln(l.~[+l
l C ) ~ + ~ (T
Case IV ((2~2
0)

I
I
I
I
I

')*pF

(Xs 1.0)

Delay parameter, u

u= 1I[:

C

Un~formdelay, dl (s)
d, = 0.50C ( I - glC)

t
I

I
I

I

I

I

I
I
I
I

#
,
I
I

I
I

I
I

I
I

I

I

8

8

I
I

I
I
8

I

I

I
I

I
I

I
I

<

I
I
I

I

I

,

I

S

I

I

I
I

8
I

I

#
I

I

I
I

I

I
I
I
1

(Xzl.0)

I
I

I

I
I

I
I
I

I
I

Unlform delay, dl (s)
dl = 0.50C(1 - g1C)

I

I
I
I

I

I

I
I

I

C

I

I

,

( t = I+)
I

lnltlal queue delay, d3 (s)
d!30- 8 1

lnlt~alqueue delay, d3 (s)
d3- 36mQb

I
I
I
8

II

- rnln(l.~)]

Case V (Qb > 0)

(t < T)

8
d
3

,

'
I

t
I

*I

>
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,

I
I
I

I
I
I

I

)

I

'

I

I
I

I

I

I
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I
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I

I

I

I
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I
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I
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I

I

,

I
I
I

I

It

aI

I

I
I

I
8
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!
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I
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I

I
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The initial queue parameter, u, is calculated using Equation F16-3. When t < T, u =
0 (Cases I, 11, and III); otherwise the equation is used (Case IV),or u = 1 (Case V).
The final residual queue is calculated using Equation F16-6. This is the estimate of
the number of vehicles in queue at the end of the analysis period. If its value is nonzero,
this value indicates that the subsequent analysis period should be analyzed to determine
the average delay per vehicle that results because of this initial queue for that time period.
The initial queue delay, d3, is calculated using Equation F16-1. This value is the
additional delay that results from the existence of the initial queue. Note that this value
does not include any of the oversaturation delay, which is accounted for in d2. The d3
value is obtained from the Initial Queue Delay Worksheet (Exhibit F16-7) and is entered
in the Capacity and LOS Worksheet (Exhibit 16-22).
Delay and LOS are found by adding the three delay terms dl, d2, and d3 for each lane
group. Note that the dl value includes any appropriate effects of PF on the dl term. The
LOS corresponding to this delay, taken from Exhibit 16-2, is the result.
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The control delay per vehicle is found for each approach by adding the product of the
lane group flow rate and the delay for each lane group on the approach and dividing the
sum by the total approach flow rate on the Capacity and LOS Worksheet. The LOS is
determined from Exhibit 16-2.
The control delay per vehicle for the intersection as a whole is found by adding the
product of the approach flow rate and the approach delay for all approaches and dividing
by the total intersection flow rate. The intersection LOS is then found from Exhibit 16-2.

APPENDIX G. DETERMINATION OF BACK OF QUEUE

Appendix G provides the procedure to calculate the queue at signalized intersections.
The queue length definition used in this model is the back of queue. A relationship for
the back of queue is developed as described in the next sections.
The back of queue is the number of vehicles that are queued depending on arrival
patterns of vehicles and vehicles that do not clear the intersection during a given green
phase (overflow). The model predicts the average back of queue, and 70th-, 85th-, 90th-,
95th-, and 98th-percentile backs of queue.
The model described in this appendix is for use on an individual lane. To apply the
method to a lane group, the flow rate, saturation flow rate, capacity, and initial queue
demand values for the lane group are converted to individual lane values. If initial queue
(Qb) is present in a lane group, the lane group flow rate is adjusted to include the initial
queue present according to Equation G16- 1.

\

I
Back of queue defined

The methodology is applicable
to single-lane situations

I

where
vl
v
Qb

T

= lane group flow rate including initial queue present (vehh),
= arrival flow rate (vehh),
= lane group initial queue at start of analysis period (veh), and
= length of analysis period (h).

Other parameters for individual lanes are calculated for each lane group by dividing
the total lane group values by the number of lanes in the lane group as shown in
Equations G16-2 through G16-5. The queue calculated by this method is assumed to be
the queue found in any lane of the lane group (all lane queues are assumed to be
nominally equal) and reflects the impact of unequal lane usage only to the degree that
unequal lane utilization affects saturation flow for the entire lane group. Specifically, it
does not reflect the queue in the lane with the longest queue due to unequal lane
utilization. If the lane with the longest queue due to unequal lane utilization is desired,
this can be calculated by applying the entire HCM methodology on a lane-by-lane basis.
As an alternative, the lane-/withthe longest queue can be approximated by determining
that lane's unequal lane volume (vL in Equation G16-2) on the basis of the lane
utilization factors instead of dividing by NLG.

Parameters are averaged
across the number of lanes

7
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where

= lane group flow rate per lane (vehh),
= lane group saturation flow rate (vehh),
SL
= lane group saturation flow rate per lane (vehh),
c - = lane group capacity (vehh),
CL
= lane group capacity per lane (vehh),
QbL = lane group initial queue at start of analysis period per lane (veh), and
NLG = number of lanes in lane group.
vL
s

AVERAGE BACK OF QUEUE
The average back-of-queue measure is the basis to calculate percentile back of
queue. Equation G16-6 shows average back-of-queue characteristics at signalized
intersections.
(G16-6)
Q = Q1 + Q2
where
Q
Q,
Q2
Q, is the number of
vehicles arriving
assuming uniform
pattern, adjusted for
progression

= maximum distance in vehicles over which queue extends from stop line
on average signal cycle (veh),
= first-term queued vehicles (veh), and
= second-term queued vehicles (veh).

The first term, Q1,is the average back of queue, determined first by assuming a
uniform arrival pattern and then adjusting for the effects of progression for a given lane
group. The first term is calculated using Equation G16-7.

where
Q1
PF2
vL

C
g
XL

= first-term queued vehicles (veh),
= adjustment factor for effects of progression,

= lane group flow rate per lane (vehh),
= cycle length (s),
= effective green time (s), and
= ratio of flow rate to capacity (vL/cLratio).

Q1 represents the number of vehicles that arrive during the red phases and during the
green phase until the queue has dissipated.
The adjustment factor for the effects of progression is calculated by Equation G16-8.

where
PF2
vL
sL
g
C
R,
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= adjustment factor for effects of progression,
= lane group flow rate per lane (vehh),
= lane group saturation flow rate per lane (vehh),

= effective green time (s),
= cycle length (s), and
= platoon ratio [P(C/g)].
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The second term, Q2, is an incremental term associated with randomness of flow and
overflow queues that may result because of temporary failures, which can occur even
when demand is below capacity. This value can be an approximate cycle overflow queue
when there is no initial queue at the start of the analysis period. Initial queue at the start
of the analysis period is also accounted for in the second term, Q2. Equation G16-9 is
used to compute the second term of the average back of queue.

Q, is the overflow queue

where

QP

= second term of queued vehicles, estimate for average overflow queue

(veh);
lane group capacity per lane (vehh);
length of analysis period (h);
vL/cLratio;
second-term adjustment factor related to early arrivals;
initial queue at start of analysis period (veh); and
cycle length (s).
The second-term adjustment factor related to early arrivals is calculated using Equation
G16-10.
0.7

(lb:o)(pretimed signals)

k, = 0.12 1 -

0.6

kB = 0. 10 I
/

\

(
x(actuated
) signals)
3600

(GI6-10)

where
k,

= second-term adjustment factor related to early arrivals,

sL = lane group saturation flow rate per lane (vehh),
g
I

= effective green time (s), and
= upstream filtering factor for platoon arrivals (Chapter 15).

Exhibit G16-1 depicts the development of the back of queue over a typical
undersaturated cycle in an analysis period. The exhibit shows the queue developing over
the red interval and into the green interval until the front of the queue reaches the back of
queue, thus dissipating the entire queue. The diagram shows the randomness of arrival
rate. The variation in demand may cause individual cycle failures even though the
demand over the analysis period is less than the capacity available. During some cycles
queue overflow may be experienced as shown in Exhibit G16-2. Thus, the model for
average back of queue accounts both for the queuing that occurs with a basic regular flow
rate and for that which occurs because of randomness. Thus, there are two basic terms in
the equation for determining average back of queue.
Exhibits G16-3 and G16-4 depict the relative contribution of each of the terms for Q
across a range of vlc ratios. Exhibit G16-3 is calculated for poor progression, and Exhibit
G16-4 shows results for good progression. Unlike the associated delay term, the portion
of the queue arising from uniform flow will grow as vlc increases. However, the
contribution of the second term (Q2), the portion of the queue that results from random
arrivals and overflow queues, grows proportionally as vlc increases.

16-153
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EXHIBIT G I 6-1. UNDERSATURATED CYCLE BACK OF QUEUE
*Time

Stop line

/

Queue at the end
of red period

'~ack

of queue

'~n~ueued vehicle

EXHIBIT G I 6-2. OVERSATURATED CYCLE BACK OF QUEUE

Stop

Last departing queued vehicle
crossing the stop line
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EXHIBIT G16-3. CONTRIBUTION OF THE FIRST AND SECOND TERMS OF BACK OF QUEUE WlTH POOR
PROGRESSION
(SEE FOOTNOTE FOR ASSUMED VALUES)
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VolumdCapacity Ratio
Note:
Assumes Arrival Type 1, glC = 0.44, T = 0.25 h, Q, = 0, and s, = 1,000 vehlh.

EXHIBIT G I 6-4. CONTRIBUTION OF THE FIRST AND SECOND TERMS OF BACK OF QUEUE WlTH GOOD
PROGRESSION
(SEE FOOTNOTE FOR ASSUMED VALUES)

0.2

0.4

0.6

0.8

Volume/Capacity Ratio
Note:
Assumes Arrival Type 6, g1C = 0.44, T = 0.25 h, Q, = 0, s, = 1,000 vehlh.

PERCENTILE BACK OF QUEUE
The percentile back of queue is computed by applying the percentile back-of-queue
factor to the average back of queue. Equation G16-11 shows this relationship.
Q% =

Q fB%

(G16-11)

where
Q%

Q
fB%

= percentile back of queue (veh),
= average number of vehicles in queue (veh), and
= percentile back-of-queue factor.

The percentile back-of-queue factor is calculated using Equation G16-12.
-Q
fs% = PI + Pze P3

.._
_

(G16-12)

where
fB%

= percentile back-of-queue factor,
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p,
pP
pd

= first parameter for percentile back-of-queue factor (Exhibit G16-5),
= second parameter for percentile back-of-queue factor (Exhibit G16-5),
= third parameter for percentile back-of-queue factor (Exhibit G16-5),

and
Q

= average number of vehicles in queue (veh).

Exhibit G16-5 gives the first, second, and third parameters of the percentile back-ofqueue factor for pretimed and actuated signals.

EXHIBIT GI6-5. PAMMETERS FOR7OTH-, 85TH-, 90TH-, 95TH-, AND 98TH-PERCENTILE BACK
OF QUEUE
Pretirned Signals
Actuated Signals
PI
P2
P3
PI
P3
PZ
1.2
1.4
1.5
1.6'
1.7

f~70%
f~85%
f~90%
f~95%
f~98%

0.1
0.3
0.5
1.o
1.5

5
5
5
5
5

1.1
1.3
1.4
1.5
1.7

0.1
0.3
0.4
0.6
1.O

40
30
20
18
13

QUEUE STORAGE RATIO
Queue storage ratio is a
test for possible blockage

The back-of-queue measure is useful for dealing with the blockage of available
queue storage distance, determined by the queue storage ratio. If the queue storage ratio
is less than 1, blockage will not occur. If the queue storage ratio is equal to or greater
than 1, blockage will occur. Equations G16-13 and G16-14 are used to calculate average
queue storage ratio and percentile queue storage ratio, respectively.
RQ =-LhQ
La

(G16-13)

where
RQ
Lh
La
Q

=
=
=
=

average queue storage ratio,
average queue spacing in a stationary queue (ft),
available queue storage distance (ft), and
average number of vehicles in queue (veh).

where
RQ% = percentile queue storage ratio, and
Q
= percentile back of queue (veh).
One must assume an
average distance
between front bumpers
of successive vehicles
standing in queue

Average queue spacing is the average length between the front bumpers of two
successive vehicles in a stationary queue.

APPLICATION
Exhibit G16-6 provides a worksheet to perform back-of-queue computations. Queue
lengths are calculated for each lane in the lane group. Lane group information, flow
rates, capacities, and saturation flow rates for each lane group are taken from the Input
Worksheet, Volume Adjustment and Saturation Flow Rate Worksheet, and Capacity and
LOS Worksheet after they are adjusted for initial queue present and computed on a perlane basis. The proportion of vehicles arriving on the green should be observed in the
field. If field information is available, average arrival rate on green can be calculated.
Initial queue at the start of the analysis period also should be observed in the field.
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,However, if field information is not available, successive period analyses, beginning with
a period in which there is no initial queue, can be performed.
EXHIBIT G16-6. BACK-OF-QUEUE WORKSHEET
BACK-OF-QUEUE WORKSHEET
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Notes

,d'

4

1, f

= p1 + p2

where p,. p2. and pl are obtained from Exhibit GlE-5.

After these parameters have been gathered, the average back of queue, Q, is
calculated. Then percentile back of queue is calculated for any desired percentile.
Queue storage ratios for average back of queue and desired percentile back of queue
are calculated. The available queue storage distance should be determined by field
observation. If the facility has not yet been built (planning application), right-of-way
limitations or agency requirements should be used to determine available queue storage
distance. The average queue spacing in a stationary queue is the average length between
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the front bumper of the queued vehicle and the front bumper of the queued vehicle in
front. Average queue spacing can be determined according to the traffic composition.
The queue values produced by the estimation procedure in this appendix may be
higher than those from other procedures found in the literature, especially at high degrees
of saturation or high percentiles, for two reasons. First, many procedures report only
average values, applying no queue expansion factor to estimate a higher-percentile
approximation. Second, overflow queues that occur occasionally at the end of a cycle are
forgiven in many procedures that compute the average back of queue. It must be
recognized that the common wisdom that has evolved from popular estimation techniques
may be unduly optimistic and that low probabilities of queue overflow may be difficult to
achieve when demand is near capacity.

APPENDIX H. DIRECT MEASUREMENT OF PREVAILING SATURATION
FLOW RATES
GENERAL NOTES

Stability of saturation
flow rates

Chapter 16 - Signalized lnte
Appendix G

The default base saturation flow rate used in the methodology of this chapter is 1,900
pclh~ln.This value must be adjusted for prevailing traffic conditions such as lane width,
left turns, right turns, heavy vehicles, grade, parking, parking blockage, area type, bus
blockage, and left-turn blockage. These computations are made in the Volume
Adjustment and Saturation Flow Rate Worksheet. As an alternative to these
computations, the actual saturation flow rate can be measured directly in the field.
Saturation flow rate is the maximum discharge rate during the green time. It is
usually achieved after about 10 to 14 s of green, which corresponds to the front axle of
the fourth to sixth passenger car crossing the stop line after the beginning of green.
The base saturation flow rate is defined as the discharge rate from a standing queue
in a 12-ft-wide lane that carries only through passenger cars and is otherwise unaffected
by conditions such as grade, parking, and turning vehicles. Vehicles are recorded when
their front axles cross the stop line. The measurement starts at the beginning of the green
time or when the front axle of the first vehicle in the queue passes the stop line.
Saturation flow, however, is calculated only from the headways after the fourth vehicle in
queue passes the stop line. Other reference points on the vehicle, on the road, or in time
may yield different saturation flow rates. In order to maintain consistency with the
method described in this chapter and to allow for information exchange, maintaining the
roadway and vehicle reference points identified here is essential.
The base saturation flow rate is usually stable over a period of time for similar traffic
conditions in a given community. Values measured in the same lane during repetitive
weekday traffic conditions (e.g., a.m. or p.m. peaks) normally exhibit relatively narrow
distributions. On the other hand, saturation flow rates for different communities or
different traffic conditions and compositions, even at the same location, may vary
significantly.
For practical purposes, prevailing saturation flow rates are usually expressed in
vehicles per hour per lane. As a result, their values also depend on traffic flow
composition. The default value is expressed in passenger cars per hour per lane (i.e.,
passenger cars only). Preferably, local prevailing saturation flow rates should be
observed directly. Alternatively, the computation module can be used, with the measured
regional base saturation flow rates as the starting values. The default value should be
used only as an approximate substitute. Severe weather conditions, unusual traffic mixes,
or other special local conditions can yield saturation flow rates that differ markedly from
those estimated using the computation procedures. The procedure for measuring

\
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prevailing saturation flow rates is summarized below. A sample field worksheet for
recording observations is included as Exhibit H16-1.

FIELD SATURATION FLOW RATE STUDY WORKSHEET
General lnformation

Site Information

Analyst
Agency or Company
Date Performed

Intersection
Area Type
Jurisdiction

Analysis Time Period

0 CBD

I
0 Other

Analysis Year
I

I

Lane Movement Input

Movements Allowed
-3Through
0 Right turn
Lefllurn

I

I
8.-

Identify all lane movements and the lane studied
-.

I

Input Field Measurement

HV = Heavy vehicles (vehicles with more than 4 tires on pavement)
T = Turning vehicles (L = Left R= Right)
Pedestrians and buses that blockvehiclff should be noted with the lime that they block traffic, for emmple,
PI2 = Pedestrians blocked traffic for 12 s
815 = Bus blocked traffic for 15 s

MEASUREMENT TECHNIQUE
The following example describes a single-lane saturation flow survey. A two-person
field crew is recommended. However, one person with a tape recorder, push-button event
recorder, or a notebook computer with appropriate software will suffice. The field notes
-

-
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and tasks identified in the following section must be adjusted according to the type of
equipment used.
1. General tasks: Measure and record the area type and width and grade of the lane
being studied. Fill out the survey identification data shown in Exhibit H16-1. Select an
observation point where the stop line for the surveyed lane and the corresponding signal
heads are clearly visible. The reference point is normally the stop line. Vehicles should
consistently stop behind this line. When a vehicle crosses it unimpeded, it has entered the
intersection conflict space for the purpose of saturation flow measurement. Left- or rightturning vehicles yielding to opposing through traffic or yielding to pedestrians are not
recorded until they proceed through the opposing traffic.
2. Recorder tasks: Note the last vehicle in the stopped queue when the signal turns
green. Describe the last vehicle to the timer. Note on the worksheet which vehicles are
heavy vehicles and which vehicles turn left or right. Record the time called out by the
timer.
3. Timer tasks: Start stopwatch at beginning of green and notify the recorder. Count
aloud each vehicle in the queue as its front axle crosses the stop line and note the time of
crossing. Call out the time of the fourth, tenth, and last vehicle in the stopped queue as its
front axle is crossing the stop line.
If queued vehicles are still entering the intersection at the end of the green, call out
(saturation through the end of green - last vehicle was number XX). Note any unusual
events that may have influenced the saturation flow rate, such as buses, stalled vehicles,
and unloading trucks.
The period of saturation flow begins when the front axle of the fourth vehicle in the
queue crosses the stop line or reference point and ends when the front axle of the last
queued vehicle crosses the stop line. The last queued vehicle may be a vehicle that joined
the queue during the green time.
Measurements are taken cycle by cycle. To reduce the data for each cycle, the time
recorded for the fourth vehicle is subtracted from the time recorded for the last vehicle in
the queue. This value is the sum of all headways for (n - 4) vehicles, where n is the
number of the last vehicle surveyed (this may not be the last vehicle in the queue). This
sum is divided by the number of headways after the fourth vehicle [i.e., divided by
(n - 4)] to obtain the average headway per vehicle under saturation flow. The saturation
flow rate is 3,600 divided by this value.
For example, if the time for the fourth vehicle was observed as 10.2 s and the time
for the 14th and last vehicle surveyed is 36.5 s, the average saturation headway per
vehicle is

I
Guidelines for attaining
statistically satisfying
results

and the prevailing saturation flow rate in that cycle is

In order to obtain a statistically significant value, a minimum of 15 signal cycles with
more than eight vehicles in the initial queue is typically required. An average of the
saturation flow rate values in individual cycles represents the prevailing local saturation
flow rate for the surveyed lane. The percentage of heavy vehicles and turning vehicles in
the sample used in the computations should be determined and noted for reference.
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APPENDIX I. WORKSHEETS
INPUT WORKSHEET
VOLUME ADJUSTMENT AND SATURATION FLOW RATE WORKSHEET
CAPACITY AND LOS WORKSHEET
SUPPLEMENTAL UNIFORM DELAY WORKSHEET FOR LEFT TURNS FROM EXCLUSIVE LANES WITH
PROTECTED AND PERMITTED PHASES
TRAFFICACTUATED CONTROL INPUT DATA WORKSHEET
SUPPLEMENTAL WORKSHEET FOR PERMITTED LEFT TIJRNS OPPOSED BY MULTILANE APPROACH
SUPPLEMENTAL WORKSHEET FOR PERMITTED LEFT TURNS OPPOSED BY SINGLE-LANE APPROACH
SUPPLEMENTAL WORKSHEET FOR PEDESTRIAN-BICYCLE EFFECTS ON PERMITTED LEFT TURNS AND
RIGHT TURNS
INITIAL QUEUE DELAY WORKSHEET
BACK-OF-QUEUE WORKSHEET
INTERSECTION CONTROL DELAY WORKSHEET
FIELD SATURATION FLOW RATE STlJDY WORKSHEET
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INPUT WORKSHEET
I

General Information
--Analyst
Agency or Company
Date Performed
I
Analysis Time Period

Site Information

--

-

-

--

-

Intersection
Area Type
Jurisdiction
Analysis Year

O CBD

O Other

-1

intersection Geometry
--

-

La

= Pedestrian Button

b

--

= Lane Width

1

Show North A r m

= Through

r

= Right

7

= Left
= Through +Right

If

= Left + Through

l/l

= Left+Right

-

= Left + Through + Right

k-

--

I-

EB
TH

Volume and Timing Input
LT

RT1

WB
TH

LT

RT1

LT

RT1

TH

_J

SB
TH

NB
LT

RT1

Volume, V (vehlh)
% heavy vehicles, % HV

1
1

Peak-hour factor, PHF
Pretirned (P) or actuated (A)
Starl-up lost time, I, (s)
Extension of effective green time, e (s)
Arrival type, AT
, ~ (plh)
Approach pedestrian ~ o l u m evped
, ~ (bicycleslh)
Approach bicycle v o l ~ m evbic
Parklng (Y or N)
Parking maneuvers, N, (maneuverslh)
Bus stopping, NB (buseslh)
Mm. timing for pedestr~ans?Gp (s)

Signal Phasing PIan
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I
I

1

I
I

I
I

I
I

I
I

I
I

I
I

I
I
I

I

I

I

I

I

I
I

I
I

I
I

I
I

I

I
I

I

I

I
I

I

I

I

I

I

I

I

I

1

I
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CAPACITY AND LOS WORKSHEET

I

i

i

Project Description
-

- -- ---

Capacity Analysis
--

-

Y, = C (critical lane groups, vls)
Total lost time per cycle, L (s)
i Critical flow rate to capacity ratio, X.,

.

-

Adjusted flow rate,2 v (vehlh)
Lane group capa~ity,~
c (vehlh)
V/C ratio,2 X = VIC
Total green ratio,2 g1C
0.50 C [ I - (glC)12 (dveh)
Uniform delay, d l = -[",in(,, X)S/C]

,

i

Incremental delay ~alibration,~
k
Incremental delay,4 d2

1

Uniform delay, dl (slveh) (Appendix F)

i

'

I

Progression adjustment factor, PF
Delay, d = d,(PF) + d2 + d3 (slveh)
LOS by lane group (Exhibit 16-2)
Delay by approach, dA = Co(V) (dveh)

I

4

'

I

I LOS by approach (Exhibit 16-2)
Approach flow rate, vA (vehlh)
Intersection delay, dl =

(slveh)

, VL

Intersection LOS (Exhibit 16-2)

I
.

Notes
1.
2.
3.
4.

For permitted left turns, the minimum capacity is (1 + PL)(3600/C).
Primary and secondary phase parameters are summed to obtain lane group parameters.
For pretimed or nonactuated signals, k = 0.5. Otherwise, refer to Exhibit 16-13.
T = analysis duration (h); typically T = 0.25, which is for the analysis duration of 15 min.
I = upstream filtering metering adjustment factor; I = 1 for isolated intersections.
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SUPPLEMENTAL UNIFORM DELAY WORKSHEET FOR LEFT TURNS FROM EXCLUSIVE
LANES WITH PROTECTED AND PERMI'I'TED PHASES
General Information

~

Project Description
V/C Ratio Computation

I

I

I
-

I

I

Cycle length, C (s)

I

Protected phase eff. green interval, g (s)

1

Opposing queue effective green interval, g, (s)
Unopposed green interval, g, (s)
Red time, r (s)
r=C-g-gq-g,
Arrival rate, q, (vehls)
v
= 3600 ' max[X, 1.O]

1

Protected phase departure rate, sp (vehls)
=S
3600
Permitted phase departure rate, ss (vehls)

S

s(g, 9),
ss= (gu * 3600)
If leading left (protected + permitted)
(labq gu)
V
ratio,
IC
Xpelm = +

+

If lagging

Ss Qu
left (permitted +

protected)
9a(r gq gu)
+

V
ratio,
IC
Xperm=

+

Ss Q"

If leading left (protected + permitted)
vlc ratio, Xpro, =

s.ltO)

SP g
If lagging left (permitted + protected)

V
ratio,
IC
, ,X, - is NIA
r

I

I

I

-

I

I

I

I

1

1

I

Uniform Queue Size and Delay Computations

1

1

Queue at beginning of green arrow, Q,
Queue at beginning of unsaturated green, Qu

1

1

Residual queue, Q,

I

I

I

I

1

Uniform delay, d,

I

I

I

I

I

I

I

I

2

Uniform Queue Size and Delay Equations
Case

i1 I

3

If Xwrm > 1.0 & $,rot I
1.0
If, , X,

I1.0

(lagging lefts)

If,,,X,

> 1.0 (lagging lefts)

1

4
5

Qa

1 4 1

Qr+ qar

gagq
9a(r
/Qu - g ,(sS - qa) qa(r + g,)
0

1

+

I

dl

Qr

[D.5O/(q aC)I[g,QU

61-, gU(s, - q,)
0

o

I

[O.SO/(q ,C)l[(r
[O.SO/(q ,C)Il:(r

+

+

gu(Qu 4 ) r(Qr 4 ) Qa21(sp-9a)I
+

+

g,)Qu gu(Qu
+

+

q ,)I

gq)q+

+

+

+

QJ

+

(a2/(sp- qa)l

I1
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form^

TRAFFIC-ACTUATED CONTROL INPUT DATA WORKSHEET
I

Site information
Intersection
Area Type
Jurisdiction
Analysis Year

Analyst
Agency or Company
Date Performed
Analysis Time Period

1

Approach-Specific Data

--

0 CBD

0 Other

-

EB

NB

WB

Left-turn treatment code1
Left-turn position (leading, lagging, or NIA)

I

Left-turn max sneakers. v~~ (veh)
Left-turn free queue, Qf (veh)
Approach speed, SA (mi/h)

I

Ring 1 and 2 termination (simultaneous.

Max initial interval, Mxl (s)
Added initial per actuation, Al (s)
Min allowable gap, MnA (s)
Gap reduction rate, GR
Ped Walk + Don't Walk, WDW (s)
Maximum green, MxG (s)

I

Intergreen time. Y (s)
Recall mode (min, max, ped, none)
Min veh phase time, MnV (s)
I

I

Notes
1. (0)Does not exist (1) Permitted (2) Protected (3) Protected + Permitted (4) Not opposed
2. (L) Protected left turn on a green arrow
(T) Through and right-turning traffic only
(G) Permitted left turns and compound left-turn protection
(N) In addition to other movements, left turns are not opposed
(X) Inactive phases
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SUPPLEMENTAL WORKSHEET FOR PERMITTED LEFT TURNS
OPPOSED BY MULTILANE APPROACH
General Information

1
I
I
I

I

Project Description

Total actual green time for LT lane group,' G (s)

I
I

I
I
1

I
I
I

I
I
I

1
1
1

I

I

I

I

1

I

I

I

Effective permitted green time for LT lane group,' g (s) I
Opposing effective green time, g, (s)
Number of lanes in opposing approach, N,
Adjusted LT flow rate, VLT (vehlh)
Proportion of LT volume in LT lane group? PIT

1

Adiusted flow rate for opposing approach, v, (vehlh)

Opposing lane utilization factor, fLuo (refer to Volume
Adiustment and Saturation Flow Rate Worksheet)
Opposing flow per lane, per cycle
vC
Vole = A
3600NofLu, (vehcln'l)
gf = ~ [ e ~ . ~ ~ -~ tL( gf~ S~g ~(except
~ - for
~ 'exclusive
~ ) ]
left-turn lanes)ls4
Opposing platoon ratio, ,R, (refer to Exhibit 16-11)
Opposing queue ratio, qr, = max[l - Rpo(gJC), O]
v01cqro
gq = 0.5 - [volc(l- qro)/go]- tLa ~olc(l- qro)/go 0.49
(note case-specific parameters)'
gu = g - g, if g, 1 gf, or
gu = g - gf if g, < gf
EL, (refer to Exhibit C16-3)
P~ 'P~~

1'
L

(N-1)

1
1

+ g~4~14.24)
J

(except with multilane subject appr~ach)~
fmin = 2(1 + PL)lg
1

fm

= [gdgl [gulgl r 1 + p L ( ~ L-,
+

(fmin s fm s 1.00:

fLT= [fm + 0.91 (N - 1)IlN (except for permitted left
turns\&

Notes
1 . Refer to Exhibits C16-4. C16-5, C16-6, C16-7, and C16-8 for case-specific parameters and adjllstment factors.
2. For exclusive left-turn lanes, N is equal to the number of exclusive left-turn lanes. For shared left-turn lanes, N is equal to the sum of the
shared left-turn, through, and shared right-turn (if one exists) lanes in that approach.
3. For exclusive left-turn lanes, PLT= 1.
4. For exclusive left-turn lanes, gf = 0, and skip the next step. Lost time, tL, may not be applicable for protected-permitted case.
5. For a multilane subject approach, if PL 2 1 for a left-turn shared lane, then assume it to be a de facto exclusive left-turn lane and redo the
calculation.
6. For permitted left turns with multiple exclusive left-turn lanes fLT= fm.
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SUPPLEMENTAL WORKSHEET FOR PERMllTED LEFT TURNS
OPPOSED BY SINGLE-LANE APPROACH
- .

General Information

1

1

Project Description

I

--

Input

-

Cycle length, C (s)
Total actual green time for LT lane group,l G (s)

-

Opposing effective green time, go (s)
Number of lanes in LT lane group,2 N
Adjusted LT flow rate,Tvl (veh/h)

1

Proportion of LT volume in LT lane group,
Adjusted flow rate for opposing approach, v, (veh/h)
Lost time for LT lane group, tL

I

Computation

I

LT volume ~ e cvcle.
r
L-TC= VITCI~~OO

I

I

I

I

I

1

I

I

I

I

I

I

Opposing flow per lane, per cycle,
v,

I

= voC/3600 (veh/C/ln)

Opposing platoon ratio, R
,, (refer to Exhibit 16-11)
= G[~-!I.~~O(LTC~.~~~
)] - tL gf I g (except exclusive
left-turn lanes)3
Opposing queue ratio, qr, = max[l - R,,(g,/C),
O]
~

go = 4.943~,,,0~62qr,'.061-

tL

PTHO= 1 - PLTO
ELI (refer to Exhibit C16-3)
EL2= max[(l - PTHon)/PLTo,
1.01
fmin

= 2(1 + PLT)/S

(fmi, I,f I 1.00)

I

Notes
1. Refer to Exhibits C16-4, C16-5, C16-6, C16-7, and C16-8 for case-specific parameters and adjustment factors.
2. For exclusive left-turn lanes, N is equal to the number of exclusive left-turn lanes. For shared left-turn lanes, N is equal to the sum of
the shared left-turn, through, and shared right-turn (if one exists) lanes in that approach.
3. For exclusive left-turn lanes, gf = 0, and skip the next step. Lost time, tL, may not be applicable for protected-permitted case.
4. If the opposing left-turn volume is 0, then gdift = 0.
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INITIAL QUEUE DELAY WORKSHEET
--

General Information

1

Project Description
--

1

-

-

Input Parameters

-

Period (i)
Duration, T
Cycle length, C

h
s
I

Lane group

, d

Initial queue, Qb (veh)
Green ratio, g/C

,

ratio, X
X = V/C

i

V/C

Duration of unmet demand in T (h)

a

t = min{~,,[I - mR(1,x)l)

r

1

Case

I
.
.

Cases I and 11 ((lb=0)

Initial queue delay, d3 = 0, and uniform delay, dl. is as shown on Capacity and LOS Worksheet

I

Case 111 (Qb > 0 )
Initial queue delay, d3 (s)
1800 Q t
d3= 2

(XS1.0)

(teT)

Case IV (Qb > O)

(x11.0.J

P=f)

cT
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r--

INTERSECTION CONTROL DELAY WORKSHEET

--

Site Information

General Information

7

-

Intersection
Area Type
Jurisdiction
Analysis Year

Analyst
Agency or Company
Date Performed
Analysis Time Period

O CBD

O Other

I

Input Initial Parameters
Total vehicles arriving, Vlot
Stopped-vehicle count,, , V,
Cycle length, C (s)

Number of lanes, N
Free-flow speed, FFS (milh)
Survey count interval, I, (s)

--

[eld

~ata

I

7
Computations

i

1
i
1

Number of cycles surveyed, N, =

Total vehicles in queue, CViq=
Time-in-queue per vehicle. ,d = (I, * %v,oi ) * 0.9

1

s

Fraction of vehicles stopping, FVS =

v,,,
v,,

No. of vehicles stopping per lane each cycle =

AccelIDecel correction delay, dad= FVS CF

s

AccellDecel correction factor, CF (Ex. A16-2)

Control delaylvehicle, d = dvq+ dad

s
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PREFACE
OVERVIEW
The procedures in this chapter can be used to analyze the capacity and level of
service, lane requirements, and effects of traffic and design features of two-way
stop-controlled (TWSC) and all-way stop-controlled (AWSC) intersections. In addition,
a procedure for estimating capacity of roundabouts is presented.
Each type of unsignalizcd intersection (TWSC, AWSC, and roundabout) is addressed
in a separate part of this chapter. TWSC intersections are covered in Part A, AWSC
intersections are covered in Part B, and information on roundabouts is provided in Part C.
References for all parts are found in Part D. Example problems that demonstrate the
calculations and results achieved by applying the procedures are also found in Part D.

Background and concepts for
TWSC intersections are in
Chapter 10

LlMlTATiONS OF THE METHODOLOGY
This chapter does not include a detailed method for estimating delay for yield signcontrolled interscctions. However, with appropriate changes in the values of key
parameters. the analyst could apply the TWSC method to yield-controlled intersections.
All of the methods are for steady-state conditions (i.e., the demand and capacity
conditions are constant during the analysis period); the methods are not designed to
evaluate how fast or how often the facility transitions from one demand/capacity state to
another. Analysts interested in that kind of information should consider applying
simulation models.

PART A. TWO-WAY STOP-CONTROLLED INTERSECTIONS

I.

-

INTRODUCTION PART A

In this section a methodology for analyzing capacity and level of service of two-way
stop-controlled (TWSC) intersections is presented.

II.

-

METHODOLOGY PART A

Capacity analysis at TWSC intersections depends on a clear description and
understanding of the interaction of drivers on the minor or stop-controlled approach with
drivers on the major street. Both gap acceptance and empirical models have been
developed to describe this interaction. Procedures described in this chapter rely on a gap
acceptance model developed and refined in Germany (1). The concepts from this model
are described in Chapter 10. Exhibit 17-1 illustrates input to and the basic computation
order of the method described in this chapter.

Both theoretical and empirical
approaches have been used
to arrive at a methodology

LEVEL-OF-SERVICE CRITERIA
Level of service (LOS) for a TWSC intersection is determined by the computed or
measured control delay and is defined for each minor movement. LOS is not defined for
the intersection as a whole. LOS criteria are given in Exhibit 17-2.

LOS is not defined for the
overall intersection
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EXHIBIT 17-1. TWSC UNSIGNALIZED INTERSECTION METHODOLOGY
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Hourly turning movement volumes
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compute movement capacity
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(

Determine levels of service
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EXHIBIT 17-2. LEVEL-OF-SERVICE CRITERIA FOR TWSC INTERSECTIONS
Level of Service
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Thc LOS criteria for TWSC intersections arc somewhat different from the criteria
used in Chaptcr I G for signalized intersections primarily because different transportation
facilities creatc different driver perccptions. The expectation is that a signalized
intersection is dcsigncd to carry higher traffic volumes and experience greater delay than
an unsignalized intersection.

LOS thresholds differ from
those for signalized
intersections to reflect
different driver expectations

INPUT DATA REQUIREMENTS
Data requirements for the TWSC intersection methodology are similar to those for
other capacity analysis techniques. Detailed descriptions of the geometrics, control, and
volumes at the intersection are needed.
Key geometric factors include number and use of lanes, channelization, two-way
left-turn lane (TWLTL) or raised or striped median storage (or both), approach grade, and
existence of flared approaches on the minor street.
The nun~bcrand use of lanes are critical factors. Vehicles in adjacent lanes can use
the same gap in the traffic stream simultaneously (unless impeded by a conflicting user of
the gap). When movements share lanes, only one vehicle from those movements can use
each gap. A TWLTL or a raised or striped median (or both) allows a minor-stream
vehicle to cross one major traffic stream at a time. The grade of the approach has a direct
and measurable effect on the capacity of each minor movement. Compared with a level
approach, downgrades increase capacity and upgrades decrease capacity. A flared
approach on the minor street increases the capacity by allowing more vehicles to be
served simultaneously.
Volumes must be specified by movement. For the analysis to reflect conditions
during the peak 15 min, the analyst must divide the full hour volumes by the peak-hour
factor (PHF) before beginning computations. If the analyst has peak 15-min flow rates,
they can be entered directly with the PHF set to 1 .O. The adjusted flow rate for
movement x is designated as v, in this chapter.
By convcntion, subscripts 1 to 6 define vehicle movements on the major street, and
subscripts 7 to 12 define movements on thc minor street. Pedestrian flows impede all
minor-street movements. Pedestrian volumes must be specified by movement.
Subscripts 13 to 16 define the pedestrian movements.
The presence of traffic signals upstream from the intersection on the major street will
produce nonrandom flows and affect the capacity of the minor-street approaches if the
signal is within 0.25 mi of the intersection. The basic capacity model assumes that the
headways on the major street are exponentially distributed. To assess the effect on
capacity, a separate analysis is provided that requires the signalized intersection data
(cycle length, grcen time), the saturation flow rate, and information on platooned flow.

PRIORITY OF STREAMS
In using the methodology, the priority of right-of-way given to each traffic stream
must be identified. Some streams have absolute priority, whereas others have to give way
or yield to higher-order streams. Exhibit 17-3 shows the relative priority of streams at
both T- and four-leg intersections.
Movements of Rank 1 (denoted by the subscript i) include through traffic on the
major street and right-turning traffic from the major street. Movements of Rank 2
(subordinate to 1 and denoted by the subscript j) include left-turning traffic from the
major street and right-turning traffic onto the major street.
Movements of Rank 3 (subordinate to 1 and 2 and denoted by the subscript k)
include through traffic on the minor street (in the case of a four-leg intersection) and leftturning traffic from the minor street (in the case of a T-intersection). Movements of Rank
4 (subordinate to all others and denoted by the subscript 1) include left-turning traffic
from the minor street. Rank 4 movements only occur at four-leg intersections.

Rank

Subscript

I

I

2
3
4

I
k
I
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EXHIBIT 17-3. TRAFFIC STREAMS AT A T W S C INTERSECTION
Four-leg intersection
T-intersection
I

Rank
1
2
3
4

Pedestrians are treated
as movements

Traffic stream
2, 3, 5, 6, 15, 16
1,4, 13,14, 9, 12
8, 11
7, 10

I

Rank
1
2
3

Traffic stream
2, 3, 5, 15
4, 13, 14, 9

7

For example, if a left-turning vehicle on the major street and a through vehicle from
the minor street are waiting to cross the major traffic stream, the first available gap of
acceptable size would be taken by the left-turning vehicle. The minor-street through
vehicle must wait for the second available gap. In aggregate terms, a large number of
such left-turning vehicles could use up so many of the available gaps that minor-street
through vehicles would be severely impeded or unable to make safe crossing movements.
Because right-turning vehicles from the minor street merely merge into gaps in the
right-hand lane of the stream into which they turn, they require only a gap in that lane,
not in the entire major-street traffic flow (this may not be true for some trucks and vans
with long wheelbases that encroach on more than one lane in making their turn).
Furthermore, a gap in the overall major-street traffic could be used simultaneously by
another vehicle. For this reason, the method assumes that right turns from the minor
street do not impede any of the other flows using major-street gaps.
Pedestrian movements also have priorities with respect to vehicular movements.
While this may be a policy issue varying by jurisdiction, both the American Association
of State Highway and Transportation Officials (AASHTO) (2) and the Maizual on
Unifornz TrafJic Control Devices (MUTCD) (3)infer that pedestrians must use acceptable
gaps in major-street (Rank 1) traffic streams and that pedestrians have priority over all
minor-street traffic at a TWSC intersection. Specific rankings are shown in Exhibit 17-3.

CONFLICTING TRAFFIC
Each movement at a TWSC intersection faces a different set of conflicts that are
directly related to the nature of the movement. These conflicts are shown in Exhibit 17-4,
which illustrates the computation of the parameter v,,,, the conflicting flow rate for
movement x, that is, the total flow rate that conflicts with movement x (vehh).
The right-turn movement from the minor street, for example, is in conflict with only
the major-street through movement in the right-hand lane into which right-turners will
merge. Exhibit 17-4 includes one-half of the right-tun movement from the major street,
because only some of these turns tend to inhibit the subject movement.
Chapter 17 - Unsignalized lntersections
Methodology - TWSC lntersections

High way Capacity Manual 2000
Lcft turns from the major street are in conflict with the total opposing througll and
light-turn ilows. because they must cross the through flow and merge with the right-turn
flow. The method does not dilferentiate between crossing and merging conflicts. Left
turns from the major street and the opposing right turns from the major street are
considered to merge, regardless of the number of lanes provided in the exit roadway.
Minor-street through movements ]lave a direct crossing or merging conflict with all
n~ovementson the major street, as indicated in Exhibit 17-4, except the right turn into the
subject approach. Only one-half of this movement is included in the computation, for the
reasons discussed above. In addition, field research (4) has shown that the effect of
left-turn vehicles is twice their actual number. This effect is reflected in Exhibit 17-4.
The left turn from the minor street is the most difficult maneuver to execute at a
TWSC intersection. and it faces the most complex set of conflicting flows, which include
all major-street flows, in addition to the opposing right-turn and through movements on
the minor street. Only one-half of the opposing right-turn and through movement flow
rate is iilcluded as conflicting flow rate because both movements are stop-controlled and
their effect on left turns is diminished. The additional capacity impedance effects of the
opposing right-turn and through movement flow rates are taken into account elsewhere in
the procedure.
Pedestrians inay also conflict with vehicular traffic streams. Pedestrian flow rates,
also defined as v,, with x noting the leg of the intersection being crossed, should be
included as part of the conflicting flow rates, since they, like vehicular flows, define the
beginning or ending of a gap that may be used by a minor-stream vehicle. Although it
recognizes some peculiarities associated with pedestrian flows, this method takes a
unifoim approach to vehicular and pedestrian movements.
While regulations or practices may vary between jurisdictions, this methodology
assulnes that pedestrians crossing the subject or opposing approaches have Rank 1 status
and that pedestrians crossing the two conflicting approaches to the left or right of the
subject minor-street approach have Rank 2 status. The conflicting pedestrian flow rates
are identified in Exhibit 17-4.
Exhibit 17-4 also identifies the conflicting flow rates for each stage of a two-stage
gap acceptance process that takes place at some intersections where vehicles store in the
median area. If a two-stage gap acceptance process is not present, the conflicting flow
rates shown in the rows labeled Stage I and Stage I1 should be added together and
considered as one conflicting flow rate for the movement in question.

In using Exhibit 17-4 to
compute conflicting flow rates,
the analyst should carefully
consult the footnotes, which
allow modifications to the
equations in special cases.

CRITICAL GAP AND FOLLOW-UP TIME

The critical gap, t,, is defined as the minimum time interval in the major-street traffic
stream that allows intersection entry for one minor-street vehicle (5). Thus, the driver's
critical gap is the minimum gap that would be acceptable. A particular driver would
reject any gaps less than the critical gap and would accept gaps greater than or equal to
the critical gap. Estimates of critical gap can be made on the basis of observations of the
largest rejected and sinallest accepted gap for a given intersection.
The time between the departure of one vehicle from the minor street and the
departure of the next vehicle using the same major-street gap, under a condition of
continuous queuing on the minor street, is called the follow-up time, tf. Thus, t, is the
headway that defines the saturation flow rate for the approach if there were no conflicting
vehicles on movements of higher rank.

Critical gap defined

Follow-up time defined
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Base values o f t , and tf for passenger cars are given in Exhibit 17-5. The values are
based on stildies throughout the United States and are representative of a broad range of
conditions. Base values oft, and tf for a six-lane major street are assumed to be the same
as those for a four-lane major street. Adjustments are made to account for the presence of
heavy vehicles, approach grade, T-intersections, and two-stage gap acceptance. The
critical gap is computed separately for each minor movement by Equation 17-1.
where
critical gap for movement x (s),
base critical gap from Exhibit 17-5 (s),
adjustment factor for heavy vehicles (1.0 for two-lane major streets and
2.0 for four-lane major streets) (s),
proportion of heavy vehicles for minor movement,
adjustment factor for grade (0.1 for Movements 9 and 12 and 0.2 for
Movements 7 , 8, 10, and 11) (s).
percent grade divided by 100,
adjustment factor for each part of a two-stage gap acceptance process
(1.0 for first or second stage; 0.0 if only one stage) (s), and
adjustment factor for intersection geometry (0.7 for minor-street
left-turn movement at three-leg intersection; 0.0 otherwise) (s).

f,X
',,base
'C.HV

EXHIBIT

tc, is applicable to
Movements 7, 8, 10, and 11

17-5. BASE CRITICAL GAPS AND FOLLOW-UPTIMES FORTWSC INTERSECTIONS
Base factors for a six-lane
major street are assumed to
be the same as those for a
four-lane major street

Base Critical Gap, t, base (s)
Veh~cleMovement

Two-Lane Major Street

Four-Lane Major Street

Left turn from major
Rlght turn from mlnor
Through traff~con mlnor
Left turn from mlnor

4.1

4.1

2.2

6.2
6.5
71

6.9
6.5
7.5

3.3

Base Follow-up Time,

4base (s)

4.0

3.5

The follow-up time is computed for each minor movement using Equation 17-2.
Adjustments are made for the presence of heavy vehicles.
'f.x

= '(base

+

'(HV ' H V

(17-2)

where
tf,,

ttbase
ttHV

= follow-up time for minor movement x (s),
= base follow-up time from Exhibit 17-5 (s),
= adjustment factor for heavy vehicles (0.9 for two-lane major streets and

1.0 for four-lane major streets), and
PHV

= proportion of heavy vehicles for minor movement.

Values from Exhibit 17-5 are considered typical. If smaller values for t, and tf are
observed, capacity will be increased. If larger values for t, and tf are used, capacity will
be decreased. More accurate capacity estimates will be produced if field measurements
of the critical gap and follow-up time can be made.
It should be noted that the critical gap data for multilane sites account for the actual
lane distribution of traffic flows measured at each site. This accounts for the higher value
of critical gap for the minor-street right turn (6.9 s) compared with the value for the minor
through movement (6.5 s).

POTENTIAL CAPACITY
The gap acceptance model used in this method computes the potential capacity of
each minor traffic stream in accordance with Equation 17-3 (6, 7).

I
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Equation 1 7-3 is also
used for major-street leftturn movements

wl~ere
cp,,
v,,
t,,
ttx

= potential capacity of minor movement x (veh/h),
= conflicting flow rate for movement x (vehk),
= critical gap (i.e., the minimum time that allows intersection entry for

one minor-stream vehicle) for minor movement x (s), and
= follow-up time (i.e., the time between the departure of one vehicle from
the minor street and the departure of the next under a continuous queue
condition) for minor movement x (s).

The potential capacity of a movement is denoted as cp,, (for movement x) and is
defined as the capacity for a specific movement, assuming the following base conditions:
* Traffic from nearby intersections does not back up into the subject intersection.
* A separate lane is provided for the exclusive use of each minor-street movement.
An upstream signal does not affect the arrival pattern of the major-street traffic.
No other movements of Rank 2 , 3 , or 4 impede the subject movement.
Potential capacity
defined

MOVEMENT CAPACITY
The potential capacity, cp,,, of minor-street movements is given in Exhibit 17-6 for a
two-lane major street and in Exhibit 17-7 for a four-lane major street. These figures show
the application of Equation 17-3 with the values presented in Exhibit 17-5. The potential
capacity is expressed as vehicles per hour (veh/h). The exhibits indicate that the potential
capacity is a function of the conflicting flow rate v,,, expressed as an hourly rate, as well
as the minor-street movement.
EXHIBIT 17-6. POTENTIAL CAPACITY FOR TWO-LANE STREETS
2000

1
-LT Major
- - RT Minor
- - . TH Minor
.- .....- ..- LT Minor

0
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EXHIBIT 17-7. POTENTIAL CAPACITY FOR FOUR-LANE STREETS
LUUU

I

LT Major

- - - RT Minor

- - - - TH Minor
................. LT Minor

Conflicting Flow Rate, v,, (vehlh)
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Impedance Effects

Vehicle lmpedance
Vehicles use gaps at a TWSC intersection in a prioritized manner. When traffic
becomes congested in a high-priority movement, it can impede lower-priority movements
(i.e., streams of Ranks 3 and 4) from using gaps in the traffic stream, reducing the
potential capacity of these movements.
Major traffic streams of Rank 1 are assumed to be unimpeded by any of the minor
traffic stream movements. This rank also implies that major traffic streams are not
expected to incur delay or slowing as they travel through the TWSC intersection.
Empirical observations have shown that such delays do occasionally occur, and they are
accounted for by using adjustments provided in the procedures.
Minor traffic streams of Rank 2 (including left turns from the major street and right
turns from the minor street) must yield only to the major-street through and right-turning
traffic streams of Rank 1. There are no additional impedances from other minor traffic
streams, and so the movement capacity of each Rank 2 traffic stream is equal to its
potential capacity as indicated by Equation 17-4.
C

.=c.

m,l

(17-4)

PJ

Compute c , , ~using
Equation 17-3

where j denotes movements of Rank 2 priority.
Minor traffic streams of Rank 3 must yield not only to the major traffic streams, but
also to the conflicting major-street left-turn movement, which is of Rank 2. Thus, not all
gaps of acceptable length that pass through the intersection will normally be available for
use by Rank 3 traffic streams, because some of these gaps are likely to be used by the
major-street left-turning traffic. The magnitude of this impedance depends on the
probability that major-street left-turning vehicles will be waiting for an acceptable gap at
the same time as vehicles of Rank 3. A higher probability that this situation will occur
means greater capacity-reducing effects of the major-street left-turning traffic on all Rank
3 movements.
17-9
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What is of interest to the analyst, therefore, is the probability that the major-street
left-turning traffic will operate in a queue-free state. This probability is expressed by
Equation 17-5:
If major-street through
and left-turn movements
are shared, use Equation
1 7-16. Also use
Equation 1 7-5 to
compute the probability
of queue-free state for
Rank 3 movements.

where j = 1 , 4 (major-street left-turn movements of Rank 2).
The movemen( capacity, c,,,~, for all Rank 3 movements is found by calculating a
capacity adjustment factor that accounts for the impeding effects of higher-ranked
movements. The capacity adjustment factor is denoted by fk for all movements k and for
all Rank 3 movements and is given by Equation 17-6.
fk

=QPo,j

(1 7-6)

I

where

p i
k

= probability that conflicting Rank 2 movement j will operate in a
queue-free state, and
= Rank 3 movements.

The movement capacity for the Rank 3 movements is computed using Equation 17-7.
(1 7-7)
' m , k = (c~,
k)fk
Also account for
pedestrian impedance, if
significant

Rank 4 movements (i.e., only the minor-street left turns at a four-leg intersection)
can be impeded by the queues of three higher-ranked traffic streams:
Major-street left-turning movements (Rank 2),
* Minor-street crossing movements (Rank 3), and
* Minor-street right-turning movements (Rank 2).
If the intersection has three legs, then the minor-street left turn is a Rank 3 movement and
should be evaluated using Equations 17-5 through 17-7.
The probability that each of these higher-ranked traffic streams will operate in a
queue-free state is central to determining their overall impeding effects on the
minor-street left-turn movement. At the same time, it must be recognized that not all of
these probabilities are independent of each other. Specifically, queuing in the
major-street left-turning movement affects the probability of a queue-free state in the
minor-street crossing movement. Applying the simple product of these two probabilities
will likely overestimate the impeding effects on the minor-street left-turning traffic.
Exhibit 17-8 can be used to adjust for the overestimate caused by the statistical
dependence between queues in streams of Ranks 2 and 3. The mathematical
representation of this curve is given by Equation 17-8.

where
= adjustment to the major-street left, minor-street through impedance

factor;
P
= (P~.~)(P~,~);
poZi = probability of a queue-free state for the conflicting major-street
left-turning traffic; and
=
probability
of a queue-free state for the conflicting minor-street
pOSk
crossing traffic.
I
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EXHIBIT 17-8. ADJUSTMENT TO IMPEDANCE FACTORS FOR
MAJOR LEFT TURN, MINORTHROUGH

The capacity adjustment factor for the Rank 4 minor-street left-turn movements can
be computed by Equation 17-9:
fl = ( P ~ ( P,j)O

(17-9)

where
I

= minor-street left-turn movement of Rank 4 (Movements 7 and 10 in

j

Exhibit 17-3), and
= conflicting Rank 2 minor-street right-turn movement (Movements 9
and 12 in Exhibit 17-3).

The variable p o j should be included in Equation 17-9 only if movement j is identified as a
conflicting movement. Refer to Exhibit 17-4 and the associated notes.
Finally, the movement capacity for the minor-street left-turn movements of Rank 4
can be determined from Equation 17-10:
cm,I = (6)(cP,/)

Compute cp,,using Equation
17-3

(17-10)

where 1 indicates movements of Rank 4 priority.
Rank 4 movements occur only at four-leg intersections. Equations 17-8 to 17-10 are
only required when evaluating four-leg intersections.

Pedestrian Impedance
Minor-street vehicle streams must yield to pedestrian streams. Exhibit 17-9 shows
the relative hierarchy between pedestrian and vehicular streams used in this methodology.
A factor accounting for pedestrian blockage is computed by Equation 17-1 1 on the basis
of pedestrian volume, the pedestrian walking speed, and the lane width.

I

Chapter 17 - Unsignalized Intersections
Methodology - TWSC Intersections

Highway Capacity Manual 2000
where
= pedestrian blockage factor, or the proportion of time that one lane on an

fpb

approach is blocked during 1 h;
= number of groups of pedestrians, where x is Movement 13, 14, 15, or

vx

16, as described in Equation 18-18;
= lane width (ft); and
= pedestrian walking speed, assumed to be 4.0 ftls.

w
Sp

EXHIBIT 17-9. RELATIVE PEDESTRIANNEHCLE HIERARCHY
Vehicle Stream

Must Yleld to Pedestrian Stream

Impedance Factor for Pedestrians, p,

"1

1' 6

4'

1' 5

7'

'151 1' 3

(pP,l5) (pP,13)

Pp,16
P,,l5

8'

'151 '16

(pp.15) (pP,16)

9'

'15, '14

( ~ ~ ~ (pp,14)
1 5 )

'10

'16, '14

(pp.16) (pp,14)

"1 1

'151 '16

(pp,15) (pp,16)

"1 2

'16, '13

(pp,16) (pp,13)

The pedestrian impedance factor for pedestrian movement x, pp,,, is computed by
Equation 17-12.
Pp.x = - fpb
If pedestrians are present to a significant degree, p

P,X

(17-12)
is included as a factor in Equations

17-6 and 17- 9. Equation 17-6 becomes

where pp,, takes on the values shown in Exhibit 17-9.
Equation 17-9 becomes
(17-1 4)
= P' PO,, pP,x
for Stream 10. Refer
where pp,, takes on the value pp,13 pp,15for Stream 7 and pp,,4
to Chapter 18 for a methodology to determine performance measures from a pedestrian
perspective at unsignalized intersections.
fi

Shared-Lane Capacity

Minor-Street Approaches
Where several movements share the same lane and cannot stop side-by-side at the
stop line, Equation 17-15 is used to compute shared-lane capacity.

C v~
C~~

=

Y

(17-1 5)

where
CSH

vy
Cm,~

Chapter 17 - Unsignalized lntersections
Methodology - TWSC lntersections
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= flow rate of the y movement in the subject shared lane (vehth), and
= movement capacity of the y movement in the subject shared lane
(vewh).
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Major-Street Approaches
The methodology implicitly assumes that an exclusive lane is provided to all leftturning traffic from the major street. In situations where a left-turn lane is not provided,
major-street through (and possibly right-turning) traffic could be delayed by left-turning
vehicles waiting for an acceptable gap. To account for this possibility, the factors

I

pi,l

and

Pi,4may be computed as an indication of the probability that there will be no queue

'

(sil ' s i p )

where
p i
j

il
i2

sil
s,.vil
vi2

I
I

in the respective major-street shared lanes.

= probability of queue-free state for movement j assuming an exclusive
left-turn lane on the major street,
= 1, 4 (major-street left-turning traffic streams),
= 2, 5 (major-street through traffic streams),
= 3, 6 (major-street right-turning traffic streams),
= saturation flow rate for the major-street through traffic streams (vehh)
(this parameter can be measured in the field),
= saturation flow rate for the major-street right-turning traffic (vehh)
(this parameter can be measured in the field),
= major-street through flow rate (vehh), and
= major-street right-turning flow rate (or 0 if an exclusive right-turn lane
is provided) (veh/h).

1
1
I

pi,4

in lieu of po,, and po4 (as computed by Equation 17-5), the
and
By using
potential for queues on a major street with shared left-turn lanes may be taken into
account.

Upstream Signals
The effects of upstream intersections can only be completely assessed with an
appropriate simulation model or field data. An appropriate model would include the
ability to represent traffic interactions in the gap acceptance process, platoon dispersion
qualities, and signalized intersection control systems.
The method considers the flow patterns resulting from traffic signals located on the
major street upstream of the subject TWSC intersection and the headway distribution
resulting from the platooned flow. The method is based on a platoon dispersion
algorithm (8-10). Exhibit 17-10 shows a generalized case of a TWSC intersection
located on a major street between two signalized intersections. The queues that form at
each signalized intersection during red phases will disperse as they travel downstream
away from the signalized intersection.
Four flow regimes, and thus headway distributions, result as the platoons arrive at the
unsignalized intersection:
Regime 1 : no platoons,
* Regime 2: platoon from the left only,
Regime 3: platoon from the right only, and
* Regime 4: platoons from both directions.
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EXHIBIT 17-10. PLATOON DISPERSION FROM UPSTREAM SIGNALIZED INTERSECTIONS
Platoon flow per~ods

m

0

m
C

3

0

T~me

Inputs for analysis o f
platoons

During Regime 1, minor-stream vehicles enter the subject TWSC intersection as
described by the traditional gap acceptance process. Whereas platoons are present from
both directions during Regime 4, no minor-stream vehicles are able to enter the subject
intersection since the mean headways of the platoon are assumed to be less than the
critical gap. Some of the minor-stream movements are blocked by the platoon during
Regimes 2 and 3 and are unable to enter the subject intersection. A minor stream is
considered to be blocked if a conflicting platoon is traveling through the TWSC
intersection; the stream is considered to be unblocked if no conflicting platoons are
traveling through the TWSC intersection.
If the traffic signals at the two upstream intersections are coordinated, these patterns
are predictable and occur at regular intervals. On the basis of the flow pattern that exists
during each regime, the capacity can be estimated. If one or both of the signals are
actuated, the patterns are less predictable.
The analyst needs the following data for each upstream signal:
Cycle length, C (s);
Major-street effective green time, geff(s);
Saturation flow rate, s (vehlh);
Distance from the signalized intersection to the TWSC intersection, D (ft);
Speed of the platoon as it progresses from the signalized intersection to the TWSC
intersection, Sprog(ft/s);
Upstream flow rate, including the through flow rate from the major-street approach
and, if applicable and significant, the left-turn flow rate from the minor street during an
exclusive left-turn phase; and
Arrival type of vehicles at the signalized intersection.
The method includes five sets of computations as identified in the following sections.

Time to Clear Standing Queue - Computation 1
In a typical four-leg upstream intersection, three movements combine to constitute
the exit-leg flow in the direction of the subject TWSC intersection. This is shown in
Exhibit 17-11.
The flow vOutconsists of two components. One is a stable platoon discharging at the
saturation flow rate when the signal changes from red to green. The second is more or
less random arrivals and departures, or a platoon from another upstream signal passing
through on the green phase.
In the context of this chapter, the first component includes both the portion of v~ that
arrives during red and the portion that arrives during green when the standing queue is
clearing. It also includes vL for the same periods if vL has an exclusive left-turn lane and
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a protected green phase. The second component includes the portion of vT (and vL. if
applicable) that arrives after the queue has cleared.
EXHIBIT 17-1 1. UPSTREAM SIGNALIZED INTERSECTION
The platooning effect of v, is
not considered in this
methodology

The time required for a standing queue to clear depends on the pattern of vehicles
arriving at the upstream signalized intersection. The arrival pattern (designated arrival
type in Chapter 16) is determined by the proportion of vehicles arriving during the green
phase.
The proportion of vehicles arriving on green is computed by Equation 17-17.
P = Rp(ge/C), P 1 1.0

(17-17)

where R p is a function of the arrival type (see Chapter 16).
The time to discharge the vehicles that arrive during red is given by Equation 17-18.
If an exclusive L T lane exists,
determine
* gql for TH movement

where vprogis either VT,prog or vLgprOt
and s is the total saturation flow rate of the through
or left movement of the upstream signalized intersection.
The time to discharge the vehicles that arrive on green and join the back of the queue
is given by Equation 17-19.

* gql for LT movement
* gq2 for TH movement
gq2 for LT movement

where vprogis either V T , or
~ v~ ~ ~~
,
~
~
~
~
The total time to discharge the queue is given by Equation 17-20.
gq = gq,

+

gq2

(17-20)

where O9 is less than or equal to geff.

Proportion of Time TWSC Intersection Is Blocked - Computation 2
The discharging queue from the upstream signal will disperse as it travels
downstream toward the subject TWSC intersection. A platoon dispersion model is used
to determine the length of time that the TWSC intersection is blocked by the densest part
of the platoon. The platoon headways are smaller than the critical gap, and thus no minor
movement at the TWSC intersection can enter the intersection during the passage of the
platoon. See Exhibit 17-12.
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EXHIBIT 17-12. PLATOOhl DISPERSION MODEL

D

. . . . . .

. .. ... . .. . .. ... ... .
. . . . . . . . .. . . .
. . .... . . . . . .. .

The basic platoon dispersion model parameters are listed below:
a = platoon dispersion factor, obtained from Exhibit 17-13;
fl = (I + a ) - ' ;
fa = D/Sprog,the travel time from the signalized intersection to the TWSC
intersection (s), where D is the distance from the upstream signal to the
subject movement (m) and Sprogis the average platoon running speed;
F = (1 + apt,)-'; and
f = vprog IVc , the proportion of the conflicting flow that originated as the
platoon at the upstream signal, where vprogis either v
~ when,
~
considering the platoon generated by the through movement or the
protected left-turn movement ( v ~ , ~when
~ ~ considering
,)
the platoon
generated by the protected left-turn movement from the minor street,
and vc is the major-street flow rate.

EXHIBIT 17-13. PLATOON DISPERSION FACTOR
Med~anType
Und~v~ded
Ra~sedCurb
TWLTL

s is the saturation flow
rate of the major-street
through lanes

Two TH Lanes

Factor, CL
Four TH ILanes

SIXTH Lanes

0.55
0.45
0.40

0.50
0.40
0.35

0.40
0.35
0.30

The maximum platooned flow rate in the conflicting stream is given by Equation
17-21.
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The miniinurn platooned llow rate, v,,,,,,,. is at least 3.600N/tC,where N is the
numbcr of through lanes per direction on the major street. It is assumed to be equal to
1.000N veh/h on the basis of simulation data (10).
The duration of the blocked period for either the through movement 01. the protected
Icf -turn movement is computed by using Equation 17-22.
If

'c,rnln

< sf and 'c,rnax

'c,rn/n

If vCsmin
2 sf or v
f

If

VC,,in

< Sf and

V,,,,

and

Vc,rnax 2

vprogRd; then

~5 v~,,~,,
, then
~

~

~

.=O

P,1

2 v~,,~,and vprogRJ2 vc,rn,,

then

The subscript i is set equal to T when the blocked period caused by the through
movement platoon is computed. The subscript is set to L when the blocked period caused
by the protected left movement platoon is computed.
The proportion of time blocked is computed by using Equation 17-23, considering
both the through movement and the protected left-turn movement platoons:

where i denotes either Movement 2 or Movement 5. Note that pi cannot exceed one.

Platoon Event Periods - Computation 3
This computation is used to determine the proportion of the analysis period during
which each of the four flow regimes exist. In particular, the proportion of the analysis
period that is unblocked for each minor movement is determined.
The existence of a traffic signal on both upstream approaches will result in an
overlapping platoon structure at the TWSC intersection. Depending on the signal timing
parameters, a range of cases may present themselves, from a best case of simultaneous
platoons from both directions to a worst case of alternating platoons from each direction.
An average case results in a partial overlap of the platoons. Exhibit 17-14 illustrates
these cases and can be used to represent the expected pattern averaged over the analysis
period.
If p2 and p7 represent the proportion of the analysis period during which Movements
2 and 5 (and their corresponding turning movements) are blocking the TWSC
intersection, respectively, the proportion of the analysis period during which blockages
exist can be computed. The dominant and subordinate platoons are determined by
Equations 17-24 and 17-25.
Pdom=

P 5)

(17-24)

Psubo = Min@2~

~ 5 )

(17-25)

If two-stage gap acceptance is
applicable, repeat
Computations 3, 4, and 5 for
the two-stage process for
Movements 7, 8, 10, and 11

Unconstrained conditions exist if there is some period of time during which neither
platoon is present. This condition is defined by Equation 17-26:

'

Pdorn @subd2)
(17-26)
The constrained condition exists if one or both platoons are always present. This
condition is defined by Equation 17-27.
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EXHIBIT 17-14. PLATOON OVERLAP CASES

'" I 1 1r,1 1n1 rl
1 I
1

7
L

.-0

I(

1 H
..
....
.

. . .

1. Unplatooned period
2. Blocked by dominant platoon

3. Blocked by subordinate platoon

...

4. Blocked by both platoons

R
0

e

a

0%
Best

Average

Worst

Best case: platoons completely overlap so unplatooned period is maximum.
Worst case: platoons alternate so unplatooned period is minimum.
Average case: one-half of subordinate plaloon is subsumed by dominant platoon.

Exhibit 17-15 indicates the proportion o f the analysis period for each o f the four flow
regimes for the average case. Exhibit 17-15 is used to determine the proportion of the
analysis period that is blocked and unblocked for each minor movement. The results for
each minor movement for the average case are given in Exhibit 17-16.
EXHIBIT 17-15. PROPORTION OF ANALYSIS PERIOD FOR EACH FLOW REGIME (AVERAGE CASE)
Flow Regime
1 - no platoons
2 - dominant platoon only
3 - subordinate platoon only
4 - both platoons

Unconstrained Condition
psub0l2)
Pdorn - P s u ~ o / ~

-

(Pdorn

Constrained Condition

0

+

~subo'~
Psub0l2

- PSU~O
I- Pdom
Pdom P S U ~-O
+

EXHIBIT 17-16. PROPORTION OF ANALYSIS PERIOD UNBLOCKED FOR EACH MINOR MOVEMENT
(AVERAGE CASE)
Proportion Unblocked for
Movement, p,
PI
P4

p7
p8
P9
Pl0

p11
P12
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Unconstrained Condition
1 -P,
1 -P,
+.psubd2)
- (Pdom P S U ~ O ~ ~ )
1 -P,

- (Pdom

Constrained Condition
1 -P5
1 -P,

0
0

+

- (Pdorn psuboI2)
- (Pdorn psuboI2)
1 -P5
+

1 -P,

0
0

+

1 -P5
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Conflicting Flows During Unblocked Period - Computation 4
The flow for the unblocked period (no platoons) is determined in this step. This flow
becomes the conflicting flow for the subject movement and is used to compute the
capacity for this movement.
The conflicting flow for movement x during the unblocked period is given by
Equation 17-28.

I

s is average saturation flow
rate of Major Movements 2
and 5 while performing singlestage analysis

(0 otherwise

where
v,,
s
p,

= total conflicting flow for movement x as determined from Exhibit 17-4;
= saturation flow rate of the major movement, which is the conflicting
flow for movement x during the blocked period; and
= proportion of time that the subject movement x is unblocked by the
major-street platoon, which is determined from Exhibit 17- 16.

Capacity During Unblocked Period - Computation 5
The capacity of the subject movement x, accounting for the effect of platooning, is
given by Equation 17-29:
Cp~at,x= Px Cr,x

I]
Adjust c,,~,to account for
impedance, shared lane and
flared approach

(17-29)

where
p,
c,,

= proportion of time that movement x is unblocked by a platoon; and
= capacity of movement x assuming random flow during the unblocked

period, using the conflicting flow, v,,,,,,
period, and Equation 17-3.

computed for this unblocked

Two-Stage Gap Acceptance
In this procedure, the intersection is assumed to consist of two parts, with the
minor-street traffic crossing the major street in two phases. Between the partial
intersections I and I1 there is a storage space for m vehicles (see Exhibit 17-17). This
area has to be passed by the left-turner from the major street (movement v, or v4) and the
minor through or left-turn traffic. It is assumed that the usual rules for TWSC
intersections are applied by drivers at the intersections. Thus, the major through traffic
has priority over all other movements.
The conflicting flow rates are defined for each minor-stream movement that uses the
two-stage gap acceptance process on the basis of Exhibit 17-4 for both the first-stage and
the second-stage movements. For the first stage, the conflicting flows consist of the
major-street flows from the left. For the second stage, the conflicting flows consist of the
major-street flows from the right. The streams included in each conflicting flow are
shown in Exhibit 17-4.
The capacity for the subject movement is computed assuming a single-stage gap
acceptance process through the entire intersection. Next, the capacities for Stage I, cl,
and Stage 11, cII, are computed using the appropriate values of critical gap and follow-up
time for the two-stage gap acceptance process from Exhibit 17-5. Note that c1 is the
capacity considering conflicting flows v1and that cI1is the capacity considering
conflicting flows vll (see Exhibit 17-4), and that they are determined by using Equation
17-3.
The capacity for the subject movement considering the two-stage gap acceptance
process is computed as follows. An adjustment factor a and an intermediate variable y
are computed using Equations 17-30 and 17-3 1.

I

Adjustment for the two-stage
gap acceptance is applicable
to Movements 7,8, 10, and 11

I
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where
cII,and c,,,are
capacities after being
adjusted for upstream
signals and impedance
Use v, when considering
Movements 7 and 8 and
v when considering
Ahvements 10 and I I
CP

m
c,
cll

vL
c

number of storage spaces in the median;
movement capacity for the Stage I process (veh/h);
movement capacity for the Stage I1 process (vehth);
major left-turn flow rate, either V, or V4 (veh/h); and
= capacity of subject movement considering the total conflicting flow rate
for both stages of a two-stage gap acceptance process.
=
=
=
=

EXHIBIT 17-17. TWO-STAGE GAP ACCEPTANCE INTERSECTION

The total capacity, cT, of the intersection for the subject movement considering the twostage gap acceptance process is computed using Equations 17-32 and 17-33.
For y # 1,

For y = 1,
CT
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Highway Capacity Manual 2000
Flared Minor-Street Approaches
IS n is defined as the number of spaces for passenger cars belonging to one
movement that can queue at the stop line without obstructing other movements, it is clear
that with n > 0, the capacity of the minor-street approach is increased compared with the
shared-lane condition. With an increase in n, the total capacity approaches the ideal case
in which each movement has its own infinitely long lane. In the situation shown in
Exhibit 17-1 8, the flared pavement provides space for two vehicles to proceed, one
alongside the other. In this case, the storage can be defined as n = 1, since one additional
vehicle is able to reach the stop line.
EXHIBIT 17-18. CAPACITY OF FLARED APPROACHES

The actual capacity resulting from this configuration will be greater than in the case
where the right-turn vehicles must share the lane and less than in the case where the
vehicles have separate lanes. The analyst must compute the average queue length for
each movement, considering the separate lane case, and consider the actual storage
available in the flared-lane area. Exhibit 17-18 shows how the actual capacity can be
interpolated using this information.
First, the average queue length for each movement sharing the right lane of the
approach is computed by using Equation 17-34, assuming that the right-turn movement
operates in one lane and that the other traffic in the right lane (upstream of the flare)
operates in another, separate lane.

where

dsep

= average queue length for the movement considered as a separate lane
(veh),
= control delay for the movement considered as a separate lane (s), and

'sep

= flow rate for the movement (vehth).

Qsep
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Next, the required length of the storage area such that the approach would operate
effectively as separate lanes is computed using Equation 17-35. This is the maximum
value of the queue lengths computed for each separate movement plus one vehicle.
nMaX = Max
I

round(^,^,^ i- I )

where
Qsepti

= average queue length for movement i considered as a separate lane;

round

= round-off operator, rounding the quantity in parentheses to the nearest

Max
nMa,

integer;
= operator determining the maximum value of the various values of
Qsep,i; and
= length of the storage area such that the approach would operate as
separate lanes.

Finally, the capacity of the approach is computed, taking into account the flare. The
capacity is interpolated as shown in Exhibit 17-18. A straight line is established using
~ ) (cSH,0). The interpolated value of c,,, is
values of two points: (Ccsep,n ~ , and
computed using Equation 17-36.
Cc,, is the sum of the
capacities of the rightturning traffic operating
as a separate lane and
the capacity of the other
traffic in the right lane
(upstream of the flare)
operating in a separate
lane

where
cact
csep

CSH

n

= actual capacity of flared approach (veh/h);
= capacity of the approach if both lanes were long (veh/h) [this is the

capacity of right-turning traffic operating as a separate lane and the
capacity of the other traffic in the right lane (upstream of the flare)
operating as a separate lane];
= capacity of the lane when all traffic is in one lane, in which all traffic in
the light lane is considered to share one lane (vehlh); and
= actual storage area as defined in Exhibit 17-18.

The actual capacity (c,,,) must be greater than

CSH

but less than or equal to csep.

ESTIMATING QUEUE LENGTHS
Estimation of queue length is an important consideration at unsignalized
intersections. Theoretical studies and empirical observations have demonstrated that the
probability distribution of queue lengths for any minor movement at an unsignalized
intersection is a function of the capacity of the movement and the volume of traffic being
served during the analysis period. Exhibit 17-19 can be used to estimate the 95thpercentile queue length for any minor movement at an unsignalized intersection during
the peak 15-min period on the basis of these two parameters (11).
The mean queue length is computed as the product of the average delay per vehicle
and the flow rate for the movement of interest. The expected total delay (vehicle-hours
per hour) equals the expected number of vehicles in the average queue; that is, the total
hourly delay and the average queue are numerically identical. For example, 4
vehicle-hourslhour of delay can be used interchangeably with an average queue length of
four (vehicles) during the hour.
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EXHIBIT 17-19. 95TH-PERCENTILE QUEUE LENGTH
Relationships between
expected queue length and
the total daily volume exist
only when unsaturated
systems are analyzed
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Equation 17-37 is used to calculate the 95th-percentile queue.

where
Qg5
vX
c
T

= 95th-percentile queue (veh),

= flow rate for movement x (vehth),
= capacity of movement x (vehk), and
= analysis time period (h) (T = 0.25 for a 15-min period).

CONTROL DELAY
The delay experienced by a motorist is made up of a number of factors that relate to
control, geometrics, traffic, and incidents. Total delay is the difference between the travel
time actually experienced and the reference travel time that would result during base
conditions, in the absence of incident, control, traffic, or geometric delay. In Chapters 16
and 17 of this manual. only that portion of total delay attributed to control measures,
either traffic signals or stop signs, is quantified. This delay is called control delay, and its
use is consistent between Chapters 16 and 17. Control delay includes initial deceleration
delay, queue move-up time, stopped delay, and final acceleration delay. With respect to
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field measurements, control delay is defined as the total elapsed time from the time a
vehicle stops at the end of the queue to the time the vehicle departs from the stop line.
This total elapsed time includes the time required for the vehicle to travel from the lastin-queue position to the first-in-queue position, including deceleration of vehicles from
free-flow speed to the speed of vehicles in queue.
Average control delay for any particular minor rnovcment is a function of the
capacity of the approach and the degree of saturation. The analytical model used to
estimate control delay (Equation 17-38) assumes that the demand is less than capacity for
the period of analysis. If the degree of saturation is greater than about 0.9, average
control delay is significantly affected by the length of the analysis period. In most cases,
the recommended analysis period is 15 min. If demand exceeds capacity during a 15-min
period, the delay results calculated by the procedure may not be accurate. In this case,
the period of analysis should be lengthened to include the period of oversaturation.
-

(3

5
-+
d =3600 + 9 0 0 ~5 - I
+
Cm,x

cm,x

+5

('l7-38)

-

where
d
v,
Cm,x

T
A constant value of 5.0 s
is used to reflect delay
during deceleration

= control delay (slveh),
= flow rate for movement x (vehh),
= capacity of movement x (vehh), and
= analysis time period (h) (T = 0.25 for a 15-min period).

The constant value of 5 s/veh is included in Equation 17-38 to account for the
deceleration of vehicles from free-flow speed to the speed of vehicles in queue and the
acceleration of vehicles from the stop line to free-flow speed. This equation is depicted
graphically in Exhibit 17-20 for a discrete range of capacities and a 15-min analysis
period.

-

EXHIBIT 17-20. CONTROL DELAY AND FLOW RATE

50

40 -

5
1
a

6
E
-

e

0

0

30-

20-

10-

0

0

I

I

I

I

I

I

I

200

400

600

800

1000

1200

1400

Movement Flow Rate (vehlh)

Chapter 17 - Unsignalized Intersections
Methodology - TWSC lntersections

160

High way Capacity Manual 2000
OTHER RELEVANT DELAY ESTIMATES
Delay to Rank I Vehicles
The effect of a shared lane on the major-street approach where left-turn vehicles may
block Rank 1 through or right-turning vehicles can be significant. If no exclusive leftturn pocket is provided on the major street, a delayed left-turn vehicle may block the
Rank 1 vehicles behind it. This will delay not only Rank 1 vehicles but also lowerranked streams. While the delayed Rank 1 vehicles are discharging from the queue
formed behind a left-turning vehicle, they impede lower-ranked movements with which
they conflict.
Field observations have shown that such a blockage effect is usually very small,
because the major street usually provides enough space for the blocked Rank 1 vehicle to
sneak by or bypass the left-turning vehicle. At a minimum, incorporating this effect
requires the proportion of Rank I vehicles being blocked and the average delay to the
major-street left-turning vehicles that are blocking through vehicles.
In the simplest procedure, the proportion of major Rank I vehicles not being blocked
(i.e., in a queue-free state) is given by p:,jin Equation 17-16 ( ph,jshould be substituted

II

for the major left-turn factor p o j in Equation 17-6 in calculating the capacity of lowerranked movements that conflict). Therefore, the proportion of Rank 1 vehicles being
blocked is 1 - p i , j .
The average delay to Rank 1 vehicles on this approach is computed by Equation
17-39.
bV ie1 c o m e s N
N
if v;, = 0

,

~(7-P~,j)dM,LT(~)
N>I
d ~ a n k l= '

where
dRank
N

ci

Vi,i + Vi,2

(1 7-39)

= delay to Rank 1 vehicles (slveh),

= number of through lanes per direction on the major street,

I

= proportion of Rank 1 vehicles not blocked (Equation 17-16),

dM,LT = delay to major left-turning vehicles (slveh),
vi,
= major-street through vehicles in shared lane (vehth), and
vi,2

dpLT is estimated using
qua tion 17-38

= major-street right-turning vehicles in shared lane (vehth).

Note that on a multilane road, only the major-street volumes in the lane that may be
. multilane roads if it is
blocked should be used in the calculation as vi,l and v ; , ~On
assumed that blocked Rank 1 vehicles do not bypass the blockage by moving across into
other through lanes (a reasonable assumption under conditions of high major-street
flows), then viTl= vl/N. Because of the unique characteristics associated with each site,
the decision on whether to account for this effect is left to the analyst.

Intersection and Approach Delay
The control delay for all vehicles on a particular approach can be computed as the
weighted average of the control delay estimates for each movement on the approach.
Equation 17-40 is used for the computation.

17-25

I

Chapter 17 - Unsignalized Intersections
Methodology - TWSC Intersections

Highway Capacity Manual 2000
where
dA
d,, d t , dl

= control delay on the approach (slveh);
= computed control delay for the right-turn, through, and left-turn

v,, v t , v,

= volume or flow rate of right-turn, through, and left-turn traffic on the

movements, respectively (slveh); and
approach, respectively (vehlh).
Similarly, the intersection control delay can be computed using Equation 17-41:

where
dAPx = control delay on approach x (slveh), and
VAPx = volume or flow rate on approach x (vehlh).

In applying Equations 17-40 and 17-41, the delay for all major-street movements of
Rank 1 is assumed to be 0 slveh.

lNTERPRETlhlG RESULTS
Shared Lanes
A movement, most often a left-turn movement, can sometimes have a poorer level of
service if it is given a separate lane than if it shares a lane with another movement
(usually a through movement). This is not inconsistent in terms of the stated criteria.
Left-turn movements will generally experience longer control delays than other
movements because of the nature and priority of the movement. If left turns are placed in
a shared lane, the control delay for vehicles in that lane may indeed be less than the
control delay for left turns in a separate lane. However, if delay for all vehicles is
considered, providing separate lanes will result in lower total delay.

Performance Measures

Some unsignalized
intersections estimated
to operate at LOS F will
not meet MUTCD
warrants for signalization

LOS F occurs when there are not enough gaps of suitable size to allow a minor-street
demand to safely cross through traffic on the major street. This is typically evident from
extremely long control delays experienced by minor-street traffic and by queuing on the
minor approaches. The method, however, is based on a constant critical gap size.
LOS F may also appear in the form of drivers on the minor street selecting smaller
than usual gaps. In such cases, safety may be a problem, and some disruption to the
major traffic stream may result. Note that LOS F may not always result in long queues
but in adjustments to normal gap acceptance behavior.
At TWSC intersections the critical movement, often the minor-street left turn, may
control the overall performance of the intersection. The lower threshold for LOS F is set
at 50 s of delay per vehicle. In some cases, the delay equations will predict delays greater
than 50 s for minor-street movements under very low-volume conditions on the minor
street (less than 25 vehh). Note that the LOS F threshold is reached with a movement
capacity of approximately 85 vehh or less.
This analysis procedure assumes random arrivals on the major street. For a typical
four-lane major street with average daily traffic volumes in the range of 15,000 to 20,000
vehicles per day (peak hour with 1,500 to 2,000 vehlh), the delay equation will predict
greater than 50 s of delay (LOS F) for many urban TWSC intersections that allow minorstreet left-turn movements. LOS F will be predicted regardless of the volume of minorstreet left-turning traffic. Even with an LOS F estimate, most low-volume minor-street
approaches would not meet any of the MUTCD volume or delay warrants for
signalization. As a result, analysts who use the HCM LOS thresholds to determine the
design adequacy of TWSC intersections should do so with caution.
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In evaluating the overall performance of TWSC intersections it is important to
consider measures of effectiveness in addition to delay, such as vlc ratios for individual
movements, average queue lengths, and 95th-percentile queue lengths. By focusing on a
single measure of effectiveness for the worst movement only, such as delay for the
minor-street left turn, users may make less effective traffic control decisions.

DETERMlNllVG llVTERSECTlON CONTROL TYPE
Determination of an appropriate control for an intersection, either signal control or a
form of stop control, can be accomplished by integrating information from several
sources. Traffic signal warrants, LOS analyses, accident data, and public complaints
form the basis for a decision to signalize an intersection or to use stop control. Three
documents, among others, are available to assist the traffic engineer in this assessment:
the MUTCD, the ITE Traffic Engineering Harzdbook (TEH) (12),and the HCM.
The MUTCD provides a set of warrants for determining the appropriate conditions
for signalization, two-way stop control, and all-way stop control. The following 11 signal
warrants are provided in the MUTCD: minimum vehicular volume, interruption of
continuous traffic, minimum pedestrian volume, school crossings, progressive movement,
accident experience, systems, combination of warrants, 4-h volumes, peak-hour delay,
and peak-hour volume. Although only one of these warrants must be met before a signal
is recommended, traffic engineers should ideally consider all these aspects in making a
decision concerning an intersection control type. This set of warrants represents guidance
based on collective professional consensus accumulated over many decades. Practicing
traffic engineers can refer to these warrants whenever issues concerning decisions on
intersection control types arise.
The TEH points out that traffic signals do not always increase safety and reduce
delay. Therefore, it may also be appropriate to consider all-way stop control. The TEH
cites the following warrants for all-way stop control (from the MUTCD):
1. As an interim measure that can be installed quickly while arrangements are being
made for a warranted traffic signal;
2. When an accident problem, as indicated by five or more reported accidents in a
12-month period, is of a type that can be corrected using a multiway stop and less
restrictive controls have not been successful; and
3. For the following minimum traffic volumes: (a) the total vehicle volume entering
the intersection from all approaches averages at least 500 vehth for any 8 h of an average
day, and (b) the combined vehicular and pedestrian volume from minor streets averages
at least 200 unitslh for the same 8 h with an average delay to minor-street traffic of at
least 30 slveh during the maximum hour [but when the 85th-percentile approach speed of
the major-street traffic exceeds 40 milh, minimum volume warrants are 70 percent of the
requirement in (a)].
Concerning traffic signal warrants, the TEH states:
Traffic signals that are appropriate]y justified, properly designed,
and effectively operated can be expected to achieve one or more of
the following:
1. To effect orderly traffic movement through an appropriate
assignment of right-of-way,
2. To provide for the progressive flow of a platoon of traffic
along a given route,
3. To interrupt heavy traffic at intervals to allow pedestrians
and cross-street traffic to cross or to enter the main-street flow,
4. To increase the traffic handling ability of an intersection, or
5. To reduce the frequency of occurrence of certain types of
accidents.

The analyses available in the
HCM may be valuable inputs
to the determination of control
types. Several sources
should be synthesized in
arriving at a decision.
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III. APPLICATIONS PART A
Guidelines on required
inputs and estimated
values are in Chapter 10

The analysis of TWSC intersections is generally applied to existing locations either
to evaluate operational conditions under current traffic demands or to estimate the effects
of anticipated demands. The methodology is specifically structured to yield an LOS and
an estimate of average control delay for an existing or planned TWSC intersection.
Design applications are treated as trial-and-error computations based on anticipated
improvements to an existing intersection or on the projected design of a new intersection.
Exhibit 17-21 shows the steps involved in the procedure. The procedure is divided
into three modules. In the first module, Initial Calculations, the analyst uses Worksheets
1 through 5 to record input conditions, compute the critical gap and follow-up time, and
determine the flow patterns that result from any upstream signalized intersections that
may affect the capacity of the subject intersection. The analyst uses Worksheets 6
through 9 from the second module, Capacity Calculations, to compute the capacity of
each movement and make adjustments for the effects of two-stage gap acceptance, shared
lanes, or flared minor-street approaches. The third module, Delay and LOS Calculations,
includes worksheets to compute the delay, queue length, and LOS for each approach.

SEQUENCE OF CAPACITY COMPUTATIONS
Computational sequence
is by order of priority of
movements

Since the methodology is based on prioritized use of gaps by vehicles at a TWSC
intersection, it is important that computations be made in a precise order. The
computational sequence is the same as the priority of gap use, and movements are
considered in the following order:
1. Right turns from the minor street,
2. Left turns from the major street,
3. Through movements from the minor street, and
4. Left turns from the minor street.

COMPUTATIONAL STEPS
Eleven worksheets are included in an appendix. The following steps describe how
computations are made and summarized using the worksheets. The procedure is the same
for three-leg and four-leg intersections.

Geometrics and Movements (Worksheet 1)
The sketch shows designated movement numbers, vl through v6 denoting majorstreet movements and v7 through v12 denoting minor-street movements. Lane
arrangement, street name, grade, and other pertinent geometric data are entered in the
right-hand sketch. General information and site information are entered in appropriate
fields.
Volume Adjustments (Worksheet 2)
Measured or forecast volumes (vehlh) for each movement are used to compute
hourly flow rates by dividing volume by PHF. Proportion of heavy vehicles (HV) is the
percentage of HVs divided by 100 and is used to compute the critical gap and the followup time. If pedestrians are present, the percentage of time that they block a lane on an
approach (denoted as percent blockage, fp) is determined using Equation 17-1 1.

Site Characteristics (Worksheet 3)
Information on lanes and traffic movements is entered. For example, if Movements
1, 2, and 3 all share a single lane and there are no other lanes on the approach, the string
1 , 2 , 3 would be entered in the Lane 1 column. The grade for each approach and presence
of channelized right-turn lanes are noted.
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EXHIBIT 17-21. TWSC INTERSECTION NIETHODOLOGY
Worksheets 1, 2,3 - User input

I>-

1

- Critical gap and
follow-up time computation
I

I

v

Worksheets 5, 6, 7 Impedance and movement
capacity calculations for
each stage and for single
stage for nonrandom flows

Worksheets 6,7 - lmpedance and
movement capacity calculations for
each stage and for single stage
considering random flows

I movement ca~acitvcalculations

I considering nonrahdom flows

1

I

I

Worksheet 8 - Compute
shared-lane capacity

Worksheet 9 - Compute
flared-lane caoacitv

Definitions of m and n are given in corresponding sections in the methodology (see
Exhibits 17-17 and 17-18). Median type (raised or TWLTL) will be used to determine
the platoon dispersion factor in accounting for the effect of upstream signals. If there is
an upstream signalized intersection within 0.25 mi of the intersection on the major street,
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required data to account for platooning are shown. Note that S2 denotes a signal
upstreanl of Movement 2 and that S5 denotes a signal upstream of Movement 5.
Saturation flow rate of the travel lanes between the upstream signals and the subject
TWSC intersection is noted.
If the analyst needs to compute delay to major-street vehicles resulting from sharing
a lane with major-street left-turning vehicles, relevant data are entered in the bottom
section of Worksheet 3.

Critical Gap and Follow-Up fime (Worksheet 4)
Exhibit 17-5 and Equations 17- 1 and 17-2 are used to compute the critical gap and
follow-up time, which is used in Equation 17-1 to determine potential capacities. If
two-stage gap acceptance exists, two sets of critical gap are calculated using tc,T values of
0.0 and 1.O, respectively.

Effect of Upstream Signals (Worksheet 5)
Worksheet 5 is used to compute the potential capacities affected by platooning from
upstream signalized intersections that are within 0.25 mi of the TWSC intersection. The
worksheet has five parts, a through e.
Workshcet 5a is used to determine the time required for the queue to clear from the
upstreanl signalized intersection for both the through movement and the protected leftturn movement. For determining the proportion of vehicles arriving on green (Equation
17- 17), Rp as a function of the arrival type can be obtained from Chapter 16.
Worksheet 5b is used to determine the proportion of time that the TWSC intersection
is blocked by the passing platoon from the upstream signalized intersection. The
following points should be noted. Median type from Worksheet 3 and Exhibit 17-13 are
used to determine the platoon dispersion factor, a. Unit conversion factors are needed for
D and Sprogto obtain the travel time, t,. In computing f (f = V~,,~/V,),
V, is typically the
major-street approach flow rate.
Worksheet 5c is uscd to determine the platoon event periods and the proportion of
time that is unblocked for each minor-stream movement. The dominant and subordinate
platoons are computed using Equations 17-24 and 17-25. Equations 17-26 and 17-27 are
used to determine whether the condition is unconstrained (there is some time during
which no platoons are present) or constrained (one or more platoons are always present).
The proportion of time that is unblocked is determined for each minor movement, p,,
using Exhibit 17-16 or equations given for the two-stage gap acceptance process.
Worksheet 5d is used to compute the conflicting flows during the unblocked period
for each minor movement. The conflicting flow, v,,,, is determined from Exhibit 17-4; s
is the saturation flow rate of the major-street through lanes; and values of p, are from
Worksheet 5c. The conflicting flow for movement x during the unblocked period, v,,,,,,
is computed using Equation 17-28. Similar computations are repeated for the two-stage
gap acceptance process if applicable.
Worksheet 5e is used to determine the capacity for the subject movement during the
unblocked period. The proportion of time that is unblocked for each minor movement,
p,, is from Worksheet 5c. The capacity for movement x during the unplatooned period
(assuming random flow), c,,,, is computed using Equation 17-3.

Impedance and Capacity Calculation (Worksheet 6)
The capacity for each movement is computed using Worksheet 6. Some equations
are shown on the worksheet. Flow rates are keyed to Worksheets 1 and 2.
Computations proceed in the prescribed order, considering first the right turns from
the minor street, followed by left turns from the major street, through movements from
the minor street, and left turns from the minor street. The user should solve for all
movements before proceeding to the next step. For example, both right turns in Step 1
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should be computed before proceeding to Step 2. For a four-leg intersection, use Steps 1,
2, 3, and 4, and for T-intersections, use Steps I, 2, and 5.

Two-Stage Gap Acceptance (Worksheet 7)
Worksheets 7a and 7b are used in place of Steps 3 and 4 in Worksheet 6 to compute
the potential capacity when a two-stage gap acceptance process exists. The sequence of
calculations is similar to [hat described for Worksheet 6, except that there are now three
parts, two for the two-stage process and one for the single-stage process. The conflicting
flow for the single stage is the sum of those for Stages I and 11of the two-stage process.
Parameters a and y are computed using Equations 17-30 and 17-31; Equation 17-32 or
17-33 is used to compute the two-stage movement capacity.

Shared-Lane Capacity (Worksheet 8)
Equation 17-15 is used to compute shared-lane capacity on Worksheet 8.

Effect of Flared Minor-Street Approaches (Worksheet 9)
Worksheet 9 is used to compute the effect of minor-street flared approaches.
Whereas threc columns are provided on the worksheet (for all minor movements), only
movements that share the right lane on the subject approach are included in the
computation.

Control Delay, Queue Length, Level of Service (Worksheet 10)
Worksheet 10 is used to compute control delay, average queue length, and level of
service. Control delay for each movement can be estimated from Exhibit 17-20 or
Equation 17-38. The 95th-percentile queue length is determined from Exhibit 17-19 or
Equation 17-37. LOS is then determined from Exhibit 17-2.

Delay to Rank 1 Vehicles (Worksheet 11)
Worksheet 11 is used to compute the delay to Rank 1 vehicles using Equation 17-39.

PLANNING AND DESIGN APPLICATIONS
This chapter provides a detailed means of evaluating the performance of a TWSC
intersection. An analyst may desire to estimate the LOS for a future time horizon.
Typically, only a limited amount of input data are available.
A planning analysis requires geometric and traffic flow data. The base values of
critical gap and follow-up time from Exhibit 17-5 are used. The effects of upstream
signals, two-stage gap acceptance, and flared right-turn approaches are normally not
accounted for in a planning analysis. However, if these data are available, they can be
included.
The planning analysis uses the same worksheets as a detailed analysis, with some
exceptions as noted below.
Worksheet 1 is used to describe basic conditions.
Worksheet 2 is used to summarize the vehicle volumes. Pedestrian volumes are
generally not used.
Worksheet 3 is used to note the lane designation for each movement. Generally,
the corrections for flared minor-street approach, median storage, and upstream signals are
not included.
Worksheet 4 is generally not used, since the base values from Exhibit 17-4 are
used without adjustment.
Worksheet 5 is not used, since the effect of upstream signals is generally not
included in a planning analysis.
Worksheet 6 is used to compute the movement capacities.
Worksheet 7 is used to include the effects of two-stage gap acceptance when there
is a divided roadway or TWLTL on the major street.
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Worksheet 8 is used to compute shared-lane capacities, if more than one
inovement shares thc same minor-street approach.
Worksheet 9 is not used, since the effect of flared minor-street approaches is
generally not included.
Worksheet 10 is not used, since the impedance and delay for the inajor through
movements are not accounted for in a planning analysis.
Worksheet 11 is used to compute capacity, delay, and LOS.
The detailed analysis procedure described earlier in this chapter is normally not used
for design purposes. However, through iteration, the analyst can use a given set of traffic
flow data to determine the number of lanes that would be required to produce a given
level of service.

PART B. ALL-WAY STOP-CONTROLLED INTERSECTIONS

-

I, INTRODUCTION PART B
Background and
concepts for A W S C
intersections are given in
Chapter 10

This section of Chapter 17 presents procedures for analyzing all-way stop-controlled
(AWSC) intersections (I). A glossary of symbols, including those used for AWSC
intersections, is found in Chapter 6.

I!.

METHODOLOGY - PART B

LEVEL-OF-SERVICE CRITERIA
LOS thresholds for
A WSC intersections
differ from those for
signalized intersections
to reflect different driver
expectations

The level-of-service criteria are given in Exhibit 17-22. The criteria for AWSC
intersections have different threshold values than do those for signalized intersections
primarily because drivers expect different levels of performance from distinct types of
transportation facilities. The expectation is that a signalized intersection is designed to
carry higher traffic volumes than an AWSC intersection. Thus a higher level of control
delay is acceptable at a signalized intersection for the same LOS.
EXHIBIT 17-22. LEVEL-OF-SERVICE CRITERIA FORAWSC INTERSECTIONS
Level of Service

I

Control Delav (slveh)

OVERVIEW OF METHODOLOGY
The methodology analyzes each intersection approach independently. The approach
under study is called the subject approach. The opposing approach and the conflicting
approaches create conflicts with vehicles on the subject approach.
AWSC intersections require drivers on all approaches to stop before proceeding into
the intersection. While giving priority to the driver on the right is a recognized rule in
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some areas, it is not a good descriptor of actual intersection operations. What in fact
happens is the development of a consensus of right-of-way that alternates between the
drivers on the intersection approaches, a consensus that depends primarily on the
intersection geometry and the arrival patterns at the stop line.
A two-phase pattern (Exhibit 17-23) is observed at a standard four-leg AWSC
intersection (one approach lane on each leg) where drivers from opposing approaches
enter the intersection at roughly the same time. Some interruption of this pattern occurs
when there are conflicts between certain turning maneuvers (such as a northbound leftturning vehicle and a southbound through vehicle), but in general the north-south streams
alternate right-of-way with the east-west streams. A four-phase pattern (Exhibit 17-23)
emerges at multilane four-leg intersections, where the development of the right-of-way
consensus is more difficult. Here drivers from each approach enter the intersection
together as right-of-way passes from one approach to the next and each is served in turn.

EXHIBIT 17-23. OPERATION PATTERNS AT AWSC INTERSECTlOhlS

Two phase
(two-lane streets)

Four phase
(multilane streets)

The headways of vehicles departing from the subject approach fall into one of two
cases. If there are no vehicles on any of the other approaches, subject approach vehicles
can enter the intersection immediately after stopping. However, if there are vehicles
waiting on a conflicting approach, a vehicle from the subject approach must wait for
consensus with the next conflicting vehicle. The headways between consecutively
departing subject approach vehicles will be shorter for the first case than for the second.
Thus, the headway for a departing subject approach vehicle depends on the degree of
conflict experienced with vehicles on the other intersection approaches. The degree of
conflict increases with two factors: the number of vehicles on the other approaches and
the complexity of the intersection geometry.
Two other factors affect the departure headway of a subject approach vehicle:
vehicle type and turning movement. The headway for a heavy vehicle will be longer than
for a passenger car. Furthermore, the headway for a left-turning vehicle will be longer
than for a through vehicle, which in turn will be longer than for a right-turning vehicle.
In summary:
1. AWSC intersections operate in either two-phase or four-phase patterns, based
primarily on the complexity of the intersection geometry. Flows are determined by a
consensus of right-of-way that alternates between the north-south and east-west streams
(for a single-lane approach) or proceeds in turn to each intersection approach (for a
multilane approach).
2. The headways between consecutively departing subject approach vehicles
depend on the degree of conflict between these vehicles and the vehicles on the other

Two cases for departure
headways

-
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intersection approaches. The degree of conflict is a function of the number of vehicles
faced by the subject approach vehicle and of the number of lanes on the intersection
approaches.
3. The headway of a subject approach vehicle also depends on its vehicle type and
its turning maneuver.

1
Capacity defined

CAPACITY MODEL
Capacity is defined as the maximum throughput on an approach given the flow rates
on the other intersection approaches. The capacity model described here is an expansion
of earlier work (2). The model is described for four increasingly complex cases: the
intersection of two one-way streets, the intersection of two two-way streets, a generalized
model for single-lane sites, and a generalized model for multilane sites.

1

Intersection of Two One-Way Streets
The first formulation of the model is based on the intersection of two one-way
streets, each stop-controlled. Vehicles on either approach travel only straight through the
intersection. See Exhibit 17-24.
EXHIBIT 17-24. AWSC CONFIGURATION - FORMULATION 1

I-

!

Conflicting approach

I
I

The service time for a vehicle assumes one of two values: s l is the service time if no
vehicle is waiting on the conflicting approach and s2 is the service time if a vehicle is
waiting on the conflicting approach. The mean service time for vehicles on an approach
is the expected value of this bivalued distribution. For the northbound approach, the
mean service time is computed by Equation 17-42:
SN=S7( I - x w ) + s p x W

1

(17-42)

where x, is the degree of utilization of the westbound approach and is equal to the
probability of finding at least one vehicle on that approach. Thus 1 - x, is the
probability of finding no vehicle on the westbound approach.
By symmetry, the mean service time for the westbound approach is given by
Equation 17-43.
sW=s, (I-xN) +s2xN

(17-43)

Since the degree of utilization x is the product of the arrival rate h and the mean
service time s, the service times for each approach can be expressed in terms of the
bivalued service times and the arrival rates on each approach, as in Equations 17-44 and
17-45.
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Intersection of Two Two-Way Streets
The service time for a vehicle assumes one of two values, s , or s2. The mean service
time for vehicles on an approach is the expected value of this bivalued distribution. A
northbound vehicle will have a service time of s , if the eastbound and westbound
approaches are empty simultaneously. The probability of this event is the product of the
probability of an empty westbound approach and the probability of an empty eastbound
approach. The mean service time for the northbound vehicle is computed using Equation
17-46. See Exhibit 17-25.

Unlike Folmulation I, it is not possible to solve directly for the mean service time in
terms of a combination of arrival rates and the bivalued service times. The service time
on any approach is dependent on or directly coupled with the traffic intensity on the two
conflicting approaches. This coupling prevents a direct solution. However, it is possible
to solve for the service time on each approach in an iterative manner on the basis of a
system of equations of the form shown in Equation 17-46.
EXHIBIT 17-25. AWSC CONFlGLlRATlON - FORMIJLATION 2

Conflicting
approach from left

-/

I

'

I
I

Conflictirlg
approach from right

Generalized Model for Single-Lane Sites
The generalized model is based on five saturation headway values, each reflecting a
different level or degree of conflict faced by the subject approach driver. Exhibit 17-26
specifies the conditions for each case and the probability of occurrence of each. The
probability of occurrence is based on the degree of utilization on the opposing and
conflicting approaches. The essence of the model, and its complexity, is evident when
one realizes that the traffic intensity on one approach is computed from its capacity,
which in turn depends on the traffic intensity on the other approaches. The
interdependence of the traffic flow on all intersection approaches creates the need for
iterative calculations to obtain stable estimates of departure headway and service time,
and thus capacity.

Capacity is determined by an
iterative procedure
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EXHIBIT 17-26. PROBABILITY OF DEGREE-OF-CONFLICT CASE
Degree-of-Conflict Case
I

Sub
Y

2
3

Y
Y
Y

3

Approach
Con-L
Opp
N
N
Y
N
N

N
Y
N

Con-R
N

Probability of Occurrence

N
N
Y

(xo)(l-xc~)(l-xc~)

(l-xo)(l-xc~)(l-xc~)
(l-xo)(xCL)(l-xc~)
(1-xo)(7-x~L)(x~~)

Note: Sub is the subject approach. Opp is the opposing approach. Con-L is the conflicting approach from the left. Con-R is
the conflicting approach from the right.

From Exhibit 17-26, the probability, P(Ci), for each degree-of-conflict case can be
computed using Equations 17-47 through 17-51. The degrees of utilization on the
opposing approach, the conflicting approach from the left, and the conflicting approach
, xCR,respectively.
from the right are given by xo, x C ~and

The departure headway for an approach is the expected value of the saturation
headway distribution, computed by Equation 17-52.

where P(Ci) is the probability of the degree-of-conflict case Ci and ki is the saturation
headway for that case, given the traffic stream and geometric conditions of the
intersection approach.
The service time required for the calculation of delay is computed (using Equation
17-53) on the basis of the departure headway and the move-up time.
tS = h d - m
Volume is increased until
X > 1.0

(17-53)

where t, is the service time, hd is the departure headway, and m is the move-up time.
The capacity is computed as follows. The volume on the subject approach is
increased incrementally until the degree of utilization on any one approach exceeds 1.O.
This flow rate is the maximum possible flow or throughput on the subject approach under
the conditions used as input to the analysis.

Generalized Model for Multilane Sites
Saturation headways at multilane sites will probably be longer than at single-lane
sites, all other conditions being equal. This is the result of two factors. A larger
intersection geometry (i.e., greater number of lanes) requires more travel time through the
intersection, thus increasing the saturation headway. Additional lanes also mean an
increasing degree of conflict with opposing and conflicting vehicles, again increasing
driver decision time and the saturation headway.
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By contrast, some movements may not as readily conflict with each other at
multilane sites as at single-lane sites. For example, a northbound vehicle turning right
may be able to depart simultaneously with an eastbound through movement if the two
vehicles are able to occupy separate receiving lanes when departing to the east. This
ineans that in some cases the saturation headway may be lower at multilane sites.
In the theory described earlier, it was proposed that the saturation headway is a
function of the directional movement of the vehicle, the vehicle type, and the degree of
conflict faced by the subject vehicle. This theory is extended here for multilane sites with
respect to the concept of degree of conflict: saturation headway is affected to a large
extent by the number of opposing and conflicting vehicles faced by the subject driver.
For example, in Degree-of-Conflict Case 2, a subject vehicle is faced only by a vehicle on
the opposing approach. At a two-lane approach intersection, there can be either one or
two vehicles on the opposing approach. Each degree-of-conflict case is expanded to
consider the number of vehicles present on each of the opposing and conflicting
approaches. The cases are defined in Exhibits 17-27 and 17-28 for two-lane and threelane approaches, respectively.
EXHIBIT 17-27. DEGREE-OF-CONFLICT CASES FORTWO-LANE APPROACH INTERSECTIONS
Approaches with Vehicles

Degree-of-Conflict
Case
Opposing

1
2
3

X

4

X

Conflicting Left

Number of Opposing and
Conflicting Vehicles

Conflicting Right

0
1, 2
1, 2

X
X

2, 3 , 4

X
X

X

5

x

X

X

x

x

3 , 4 , 5 ,6

EXHIBIT 17-28. DEGREE-OF-CONFLICT CASES FORTHREE-LANE APPROACH I hlTERSECTlOhlS
Degree-of-Conflict
Case

Approaches with Vehicles
Opposing

1
2
3

Conflicting Left

Conflicting Right

1

Number of Opposing and
Conflicting Vehicles

0
1,2,3
1,2,3

x
x
X

4

x

x

5

x

2, 3 , 4 , 5, 6
X

X
X

X

x

x

3 , 4 , 5, 6,7, 8,9

For multilane sites, separate saturation headway values have been computed for the
number of vehicles faced by the subject vehicle for each degree-of-conflict case. This
requires a further extension of the service time model to account for the increased number
of subcases.
Exhibit 17-29 gives the 27 possible combinations of the number of vehicles on each
approach for each degree-of-conflict case for intersections with two lanes on each
approach.
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EXHIBIT

17-29. PROBABII-ITY OF DEGREE-OF-CONFLICT CASE-MIJLT-ANE AWSC INTERSECTIONS
(TWO-LANE APPROACH)

I

1

Number of Vehicles on Approach
DOC CaseiVehicles

1

Subject Approach

Opposing Approach

1

Conflicting Left
Approach

1

Conflicting Right
Approach

Note: DOC CaseNehicles is the degree-of-conflict case and the number of vehicles on the opposing and conflicting approaches.

These combinations can be further subdivided if a vehicle can be on either one of the
lanes on a given approach. Exhibit 17-30 gives the 64 possible combinations when
alternative lane occupancies are considered; a 1 indicates that a vehicle is in the lane, and
a 0 indicates that a vehicle is not in the lane. Similarly, possible combinations can be
developed for intersections with three lanes on each approach.
The probability of a vehicle being at the stop line in a given lane is x, the degree of
utilization. The product of the six degrees of saturation (encompassing each of the six
lanes on the opposing or conflicting approaches) gives the probability of any particular
combination occurring.
The departure headway of the approach is the expected value of the saturation
headway distribution, given by Equation 17-54.

where i represents each combination of the five degree-of-conflict cases and hsi is the
saturation headway for that combination.
The iterative procedure to compute the departure headways and capacities for each
approach as a function of the departure headways on the other approaches is the same as
described earlier. The additional subcases clearly increase the complexity of this
computation, however.
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EXHIBIT 17-30. PROBABII-ITY OF DEGREE-OF-CONFLICT CASE-MIJLTII-ANEAWSC
(TWO-LANE APPROACHES, BY LANE)

;

~

Opposing Conflicting Left Approach
DOC Cehc;lsai;

L1

1

L2

L1

0

I

0

0

IhITERSECTlONS

Conflicting Right Approach
L2
L1
0
0

p
p

L2
0

Exhibit 17-30 continues on
next page
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EXHIBIT 17-30 (CONTINUED). PROBABILITY OF DEGREE-OF-CONFLICT CASE-MULTILANE AWSC
INTERSECTIONS (TWO-LANEAPPROACHES, BY LANE)
i

DOC CaseNehicles

46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

514

Opposing Approach
L1
L2
1
0
0
1
1
0
1
0
1
0
1
0
1
1
0
1
1
0
1
1
1
1
1
1
1
0
1
1
1
1
0
1

515

1
1

1

516

Conflicting Left Approach
L1
L2
0
1
1
1
1
1

1

1

1

0

1

1
1

0
1

0
1
0
1

1
1

0
0

1

1
1

0
1
1

0
1
1
1

0

1

1

1

1

1
1

Conflicting Right Approach
L2
L1
1
1
1
0
1
0
1
1
1
0
1
1
1
0
1
0
1
1
1
0
1
0
1
0
1
1
1
1
1
1
1
1
1
0
1
0
1
1

Notes:
DOC CaseNehicles is the degree-of-conflict case and the number of vehicles on the opposing and conflicting approaches.
L1 is Lane 1, and L2 is Lane 2.

CONTROL DELAY
The delay experienced by a motorist is made up of a number of factors that relate to
control, geometrics, traffic, and incidents. Total delay is the difference between the travel
time actually experienced and the reference travel time that would result during base
conditions, in the absence of incident, control, traffic, or geometric delay. Equation
17-55 can be used to compute delay.
(17-55)

where
d
x

= average control delay (slveh),
= degree of utilization (vhd/3600),

t,

= service time (s),

hd

T

= departure headway (s), and
= length of analysis period (h).

-

Ill. APPLICATIONS PART B
Guidelines on required
inputs and estimated
values are given in
Chapter 10

The methodology is applied through a set of five worksheets. They relate to input
data, saturation headways, departure headways and service time, and capacity and level
of service.
Exhibit 17-31 shows the analysis steps and identifies the worksheets used. The
worksheets themselves are found at the end of this chapter.
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EXHIBIT 17-31. AWSC INTERSECTION METHODOLOGY

(
7

1

Saturation neaaway
adjustment

3llCCL 'I

Probability states

~

Worksheet 4
Saturation headway

I
/

Departure headway
Difference < 0.1 s

Worksheet 5

1

Final degree of utilization

m

I

Capacity

I
Delay and LOS

COMPUTATIONAL STEPS
Geometrics and Movements (Worksheet 1)
Worksheet 1 shows the basic features of the intersection and the movements of
interest. The intersection name, the analyst's name, the count date, and the time period
are entered on this form. The north orientation arrow is also entered.

Volume Adjustments and Lane Assignments (Worksheet 2)
Movement volumes are entered into the upper tier of Worksheet 2 and adjusted for
peaking by dividing volume by PHF to obtain hourly flow rates. The percentage of heavy
vehicles is used to compute the headway adjustment factor in Worksheet 3. Flow rates
for each lane by movement are entered into the lower tier of Worksheet 2. If more than
one lane is available to a certain movement and its traffic volume distribution per lane is
unknown, an equal distribution of volume among the lanes can be assumed. Exhibit
17-32 is consulted to determine the geometry group for each approach.
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The geometry group is
needed to look up base
saturation headways and
headway adjustment
factors.

EXHIBIT 17-32. GEOMETRY GROUPS

i

1

Geometry Group

Intersection
Configuration

1

4 leg or T
4 leg or T

4b

4 leg
4 leg or T
4 leg or T
4 leg o r T

5
6

Number of Lanes
Subject Approach

Opposing Approach

Conflicting Approaches

1

1or2

2
3
3

Note:
a. If the number of lanes on the subject approach is 3 and the number of lanes on either the opposing or conflicting approaches
is 1, the geometry group is 5. Othenuise, if the number of lanes on the subject approach is 3, the geometry group is 6.

Saturation Headways (Worksheet 3)
Saturation hcadway adjustments for left turns, right turns, and heavy vehicles are
given in Exhibit 17-33. The headway adjustment for each lane is computed by Equation
17-56.
where
had, = headway adjustment,
hLT-ad, = headway adjustment for left turns,
hRT-ad; = headway adjustment for right turns (either -0.6 or -0.7),
hHV-adj = headway adjustment for heavy vehicles,
PLT = proportion of left-turning vehicles on the approach,
PRT = proportion of right-turning vehicles on the approach, and
PHV = proportion of heavy vehicles on the approach.
EXHIBIT 17-33. SATURATION HEADWAY ADJUSTMENTS BY GEOMETRY GROUP
Factors

Group 1

1

Saturation Headway Adjustment (s)
Group 2

Group 3a

Group 3b

/

Group 4a

I Group 4b I

Group 5

1

Group 6

Departure Headway and Service Time (Worksheet 4)

Worksheet 4a

Note that if it is not the
final iteration and the
degree of utilization
exceeds I , then the
degree of utilization is
reset to I .

With the lane flow rates from Worksheet 2 and the initial departure headway of 3.2 s.
the initial degree of utilization, x, is computed using Equation 17-57.

Calculations of hd, with the assistance of Worksheet 4b, are repeated until the values of
departure headway for each lane change by less than 0.1 s from the previous iteration.
Computation of hd for each lane and each iteration utilizes Worksheet 4b and follows the
four steps described below.

Worksheet 4b
Step 1. Computation of probability states. The probability state of each combination
i is determined using Equation 17-58.
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where
j

aI

P(aI)

=

01 (opposing approach, Lane I), 0 2 (opposing approach, Lane 2),
CLI (conflicting left approach, Lane I), CL2 (conflicting left, Lane 2),
CRI (conflicting right, Lane I), and CR2 (conflicting right, Lane 2) for
a two-lane two-way AWSC intersection;
= 1 (indicating a vehicle present) or 0 (indicating no vehicle present in the
lane) (values of aj for each lane in each combination i are listed in
Exhibit 17-30); and
= probability of aj, computed on the basis of Exhibit 17-34, in which Vj is
the lane flow rate.
EXHIBIT 17-34. PROBABII-ITY OF ai

1

0
0
>0
>0

0
1

0

0
1

xi"

1 - xia

Note:
a. x is the degree of utilization defined in Equation 17-57.

Step 2. Probability adjustment factor. The probability adjustment is computed,
using Equations 17-59 through 17-63, to account for the serial correlation in the previous
probability computation. First, the probability of each degree-of-conflict case must be
determined.
P(C,) = P(1)

(17-59)

The probability adjustment factors are then computed using Equations 17-64 through
17-68.
AdjP(1) = a[P(C2) + 2P(C3) + 3P(C4) +4P(Cd]ll

(17-64)

AdjP(2) through AdjP(4) = or[P(C3) + 2P(C4) + 3P(C5) - P(C2)y3

(17-65)

AdjP(5) through AdjP(I0) = W ( C J + 2P(C5) - 3P(C3)y6

(17-66)

AdjP(1I) through AdjP(37) = a [P(C5)- 6P(C4)y27

(17-67)

AdjP(38) through AdjP(64) = -a[lOP(C,)y27

(17-68)

where a equals 0.01 (or 0.00 if correlation among saturation headways is not taken into
account).
The adjusted probability P'(i) for each combination is simply the sum of P(i) and
AdjP(i), as given by Equation 17-69.
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Step 3. Saturation headway. The saturation headway hsi is the sum of the base
saturation headway as given in Exhibit 17-35 and the saturation headway adjustment
factor from Worksheet 3. Note that all values in the hadjcolumn should be the same
because one Worksheet 4b is used for each lane.
Step 4. Departure headway. Departure headway is computed using Equation 17-54.
EXHIBIT 17-35. SATUR4TlON HEADWAY VALUES BY CASE AND GEOMETRY GROUP

Case
1

No.of
Veh
0

Group
1
3.9

Group
2
3.9

Group
3a
4.0

Base Saturation Headway (s)
Group
Group
Group
3b
4a
4b
4.3
4.0
4.5

Group
5
4.5

Group
6
4.5

Capacity and Level of Service (Worksheet 5)

Capacity is estimated for
a stated set of opposing
and conflicting volumes

Worksheet 5 is used to determine delay and LOS. Control delay per vehicle is
computed for each lane and each approach using Equation 17-55. The approach delay is
the weighted average of the delay on each lane, and the intersection delay is the weighted
average of the delay on each of the approaches. The LOS for each approach and for the
intersection is determined using Exhibit 17-22 and the computed values of control delay.
The capacity of each approach is computed under the assumption that the flows on
the opposing and conflicting approaches are constant. The given flow rate on the subject
lane is increased and the departure headways are computed for each approach using
Worksheets 4a and 4b until the degree of utilization for the subject lane reaches 1. When
this occurs, the final value of the subject approach flow rate is the maximum possible
throughput or capacity of this lane. Note that the move-up time for the lane is either 2.0 s
(for Geometry Groups 1 through 4) or 2.3 s (for Geometry Groups 5 and 6).

PLANNING AND DESIGN APPLICATIONS
The operational analysis method described earlier in this chapter provides a detailed
procedure for evaluating the performance of an AWSC intersection. To estimate LOS for
a future time horizon, a planning analysis based on the operational method is used. The
planning method uses all the geometric and traffic flow data required for an operational
analysis, and the computations are identical. However, many input variables are
estimated (or defaults used) when planning applications are performed.
The operational analysis described earlier in this chapter is not normally used for
design purposes. However, through iteration the analyst can use a given set of traffic
flow data and determine the number of lanes that would be required to produce a given
level of service.
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PART C. ROUNDABOUTS

I.

-

lNTRODUCTlON PART C

In this section of Chapter 17, procedures for the analysis of roundabouts are
presented. Terminology applying to the unique characteristics of roundabout capacity is
introduced. For ease of reference, the following terms are defined:
c, = approach capacity,
v, = approach flow rate, and
v, = circulating flow rate.
Roundabouts have been used successfully in cities throughout the world and are
being used increasingly in the United States. Although extensive literature on roundabout
modeling has evolved worldwide, there is limited experience with their application in
North America. Accordingly, a comprehensive methodology for all situations cannot be
offered. The procedure described in this section makes the best use of the limited field
data collected at roundabouts in the United States to modify the operating parameters of
established performance analysis techniques. Whereas it should be used with care until
additional research is conducted, the procedure does provide the U.S. practitioner with
basic guidelines concerning the capacity of a roundabout.
Intersection analysis models generally fall into two categories. Empirical models
rely on field data to develop relationships between geometric design features and
performance measures such as capacity and delay. Analytical models are based on the
concept of gap acceptance theory. The choice of an analysis approach depends on the
calibration data available. Empirical models are generally better but require a number of
congested roundabouts for calibration. Gap acceptance models, however, can be
developed from uncongested roundabouts ( I ) . A gap acceptance approach for analyzing
roundabouts is presented here.

11.

-

I

METHODOLOGY PART C

1

OVERVIEW OF METHODOLOGY
The capacity at a roundabout can be estimated using gap acceptance techniques with
the basic parameters of critical gap and follow-up time.
It has generally been assumed that the performance of each leg of a roundabout can
be analyzed independently of the other legs, and consequently most techniques tend to
use information on only one leg (2, 3). Exhibit 17-36 shows the traffic flows being
considered.
It has also been shown (4) that the origin-destination paths at roundabouts affect the
capacity. This is reasonable, as the increased number of drivers who use a smaller radius
when making a left turn will travel farther around the roundabout, will travel slower, and
may have a longer intraplatoon headway (or lower saturation flow). The longer
intraplatoon headway will reduce the opportunities for drivers to enter the roundabout,
and the capacity will be reduced.
In other circumstances, drivers at roundabouts in other countries have been found to
accept small gaps. This behavior has now been found to cause the following circulating
drivers to slow and the following headways to be reduced. This affects the predicted
capacity if only the circulating headways are used. Good estimates of capacity have been
found for single-lane roundabouts if the circulating flows are assumed to be random.
This is the same assumption that has been used in the analysis of TWSC intersections.

17-45

The roundabout methodology
is based on gap acceptance

Headways are assumed to be
randomly distributed
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TYPES OF FACILITIES
This chapter addresses the capacity and level-of-service (LOS) analysis of facilities
serving pedestrians. Specifically. procedures are provided for the following types of
pedestrian facilities.
* Walkways and sidewalks-facilities such as terminals, sidewalks, stairs, and paths
designated exclusively for pedestrians.
Pedestrian queuing areas-areas where pedestrians stand temporarily, while
waiting to be served. Queuing areas are found at elevators, transit platforms, and street
crossings.
* Shared off-street paths-paths physically separated from highway traffic for the
use of pedestrians, bicycles, skateboards, and other nonmotorized traffic.
* Pedestrian crosswalks-pedestrian crossings at signalized and unsignalized
intersections.
* Pedestrian facilities along urban streets-designated pedestrian sidewalks on urban
streets, incurring the impacts of both uninterrupted flow and fixed interruptions.

Background and concepts for
this chapter are in Chapter I I

LlMlTATlONS OF THE METHODOLOGY
This chapter treats each of these facilities from the point of view of the pedestrian.
Procedures for assessing the impact of pedestrians on vehicular capacity and LOS are
incorporated into other chapters. The material in this chapter is the result of research
sponsored by the Federal Highway Administration (I).
The pedestrian methodology for midblock sidewalk analysis cannot determine the
effects of high volumes of pedestrians entering from doorways of office buildings or
subway stations. It also cannot determine the effects of high volumes of motor vehicles
entering or leaving a parking garage and crossing the sidewalk area. Moreover, the
methodology gives no consideration to grades; it is adequate for grades between -3 and
+3 percent; however. the effects of more extreme grades have not been well documented.

II.

METHODOLOGY

The methodology provides the framework for pedestrian facility evaluation. The
analyst will be able to investigate the effects that bicycles and traffic signals have on the
pedestrian facility as well as the effect of pedestrian volume on flow and LOS.

LOS
LOS thresholds are given for the analysis of each pedestrian facility type, because
performance measures vary. Chapter 1 1 describes the thresholds and service and
performance measures in detail.

DETERMINING PEDESTRIAN WALKING SPEED
Pedestrian walking speed depends on the proportion of elderly pedestrians (65 years
of age and older) in the walking population (I). If 0 to 20 percent of pedestrians are
elderly, a walking speed of 4.0 ft/s is recommended for computations for walkways. If
elderly pedestrians constitute more than 20 percent of all pedestrians, a 3.3 ft/s walking
speed is recommended. In addition, an upgrade of 10 percent or greater reduces walking
speed by 0.3 ft/s.

Influences on pedestrian
walking speed
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DETERMINING EFFECTIVE WALKWAY WIDTH
Effective walkway width

Effective walkway width is the portion of a walkway that can be used effectively by
pedestrians. Several types of walkway obstructions (see Exhibit 18-1 and Exhibit 18-2)
tend to make pedestrians shy away. Effective walkway width is computed using
Equation 18- 1.
(18-1)

WE= WT- Wo

where
WE
WT
Wo

= effective walkway width (ft),
= total walkway width (ft), and

= sum of widths and shy distances from obstructions on the walkway (ft).
EXHIBIT 18-1. WIDTH ADJUSTMENTS FOR FIXED OBSTACLES

W, =Total walkway width

WE = Effective walkway width

A schematic showing typical obstructions and the estimated width of walkway they
preempt is provided in Exhibit 18-1. Exhibit 18-2 lists the width of walkway preempted
by curbs, buildings, or fixed objects. The values in Exhibit 18-2 can be used when
specific walkway configurations are not available.
The effective length of an occasional obstruction is assumed to be 5 times its
effective width. The average effect of occasional obstructions such as trees and poles
therefore should be obtained by multiplying their effective width by the ratio of their
effective length to the average distance between them.
Also, at signalized intersection crossings, the analyst should observe if right-turning
vehicles occupy part of the crosswalk during the crossing phase. If a significant portion
of the crosswalk is not being used by pedestrians due to right-turning vehicles, effective
crosswalk width can be computed by subtracting the appropriate time-space used by
right-turning vehicles.
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EXHIBIT 18-2. PREEMPTION OF WALKWAY WIDTHa
Obstacle

Approx. Width Preempted (ft)
Street Furniture

Light pole
Traffic signal poles and boxes
Fire alarm boxes
Fire hydrants
Traffic signs
Parking meters
Mail boxes (1.7 ft x 1.7 ft)
Telephone booths (2.7 ft x 2.7 ft)
Waste baskets
Benches
Public Underground Access
Subway stairs
Subway ventilation gratings (raised)
Transformer vault ventilation gratings (raised)
Landscaping
Trees
Planter boxes
Commercial Uses
Newsstands
Vending stands
Advertising displays
Store displays
Sidewalk cafes (two rows of tables)
Building Protrusions
Columns
Stoops
Cellar doors
Standpipe connections
Awning poles
Truck docks (trucks protruding)
Garage entrance/exit
Driveways

2.5-3.5
3.04.0
2.5-3.5
2.5-3.0
2.0-2.5
2.0
3.2-3.7
4.0
3.0
5.0
5.5-7.0
6.0+
5.0~
2.04.0
5.0
4.b13.0
variable
variable
variable
7.0
2.5-3.0
2.0-6.0
5.0-7.0
1.O
2.5
variable
variable
variable

Note:
a. To account for the avoidance distance between pedestrians and obstacles, 1.0 to 1.5 ft must be added to the preemption
width for individual obstacles. Widths are from curb to edge of object, or building face to edge of object.
Source: Pushkarev and Zupan (2).

UNINTERRUPTED-FLOW PEDESTRIAN FACII-ITIES
Uninterrupted pedestrian facilities include both exclusive and shared pedestrian paths
(both indoor and outdoor) designated for pedestrian use. These pedestrian facilities are
unique because pedestrians do not experience any disruption except the interaction with
other pedestrians and, on shared paths, with other nonmotorized modes of transportation.
Tliese procedures should be used with pedestrian walking speed, pedestrian start-up time,
and pedestrian space requirements as described in Chapter 11.

Walkways and Sidewalks
Walkway and sidewalk paths are separated from motor vehicle traffic and typically
do not allow bicycles or users other than pedestrians. These facilities are often
constructed to serve pedestrians on city streets, at airports, in subways, and at bus
terminals. These pedestrian facilities include straight sections of sidewalk, terminals,
Chapter 18 - Pedestrians
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space =

+
nsity

stairs, and cross-flow areas where streams of pedestrians cross. Such facilities
accommodate the highest volumes of pedestrians of the three uninterrupted types of
facility addressed here; they also provide the best levels of service, because pedestrians
do not share the facility with other modes traveling at higher speeds.
The primary performance measure for walkways and sidewalks is space, the inverse
of density. Space can be directly observed in the field by measuring the sample area of
the facility and determining the maximum number of pedestrians at a given time in that
area. Speed also can be observed readily in the field, and can be used as a supplementary
criterion to analyze a walkway or sidewalk. For simplicity of field observation,
pedestrian unit flow rate is used as a service measure. Determination of the peak 15-min
count and the effective walkway width is required to compute pedestrian unit flow rate
according to Equation 18-2.
vP = .l!IZ15 * W E

(1 8-2)

where
vp
v15
WE
Capacity = 23 p/rnin/ft

= pedestrian unit flow rate (plmidft),
= peak 15-min flow rate (pIl5-min), and
= effective walkway width (ft).

Volume to capacity (vlc) ratio can be computed assuming 23 plminlft for capacity.
Exhibit 18-3 lists the criteria for pedestrian LOS on walkways. It includes the service
measure of space and the supplementary criteria of unit flow rate, speed, and vlc ratio.
Note that LOS thresholds summarized in Exhibit 18-3 do not account for platoon flow,
but instead assume average flow throughout the effective width.

LOS
A
B
C
D
E
F

EXHIBIT 18-3. AVER4GE FLOW LOS CRITERIA FOR WALKWAYS AND SIDEWALKS
Flow Rate (p/min/ft)
VICRatio
Speed (ft/s)
Space (ft2/p)
> 60
> 40-60
> 2440
> 15-24

>8-15
1 8

1 5
> 5-7
> 7-1 0
> 10-15
> 15-23

> 4.25

> 2.5&3.75

10.21
> 0.21-0.31
> 0.31-0.44
> 0.44-0.65
> 0.65-1 .O

variable

12.50

variable

> 4.1 74.25
> 4.004.17
> 3.754.00

It is important for the analyst to determine if platooning or other traffic patterns alter
the underlying assumptions of average flow in the LOS calculation. If platooning or
other flow patterns occur, refer to the next sections to select appropriate LOS criteria.
Even though LOS tables in the next sections represent platooning and other patterns of
flow, the analyst enters the tables with average unit flow rate. Therefore, Equations 18-1
and 18-2 apply to all flow patterns.

Effect of Platoons on Walkways and Sidewalks
Exhibit 18-4 summarizes LOS thresholds for average flow rates when platoons arise.
Research (2) indicates that impeded flow starts at 530 ft21p, which is equivalent to 0.5
plminlft. This value is used as the threshold for LOS A. The same research (2) shows
that jammed flow in platoons starts at 11 ft21p, which is equivalent to 18 plminlft. This
value is used as the LOS F threshold.

Effect of Platoons on Transporfation Terminals
Transportation terminals provide a special case of platoon flow at airports, bus
terminals, and other locations where platooning behavior is common. LOS criteria for
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transportation terminals is provided in Chapter 27? "Transit;" for more discussion, refer to
the Transit Qualip of Service Manual ( 3 ) .
EXHIBIT 18-4. PLATOON-ADJUSTED LOS CRITERIA FOR WALKWAYS AND SIDEWALKS
Flow Ratea (p/min/ft)
5 0.5
> 0.53
> 3-6
> 611
> 11-18

Space (ft2/p)
> 530
> 90-530
> 40-90
> 2340
> 11-23

LOS
A
8
C
D
E
Note:

a. Rates in the table represent average flow rates over a 5- to 6-min period.

Stairs
Research (4) has developed LOS thresholds based on the Institute of Transportation
Engineers stairways standards, which provide space and flow values listed in Exhibit
18-5. These modified LOS criteria are to ensure that the basic equation of traffic flow is
satisfied. The volume to capacity (vlc) ratios are based on a stairway capacity of 530
plminlft.

LOS

EXHIBIT 18-5. LOS CRI'TERIA FOR STAIRWAYS

1

Space (ft2/p)

A
8
C
D
E
F

1

Flow Rate (pirninift)

>

25

>

20
17-20
> 12-17
> 8-12
>5 8
$5

> 5-6
> 6-8
> 8-1

1
11-15
variable
>

'

Average Horizontal Speed
(fVs)
> 1.74
> 1.74
> 1.57-1.74
> 1.38-1.57
> 1.31-1.38
1 1.31

institute of Transportation
Engineers stainvay standards

vic Ratio
2 0.33
> 0.33-0.41
> 0.41-0.53
> 0.53-0.73
> 0.73-1 .OO
variable

Cross Flows
A cross flow is a pedestrian flow that is approximately perpendicular to and crosses
another pedestrian stream. In general, the smaller of the two flows is referred to as the
cross-flow condition. Research (5) notes that pedestrian cross flows occur in hallways
and corridors. The same procedure for estimating walkway and sidewalk space is used to
analyze pedestrian facilities with cross flows. LOS criteria A through D are to be used
from Exhibit 18-3 or, if platoons are observed, from Exhibit 18-4. In addition, Exhibit
18-6 lists LOS E criteria for pedestrian facilities with cross flows.
EXHIBIT 18-6. LOS CRITERIA FOR PEDESTRIAN CROSS FLOWS
LOS

1

soace fft2/o)

1

F I O W ~f~/rnin/ft)

I

Soeed ~ftls)

1

Densitv ~ ~ l f t ~ )

Note:
a. Total of the major and minor flows.

Queuing Areas
The average space available to pedestrians also can apply as the walkway service
measure for queuing or waiting areas. The pedestrian stands temporarily in these areas,
waiting to be served. The LOS thresholds listed in Exhibit 18-7 are related to the average
space available to each pedestrian and to the degree of mobility allowed. In dense
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standing crowds, there is little room to move, but limited circulation is possible as the
avcrage space per pcdcstrian increases.
EXHIBIT 18-7. LOS CRITERIA FOR PEDESTRIAN QUEUING AREAS
LOS
A
B
C
D
E
F

Space (ft2/p)
> 13
> 10-13
> 6-10
> 3-6
> 2-3
22

Shared Pedestrian-Bicycle Facilities

LOS is based on the
overfaking of pedestrians
by bicycles. Pedestrianto-pedestrian interaction
is negligible.

Shared pedestrian facilities typically are open to use by nonmotorized modes such as
bicycles, skate boards, and wheelchairs. Shared-use paths often are constructed to serve
areas without city streets and to provide recreational opportunities for the public. These
paths are common on university campuses, where motor vehicle traffic and parking are
often restricted. In the United States, there are few paths exclusively for pedestrians;
most off-street paths, thereforc, are for shared use.
On shared facilities, bicycles-because of their markedly higher speeds--can have a
negative effect on pedestrian capacity and LOS. However, it is difficult to establish a
bicycle-pedestrian equivalent because the relationship between the two differs depending
on their respective flows, directional splits, and other factors.
This chapter deals with the LOS provided to pedestrians on shared facilities.
Bicyclists have a different perspective as discussed in Chapter 19 of this manual.
LOS for shared paths is based on hindrance. Research (6) has established LOS
guidelines both for pedestrians and for bicyclists based on the frequency of passing (same
direction) and of meeting (opposite direction) other users on paths 8.0 ft wide. Because
pedestrians seldom overtake other pedestrians, the LOS for a pedestrian on a shared path
depends on the frequency that the average pedestrian is overtaken by bicyclists (6).
However, the analyst should observe pedestrian behavior in the field before assuming
there is no pedestrian-to-pedestrian interaction.
Equation 18-3 is used to calculate the total number of bicycle passing events and the
total number of opposing bicycle meeting events, per hour, for the average pedestrian on
the shared path.

where
Fp
Fm

= number of passing events (eventslh),

= number of opposing events (eventsk),
= bicycle flow rate in the same direction (bicycleslh),
QOb = bicycle flow rate in the opposing direction (bicyclesk),
Sp = mean pedestrian speed on the path (ft/s), and
Sb = mean bicycle speed on the path (ft/s).
QSb

The total number of events is calculated according to Equation 18-4.
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where
F
Fp
F,

= total number ol' events on the path (eventsth),
= number of passi~lgevents (eventsth), and
= number of meeting events (eventsth).

Meeting events allow direct visual contact, so that opposing bicycles tend to cause
less hindrance to pedestrians.
A default average pedestrian speed of 5.0 ftls and a bicycle speed of 20.0 ftts applied
to the equations above can produce LOS thresholds for two-way paths. These are
summarized in Exhibit 18-8. The indicated bicycle service volumes apply only for a
50150 directional split of bicycles on paths 8.0 ft wide (6). Otherwise, LOS must be
based on the total number of events per hour. For one-way paths, there are no meeting
events, so that the LOS is determined from the number of passing events, calculated with
Equation 18-3.

Meeting events create less
hindrance than overtaking
events

EXHIBIT 18-8. PEDESTRIAN LOS CRITERIA FOR SHARED TWO-WAY PATHSa
Pedestrian LOS

Number of Events/hb

Corresponding Bicycle Service
Volume per DirectionC(bicyclesth)

5 38
> 3&60
> 60-1 03
> 103-1 44
> 144-180
> 180

A
B
C
D
E
F

128
>2W4
> 44-75
> 75-1 05
> 105-1 31
> 131

Notes:

a. Path 8.0 ft wide.
b. An "event" is a bicycle meeting or passing a pedestrian.
c. Assuming 50150 directional split of bicycles.

INTERRUPTED-FLOW PEDESTRIAN FACILITIES
The procedures of this chapter focus on the LOS provided to pedestrians. For the
impact of pedestrians on motor vehicle traffic, consult other chapters in this manual.

Signalized Intersections
A signalized intersection covered by these procedures has a pedestrian crossing on at
least one approach. The signalized intersection crossing is more complicated to analyze
than a midblock crossing, because it involves intersecting sidewalk flows, pedestrians
crossing the street, and others queued waiting for the signal to change. The service
measure is the average delay experienced by a pedestrian. Research indicates that the
average delay of pedestrians at signalized intersection crossings is not constrained by
capacity, even when pedestrian flow rates reach 5,000 plh ( I ) . The average delay per
pedestrian for a crosswalk is given by Equation 18-5.

where
dp

g
C

= average pedestrian delay (s),
= effective green time (for pedestrians) (s), and
= cycle length (s).

Exhibit 18-9 lists LOS criteria for pedestrians at signalized intersections, based on
pedestrian delay. When pedestrians experience more than a 30-s delay, they become
impatient, and engage in risk-taking behavior (7). Exhibit 18-9 includes a guide for the
likelihood of pedestrian noncompliance (i.e., disregard for signal indications). The values
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in Exhibit 18-9 reflect low to moderate conflicting vehicle volumes. At intersections with
high conflicting vehicle volumes, pedestrians have little choice but to wait for the walk
signal, and observed noncompliance is reduced.
EXHIBIT 18-9. LOS CRITERIA FOR PEDESTRIANS AT SIGNALIZED INTERSECTIONS
LOS

Pedestrian Delay (slp)
< 10
2 10-20
> 20-30
>3 M O
> 40-60

Low
Moderate
High

Even though delay has an impact on the travel time of pedestrians, it does not reflect
the functions of street corners and crosswalks, where the circulation of pedestrians and
the space for pedestrians queuing to cross are important. An overloaded street corner and
crosswalk can affect vehicular operations by requiring additional green crossing time or
by delaying turn movements.
Pedestrian Area Requirements at Street Corners
Pedestrian areas at
intersections have two
main functions:
0 Circulation, and
0 Temporary holding

Chapter 18 - Pedestrians
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There are two types of pedestrian area requirements at street corners. First, a
circulation area is needed to accommodate pedestrians crossing during the green signal
phase, those moving to join the red-phase queue, and those moving between the adjoining
sidewalks but not crossing the street. Second, a hold area is needed to accommodate
pedestrians waiting during the red signal phase.
The methodology described in the following sections can identify problem locations
that may require detailed field study and possible remedial measures (8). Corrective
measures could include widening the sidewalk, adding restrictions on vehicle turns, and
changing the signal timing. Exhibit 18-10 shows the variables required to perform an
analysis.
Exhibits 18-11 and 18-12 show the signal phase conditions analyzed in corner and
crosswalk computations. Condition 1 is the minor-street crossing phase during the majorstreet green, with pedestrians queuing on the major-street side during the minor-street red
phase. Condition 2 is the major-street crossing phase, with pedestrians crossing during
the minor-street green, and queuing on the minor-street side during the major-street red
phase.
The analysis of street corners and crosswalks compares available time and space with
pedestrian demand. The product of time and space (or time-space) is the critical
parameter, because physical design limits available space, and signalized controls limit
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EXHIBIT 18-10. INTERSECTIONCORNER GEOMETRYAILID PEDESTRIAN MOVEMENTS
Sidewalk

Sidewalk

Wa

I

- - - -L - - -

-

-

-

I

WC

Minor Street

Crosswalk

EY

v = pedestrian flow

I
I

i =inbound flow
o = outbound llow
W =width
R =corner radius

0

EXHIBIT 18-1 1. CONDITION 1: MINOR-STREET CROSSING
Sidewalk @
I
Major Street
Wb *
-

------------

. . . . .. .. .
....
.,..

Sidewalk @

Hold Area
(minor red)

...
I
I
I

Minor Street

I
I
I
I
I

I

~ I

J

Vco

Vci

I
I

I

Crosswalk

Crosswalk @

_- -

-

-_ _

- - - -

I
I
I

Key Condition 1

I

v ~ =
, ~sidewalk

,
I
I

flow

1

vdo = peds joining queue
vco = outbound crossing peds
vci = inbound crossing platoon

I

Wa,b = width of sidewalks
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EXHIBIT 18-1 2. CONDITION 2: MAJOR-STREET CROSShlG

I

S~dewalk @)

/

Major Street

Crossing Platoon
Vd0

Sidewalk

@

......

Y
I

major red

I

Crosswalk
I
I
I
I
I
I
I
I

I

I
I
I
I
I
I
I
I

Minor Street

,

Crosswalk

I

0

- - - - 7 - - - - - - - - - - - - .

0

I
I

Key Condition 2
v ~ ,= ~sidewalk flow
vco
vdo
vdi
W,,

=
=
=
=

peds joining queue
outbound crossing peds
inbound crossing platoon
width of sidewalks

Determining Street Corner Time-Space
A time-space approach is
used for analyzing
intersection comer areas

Available Time-Space
The total time-space available for circulation and queuing in the intersection corner
during an analysis period is the product of the net corner area and the length of the
analysis period. For street corners, the analysis period is one signal cycle and therefore is
equal to the cycle length. Equation 18-6 is used to compute time-space available at an
intersection corner. Exhibit 18-11 identifies dimensions used in the equation.
TS = C(W,Wb - 0 . 2 1 5 R 2 )

(18-6)

where
TS

W,
Wb
R
C

I

= available time-space (ft2-s),
= effective width of Sidewalk a (ft),
= effective width of Sidewalk b (ft),

= radius of corner curb (ft), and
= cycle length (s).

Holding-Area Waiting Times
Assuming arrivals are uniform at the crossing queue, the average pedestrian holding
times can be computed using Equations 18-7 and 18-8. These equations reflect the
proportion of the cycle time that flows are held up, as well as their holding time based on
the red signal phase.
For Condition 1, as shown in Exhibit 18-11, the following equation is used to
compute holding-area waiting time.
Qtdo =

C h a p t e r 18 - P e d e s t r i a n s
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vdoRmi2
7
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where
Qtdo
vdo

= total time spent by pedestrians waiting to cross the major street during
one cycle (p-s);
= the number of pedestrians waiting to cross the major street during one
1min .,. C (plcycle);
cycle, - E L * 15min 6 0 s
= the minor-street red phase, or the Don't Walk phase if there are
pedestrian signals (s); and
= cycle length (s).
"'

Rmi

C

For Condition 2, as shown in Exhibit 18-12, Equation 18-8 is used to compute
holding-area waiting time.
vco~rnj'
Qtco = 2C

where
Qtco

= total time spent by pedestrians waiting to cross the minor street during

vco

= the number of pedestrians waiting to cross the minor street during one

one cycle (p-s);
p
lmin C (plcycle);
-9
15min 6 0 s
= the major-street red phase, or the Don't Walk phase if there are
pedestrian signals (s); and
= cycle length (s).
cycle,

R,

C

-3:

Determining Circulation Time-Space
The net corner time-space available for circulating pedestrians is the total available
time-space minus the time-space occupied by the pedestrians waiting to cross. The
holding area required for waiting pedestrians is the product of the total waiting time and
the area used by waiting pedestrians. Equation 18-9 is used to compute the time-space
available.
TSC= TS - [S(Qtdo + Qtco )]

(18-9)

where
= total time-space available for circulating pedestrians (ft2-s),
= total time-space available (ft2-s),
Qtdo = total time spent by pedestrians waiting to cross the major street during
one cycle (p-s), and
Qtco = total time spent by pedestrians waiting to cross the minor street during
one cycle (p-s).
TS,
TS

Pedestrian Space
Finally, the space required for circulating pedestrians is computed by dividing the
total time-space available for circulating pedestrians by the time that pedestrians consume
walking through the corner area-that is, the sum of the total circulation volume
multiplied by 4 s, the assumed average circulation time. This yields the area for each
pedestrian, which is related to the LOS thresholds for walkways in Exhibit 18-3.
Equation 18-10 is used for the computation.

Circulation time is assumed to
equal 4 s
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where
= circulation area per pedestrian (ft21p);
= total time-space available for circulating pedestrians (ft2-s); and

A4
TS,

= total number of circulating pedestrians in one cycle = vci + v,,
vdo+ v ~ , as~ shown
,
in Exhibits 18-11 and 18-12 (plcycle).

v

+ vdi +

Determining Crosswalk Time-Space
A time-space approach is
used for crosswalks

Time-space of a crosswalk at a street comer is computed according to Equation
18-11 (9).

when WALK + FD W is not installed

where
TS
L
WE
WALK + FDW
Sp

G

= time-space (ft2-s);
= crosswalk length (ft);
= effective crosswalk width (ft);
= effective pedestrian green time on crosswalk (s);

= average speed of pedestrians (ft/s); and
= green time for phase, if WALK + FDW is not installed (s).

The analysis of crosswalk time-space requires a pedestrian flow rate during the cycle
length interval. Equation 18-12 allows the analyst to calculate the number of pedestrians
crossing during the cycle length interval. Total crossing time or effective green time
required to clear an intersection crossing is computed according to Equation 18-13, which
incorporates the effects of dispersion of platoons larger than 15 pedestrians (9).
v(C - G )
C

Nped = ----

( I 8-12)

where
Nped

v
G

= number of pedestrians crossing during an interval (p);
= pedestrian volume on the subject walkway @/15-min);and
= green time for phase, if WALK + FDW is not installed.

where
t
L
Sp

= total crossing time (s),

= crosswalk length (ft),
= average speed of pedestrians (ft/s),

Nped = number of pedestrians crossing during an interval (p),
W = crosswalk width (ft), and

3.2

= pedestrian start-up time (s).

The total crosswalk occupancy time is computed as a product of the average crossing
time and the number of pedestrians using the crosswalk during one signal cycle.
Equation 18-14 is used for the computation.
T=(vi+v,)t
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where
T
vi
v0

t

= total crosswalk occupancy time (p-s),
= inbound pedestrian volume for the subject crosswalk (p/cycle),
= outbound pedestrian volume for the subject crosswalk (p/cycle), and
= total crossing time from Equation 18-12 (s).

The circulation space provided for each pedestrian is determined by dividing the
time-space available for crossing by the total occupancy time, as in Equation 18-15. This
yields the area provided for each pedestrian, which is related to LOS thresholds for
walkways listed in Exhibit 18-3.

where
M

=

TS
T

=

circulation area per pedestrian (ft2tp),
time-space (ft2-s), and
= total crosswalk occupancy time (p-s).

The time-space method allows for an approximate estimate of the effect of turning
vehicles on the LOS for pedestrians crossing during a given green phase. This assumes
an area occupancy of a vehicle in the crosswalk, based on the product of vehicle sweptpath, crosswalk width, and estimate of the time that the vehicle preempts this space. The
swept-path for most vehicles is 8 ft, and it can be assumed that a vehicle occupies the
crosswalk for 5 s. Equation 18-16 can be used to estimate time-space occupied by
turning vehicles, which is subtracted from the time-space value obtained from Equation
18-1 1.

where
TStv
Ntv
WE

= time-space occupied by turning vehicles (ft2-s),
= number of vehicles during the green phase (veh), and
= effective width of crosswalk (ft).

Determining Pedestrian Effective Green Time
Minimum effective green required for two-way flow conditions can be estimated
using shock-wave theory and observation. If there are high pedestrian volumes, a shockwave approach can ensure adequate crossing time for large two-way platoon flows. But
in low-volume conditions, minimum time requirements can be determined using Equation
18-6, which also accounts for platoon flow.
Pedestrians use both the Walk interval and the first few seconds of the flashing Don't
Walk interval to enter the intersection. For the delay calculations in Equation 18-5, the
effective green interval is equal to the walk interval plus the first 4 s of the flashing Don't
Walk ( ] , l o ) .
Unsignalized Intersections
Another procedure applies to an unsignalized intersection with a pedestrian crossing
against a free-tlowing traffic stream or an approach not controlled by a stop sign.
However, if there are zebra-striped crossings at an unsignalized intersection, this
procedure does not apply, because pedestrians have the right-of-way; instead, pedestrian
delay can be estimated using the method for two-way stop-controlled (TWSC)
intersections.
A crossing of an unsignalized intersection is more complicated to analyze than one at
midblock, because it involves intersecting sidewalk flows, pedestrians crossing the street,

The method for unsignalized
intersections does not apply to
zebra-striped crosswalks
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Critical gap for
pedestrians

and pedestrian judgment of an acceptable gap. The procedure for estimating the critical
gap is similar to that described in Chapter 17, "Unsignalized Intersections."
The critical gap is the time in seconds below which a pedestrian will not attempt to
begin crossing the street. Pedestrians use their own judgment to determine if the
available gap is long enough for a safe crossing. If the available gap is greater than the
critical gap, it is assumed that the pedestrian will cross, but if the available gap is less
than the critical gap, it is assumed that the pedestrian will not cross.
For a single pedestrian, critical gap is computed according to Equation 18-17.

where
t,
Sp

Platooning

= critical gap for a single pedestrian (s),

L

= average pedestrian walking speed (ft/s),
= crosswalk length (ft), and

t,

= pedestrian start-up time and end clearance time (s).

If platooning is observed in the field, then the spatial distribution of pedestrians
should be computed using Equation 18-18, to determine group critical gap. To compute
spatial distribution, the analyst must observe in the field or estimate the platoon size using
Equation 18-19. Group critical gap is determined using Equation 18-20. If no platooning
is observed, spatial distribution of pedestrians is assumed to be 1.

where

= spatial distribution of pedestrians (p),
= total number of pedestrians in the crossing platoon (p),
N,
WE = effective crosswalk width (ft), and
8.0 = default clear effective width used by a single pedestrian to avoid
interference when passing other pedestrians.
Np

where
N,
vp
v
t,

= size of a typical pedestrian crossing platoon (p),
= pedestrian flow rate (pls),
= vehicular-flow rate (vehls), and
= single pedestrian critical gap (s).

tG = tc + 2 ( N p - 1)

where
tG
t,
Np

= group critical gap (s),

= critical gap for a single pedestrian (s), and
= spatial distribution of pedestrians (p).

The delay experienced by a pedestrian is the service measure. Research indicates
that average delay of pedestrians at an unsignalized intersection crossing depends on the
critical gap, the vehicular flow rate of the subject crossing, and the mean vehicle headway
(11). The average delay per pedestrian for a crosswalk is given by Equation 18-21.
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where
d,r
v
tG

= average pedestrian delay (s),
= vehicular flow rate (vehts), and
= group critical gap from Equation 18-19 (s).

Exhibit 18-13 lists LOS criteria for pedestrians at unsignalized intersections, based
on pedestrian delay. Pedestrians expect and tolerate smaller delays at unsignalized
intersections than at signalized intersections. Exhibit 18-13 also includes a likelihood of
pedestrian risk-taking behavior related to LOS.
EXHIBIT 18-13. LOS CRITERIA FOR PEDESTRIANS AT UNSIGNALIZED INTERSECTIONS
LOS
A
B
C
D
E
F

Average DelayIPedestrian (s)

Likelihood of Risk-Taking Behaviora
Low

<5

2 5-10
> 10-20
> 20-30

Moderate

> 3045

1

> 45

I

High
Verv Hiah

Note:
a. Likelihood of acceptance of short gaps

Pedestrian Sidewalks on Urban Streets
This section focuses on the analysis of extended pedestrian facilities with both
uninterrupted and interrupted flows. Average pedestrian travel speed, including stops. is
the service measure. This average speed is based on the distance between two points and
the average amount of time required-including stops-to traverse that distance.
Pedestrian sidewalks along urban streets comprise segments and intersections. The
first step in analyzing an urban street is to define its limits, then to segment it for analysis.
Each segment consists of a signalized intersection and an upstream segment of pedestrian
sidewalk, beginning immediately after the nearest upstream signalized or unsignalized
intersection. The average travel speed over the entire section is computed according to
Equation 18-22.

Analysis of extended facilities
with both uninterrupted and
interrupted flows

where

LT
Li
Si
SA

= total length of the urban street under analysis (ft),

= length of Segment i (ft),
= pedestrian walking speed over Segment i (ft/s),
= pedestrian delay at Intersection j (s), and
= average pedestrian travel speed (ftls).

There are many factors that affect pedestrian speed, including adjacent activities on
the walkway, commercial and residential driveways, lateral obstructions, significant
grades, effective width of sidewalk, and other local features. Research has been
insufficient to produce specific recommendations on their individual and collective effect.
Intersection delays, however, can be computed, as described earlier.
LOS criteria based on pedestrian travel speed are listed in Exhibit 18-14. The criteria
generally resemble the urban street LOS criteria for motor vehicles; the thresholds are set
at similar percentages of the base speed (4).
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EXHIBIT 18-14. LOS CRITERIA FOR PEDESTRIAN SIDEWALKS ON URBAN STREETS
Travel Speed (fUs)
'. 4.36
'. 3.844.36
'. 3.28-3.84
'. 2.72-3.28
2 1.90-2.72
< 1.90

LOS
A
B
C
D
E
F

Ill. APPLICATIONS
Guidelines for required
inputs and estimated
values are in Chapter I I

The methodology presented in this chapter is for analyzing the capacity and LOS of
pedestrian facilities. The analyst must address two fundamental questions. First, the
primary outputs must be identified; these include LOS and effective width ( W 3 . Second,
the default values or estimated values must be identified for use as input data for the
analysis. Basically, there are three sources of input data:
1. Default values found in this manual;
2. Estimates or locally derived default values developed by the user; and
3. Values derived from field measurements and observation.
For each of the input variables, a value must be supplied to calculate both the
primary and secondary outputs.
A common application of this method is to compute the LOS of a current or changed
facility in the near term or the distant future. This application is termed operational, and
its primary output is LOS. Alternatively, effective width, WE, can be set as the primary
output; this is known as a design analysis. It requires that a LOS goal be established, and
the result typically is used to estimate the adequacy of a specific effective width.
Another general type of analysis can be defined as planning. Planning analysis uses
estimates, HCM default values, and local default values as inputs and determines LOS or
effective width as outputs. The difference between a planning analysis and an operational
or design analysis is that most or all of the input values in planning come from estimates
or default values, but operational and design analyses employ field measurements or
known values for most or all of the variables.

COMPUTATIONAL STEPS

Operational (LOS)
Design (WE)

Planning (LOS)
Planning (WE)

Chapter 18 - Pedestrians
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The worksheets for computations involving pedestrian facilities are shown in
Exhibits 18-15 and 18-16. For all applications, the analyst provides general information
and site information.
For operational (LOS) analysis, all flow data are entered as input. Based on the type
of pedestrian facility, performance measures are computed and LOS is determined.
The objective of design ( W 3 analysis is to estimate the minimum effective width of
a facility, given a desired LOS. For sidewalks and crosswalks, first the maximum
pedestrian unit flow rate for the desired LOS is determined. Then effective widths are
computed by solving the pedestrian unit flow-rate equation backwards.

PLANNING APPLICATIONS
The two planning applications-for LOS and W e o r r e s p o n d to procedures
described for operations and design. The primary criterion that categorizes these as
planning applications is the use of estimates, HCM default values, and local default
values. Chapter 11 contains more information on the use of default values.
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ANALYSIS TOOLS
The worksheets shown in Exhibits 18-15 and 18-16 and provided in Appendix A can
be used to perform all applications of the methodology.
EXHIBIT 18-1 5. PEDESTRIANS WORKSHEET

i

PEDESTRIANS WORKSHEET
General Informafion

Slte Information
Facility
Jurisdiction
Analysis Year

Analyst
Agency or Company
Date Performed
Analysis Time Period

IQ

R Design (WE)

Operational (LOS)

--

I

1

Total widlh of crosswalks. WT (H)
Sum of obstructions width andlor shy distances.' W, (H)
Effective crosswalk wldlh. WE (it), WE= Wi - W,
Peak 15-min flow rate (both directions), v , ~(pll5-rnin)
Pedestrian unit flow rate, v,, (plminlfi), v,

=

1

Planning (WE)

Planning (LOS)

Walkways and Sidewalk Pedestrian Facilities

gw

LOS (Exhibits 18-3. 18-4. 18-5. 18-6. or 18-7)

I

1

I

Shared Pedestrian-BicycleFacilities

-

-

Mean pedeslrian speed, Sp (fVs)
Mean bicycle speed, Sh (Ws)
Same-direction bicycle flow rate, Qsb (bicycledh)
Opposing-direction bicycle flow rale, (lob
(bicyclesih)

Average pedestrian delay, dp (s), dl,

1

= ;(,*.- v ~-; I)

l

l

l

i

l

l

LOS at unsignalized ~nterseclions(Exhibit 18-13)
Average Pedestr~anTravel Speeds Over Sweral Links

l

l

l

I

Length of llnk.3 L, (ft)
Average travel speed, S, (fils), SA = l
i

z+*zd,

LOS urban street pedeslnan factlity (Exh~btl18-14)

I

Notes
1 Includes curb mdlh, street lurn~lure,vnndow shops, bulld~ngprolruslons, ~ns~dc
clearance, and all olher Ileld-observed obstruchons
2 11there 1s no platoon crossing, assume N, = 1
3 llnk length ~ncludessegment length of s~dewalkand upslream stgnal crosswalk length

18-17
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1V. EXAMPLE PROBLEMS
Problem
No.
1
2

1

Description
Find LOS of a sidewalk segment.
Find LOS of a shared pedestrian-bicycle facility, and if it fails, find LOS of a
separate pedestrian path and bicycle path.
Find ILOS of a crosswalk at a signalized intersection. Also, find ILOS and
space requirements at the crosswalks and street corner.
Find LOS of a crosswalk at a TWSC intersection.
Find LOS of a pedestrian sidewalk on an urban street, and determine minimum
effective sidewalk width to achieve LOS D.

1

Application
Operational (LOS)
Operational (LOS)
Operational (LOS)
Operational (LOS)
Planning (WE)

Chapter 18 - Pedestrians
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14.0-ft-wide sidewalk segment bordered by curb on one side and stores
The Sidewalk
with window-shopping displays on the other.
The Question
platoons?

What is the LOS during the peak 15 min on the average and within

The Facts
./ 15-min peak flow rate = 1,250 p/l5-min;
./ Total sidewalk width = 14.0 ft;
./ Curb on one side;
./ Window-shopping displays on one side; and
./ No other obstructions.
Comments
./ Assume building buffer (i.e., preempted width) for window displays is 3.0 ft.
Outline of Solution All input parameters except curb width and obstruction due to
window displays are known. Effective sidewalk width should be determined and then used
to compute the average unit flow rate. LOS will be determined for average and for platoon
flow conditions.
Steps
1.

1

2.

Determine width adjustments (shy
distance) to walkway (use Exhibit
18-1).

Wol (curb) = 1.5 ft

Determine effective width WE (use

WE = WT - W,

Equation 18-1).
3.

w,

1 WE = 14.0 - 1.5 - 3.0 = 9.5 ft

Find vp (use Equation 18-2).

v =P

1 4.

Determine LOS for average condition
(use Exhibit 18-3).

(window shopping) = 3.0 ft

'15

15*WE

I LOS C
I

5.

Determine LOS within platoon
condition (use Exhibit 18-4).

LOS D

I

The sidewalk is expected to operate at LOS C for average conditions and at
Results
LOS D for conditions within platoons.
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The Shared Path
wide.

An east-west, uninterrupted, two-way, pedestrian-bicycle facility 8.0-ft

What is the LOS of this facility? If it is operating lower than LOS C,
The Question
what is the LOS for pedestrians on a separate path?

The Facts
./ Effective width = 8.0 ft;
d Bicycle flow rate in the same direction = 100 bicycleslh;
d Bicycle flow rate in the opposing direction = 100 bicycleslh; and
d Peak pedestrian flow = 100 pIl5-min.
Comments
d Assume a pedestrian speed of 4.0 Ws;
d Assume a bicycle speed of 16.0 Ws; and
d Assume bicycles need a 8.0-ft-wide path. If a separate pedestrian path is needed,
use a width of 5.0 ft.
Outline of Solution All input parameters are known; therefore no default values are
required. LOS for the shared path will be determined. If the result is LOS C or lower,
average unit flow rate and LOS for a separate pedestrian facility will be determined.

1.

Determine number of passing events,
Fp (use Equation 18-3).

(

A.3

Fp = 100 1- - =75 eventslh
2.

Determine number of opposing
events, F, (use Equation 18-3).

( A.:)

F, = 100 1+ - = 125 eventslh
3.

4.

5.

Determine total number of events, F
(use Equation 18-4).
Determine shared-path LOS (use
Exhibit 18-8).

F = 75 + 0.5(125) = 138 eventslh

Need separate pedestrian path or
walkway.

Find vp (use Equation 18-2). Assume
1.5-m walkway will be constructed for
pedestrians.

6.

F = Fp + 0.5Frn

Determine LOS for a separate
pedestrian facility (use Exhibit 18-3).

15*WE

LOS A

The shared pedestrian-bicycle facility operates at LOS D for pedestrians. If a
Results
separate 5.04 pedestrian walkway is provided, LOS A could be achieved for pedestrians.
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STRIANS
WORKSHEET
.
.
.
.
...
.

....

......

........

Facility
Jurisdiclion
Analysis Year

JMYE
CEI

2/1/99

Shared

1999

Peak

U Operalional
(LOS)
..

0 Design (WE)

....

.

Site Information

.

Analyst
Agency or Company
Date Performed
Analysis Time Period

...
.-

0 .Planning (WE)

Planning (LOS)
.- .

.

Walkways and Sidewalk Pedestrian Facilities

..Tolal
.

widlh of crosswalks. WT (R)

.

...
~umo!~bs!~Cii~n~.w.id!~a~nd!!~~~~~!~E"_ces.'W~.ctl)
2

......

Effeclive crossrvaik
WT - W,
.-............
-- width,
......... WE (It), WE=
.
.
Peak 15-mln flow rate (bolh directions), vi5 (pll5-min)

5.0
I00

..
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-
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-

-

.

-

(-1.-

F,

I

.-......

--- ----

--1___

1

-1

1

125

--

---

----

-

138 D

--

-- - --

br f

--

- -

i 3 e s m -

-

.......

+

-

Typical pedestrian number in crossing
..- plaloon. N,

IN^ 80(N:-1)!+1
1
i

VYI

Vehicular flow rale, v-(vehls)

-

1

2

A
-

.

'

I

8

.

--

:

t

-_.____i
-1

I

~

i

1!

!

!

ii

1

1

I---:

!

.

_

_.-_

-

I

I

1I

_

I

I

I

~

.........

1

-

--

Spalial pedeslrian distribulion? N,, (p), N.o =
Group critical gap, IG
(s), tG = I,+ 2(Ne - I )

2

-

Single pedestrian crilical gap, I, (s), I,= C+ L,
.........

_

-.-

a
-

-TT

LOS
- al
- s~gnallzedIntersecllons (Exhibit 18-9)
-- Pedeslr~anDelay aI TWSC lntersect~ons
~edeslr~an
vralklnq speed, S, (fUs)
Lenalh of crosswalk. L (H)

_

3
4
5
6
7
8
:
-----I:
1
-

Pedestr~anD&y alignallzed InIersecI~ons

%:;:;;:;;g

I

..L

.-LOS
-- (Exhl!!L18-*)_
Crossings at Signalized Intersections, UnsignalizedIntersections, and Urban Street Facilities
- - ..-.
------ ------- .

Average delay, d, (s) d,

__

75

=o,,(1+2-)

=AT0 5F,

-

4.0
'6.0
100
loo

-.

Passino evenls. F, (evenlslh), ~,=a,d-+-)
-- - ---

-A

I

Mean pedeslr~anspeed, S ftls .Mean bicycle speed, S, (~US)
a ~ d - i ~ o _ ~ & c y flow
c l erate, Qsb (bicyclesh)
Opposing-direction bicycle
...
flow rate, QOb (bicycleslh)

Opposlng events. F, (eventdh),

......

--

-A

_

Total events, F--(evenldh), F-

..

13

- - -

LOS
(Exh~b~ls
18-7)
_ - _ -or --- 18-3 18-4, -18-5,18-6,
Shared Pedestrian-Bicycle Facilities

--

.

....

......

I

-

-

-I i

I-I.-

iI

i-

....

- .'!

- . . i :
I
d
P
!
L

I

C.-

I

i
J-...-,-....

.

Average Pedeslrianp
Travel Speeds Over Several L~nks
-.p
...-p
.-p
--.

Lenglh
of llnk.3 Li (R)
-. . . . . .

Average lravel speed, SA (fUs). S, = ~-L
.L+ I d ,
s,
LOS
urban
slreet
pedestrian
facilily
(Exhibit
18-14)
.

-

1

i

.--La
I
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protmslons, lns~dcclearance, and all olher field-observedobslrucl~ons
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--

18-23

-

1
-2

Chapter 18 - Pedestrians
Example Problems

Highway Capacity Manual 2000

A pedestrian crossing at a signalized intersection operating on a twoThe Crosswalk
phase, 80.0-s cycle length, with 4.0-s clearance, and no pedestrian signals.
The Question What is the pedestrian LOS at the crossing, based on delay and
available space?
The Facts
Major street

d
d
d
d
d

Crosswalk length, Ld = 46.0 ft;
Crosswalk width, Wd = 16.0 ft;
lnbound pedestrian count, vdi = 450 pIl5-min;
Outbound pedestrian count, vdo= 240 ~115-min;and
Phase green time, Gd = 44.0 s.

Minor street

d
d
d
d
d

Crosswalk length, LC= 28.0 ft;
Crosswalk width, Wc = 16.0 ft;
lnbound pedestrian count, vci = 540 pIl5-min;
Outbound pedestrian count, vco= 300 pIl5-min; and
Phase green time, Gc = 28.0 s.

Corner

d
d
d

Radius = 20.0 ft;
Sidewalk flow, vaVb= 225 pIl5-min; and
= 16.0 ft.
Sidewalk width, W,

Comments
d Assume pedestrian crossing speed of 4.0 Ws and no pedestrian lost time.
Steps
1.

Compute average delay for
pedestrians crossing both
streets (use Equation 18-5).
Based on the assumptions, the
effective pedestrian green
times are equivalent to the
displayed parallel vehicle green
time.

dp(major) = (80.0-28.0)2
2(80.0)

= 16.gS

Using Exhibit 18-9, LOS 6.
d (minor) =
P

(80.0 - 44.0)' = 8.
2(80.0)

Using Exhibit 18-9, LOS A.
2.

Net time-space available for
crossing major street (use
Equation 18-11).

TS=L W

Gc-E[

2sp

j

TS = (46.0)(16.0)[28.0 - 460)
8.0 = 16,376 ft2-s
3.

4.
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Perform crosswalk LOS timespace analysis. Convert flows
to plcycle.

'ci

=

(T)(F)
540

80'0 =48 plcycle

vco= 27 plcycle; vdi = 40 plcycle; vdo= 21 plcycle;
v ~= 20
, plcycle
~

Perform street corner analysis. vtot = 48 + 27 + 40 + 22 21 20 = 156 plcycle
Total circulating pedestrian flow TS = C(W,W,
- 0.21 5R2)
- and available time-space (use
TS = 80.0[(16.0)(16.0) - 0.21 5(20)'] = 13,600 ft2-s
Equation 18-6).
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4.

Example Problem 3

(continued) Holding-area
waiting time for pedestrians
waiting to cross major street.
Note that the red time, Rmi, is
equal to the major-street green
plus the one clearance interval
(use Equation 18-7).
The holding time for
pedestrians waiting to cross the
minor street (use Equation
18-8).

1

Qtco

vco~rn
j'7
=

QtCO

=

27(28'0+4'0)2 = 172.8 p-S
2(80.0)

Net time-space available at
corner-assume 5 ft2/p in
queue (use Equation 18-9).
Space per circulating
pedestrian (use Equation
18-10).

I Using Exhibit 18-3, LOS D.
5.

Crossing the major street:
number of pedestrians
accumulated at start of
pedestrian green time.
Crossing time needed to
service the 14 pedestrians (use
Equation 18-13).

6.

Total crosswalk occupancy time T = ( ~ d+i "do) t
required for crossing (use
T = (40 + 21) (17.1) = 1043 p-s
Equation 18-14).
Space per pedestrian crossing
(use Equation 18-15).

I

1

Crossing the minor street.

I

M = 1 5 = z = 1 5 . 7 fi21p
T
1043

1 Using Exhibit 18-3, LOS D.

1 N = 12 plcycle

I

I

I Using Exhibit 18-3, LOS D.
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Example Problem 3

Results
Facility and Activity

LOS Criteriona

Corner-waiting time, crossing
major street

Delay (s)

Corner-waiting time, crossing
minor street

Delay ( 4

~

Value

1

LOS

16.9

B (Exhibit 18-9)

8.1

A (Exhibit 18-9)

Space (ft2/p)
Space (ft2/p)

18.0
15.7

D (Exhibit 18-3)

Crosswalk space on major street
Crosswalk space on minor street

Space (ft2/p)

19.8

D (Exhibit 18-3)

Corner+5rculating space

Note:
a. Delay is the primary LOS criterion for comer areas.
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PEDESTRIANSAT SIGNALIZED INTERSECTIONS WORKSHEET

I

Example Problem 3

I

General Information

Site Information
Inlerseclion/Comer

5iqnal Crossinq

302.4

1

I

I

Total time-space available. TS, (Hz-s).
TSc = TS - [S(Qldo Qlco)l
Circulation area per pedestrian, M (ft2/p). M =
+

11,224.0

2

18.0

LOS (Exhlblt 183)

D

Crosswalk Erne-Space Analysis

1

1

1
1

Averaoe Pedestrian Delay at Si~nalizedIntersections

1

,- C
P

Average delay, dp (s), d

Crosswalk

D

I

Crosswalk C

16.9

8.1

LOS at signalized intersection (Exhibit 18-9)

6

A

Number of pedestrians arriving- during- Don't Walk or red indication,'
Nped (P)
Average pedestrian walking speed, Sp (Ws)
Tolal crossing time? t (s)

14

12

4.0
17.1

4.0
12.2

Tolal time-space, TS (ftz-s), TS = LW(WALK + FDW -

-1

2s.

1

1

Tolal crosswalk occupancy time, T (ps)

I T c IV + v.\t
Number of conflicting right-turning vehicles, N,l (veh)

1
1

Time-space of right-turning vehicles, TSh,
(ft2-s),.
...
TSt, = 40NbWE
Effective time-space. TSE (m2-s), TSE = TS - TSt,
Circulation area per pedeslrian, M (H2/p),

I

I
16,376

I
18,144

.. .\ -

Notes
1. Number of people in Ihe sub'ecl movernenl who arrive belore Ihe WALK or concurrenl green indicalion and exil Ihe curb during Ihe WALK or concurrenl green

indicalion.

,

I

.vmorvdo IC-G\

2, If W > 10 H, I= 3.2 +$ t(2.7

!g);
bul if W S 10 A, 1:

3.2 ++ +(0.27Nd),
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The Crosswalk
The Question
signs?

Crosswalk of TWSC intersection on a major street without a median.
What is the LOS for pedestrians crossing the major street with no stop

The Facts
7/ Pedestrian walking speed = 4.0 ftls;
7/ Pedestrian start-up time and end clearance time = 3.0 s;
7/ Crosswalk length = 40.0 ft;
7/ Effective width of crosswalk = 10.0 ft;
7/ Flow rate = 400 vehlh or 40013600 = 0.1 1 vehls; and
7/ Pedestrian flow rate = 72 plh or 7213600 = 0.02 pls.
Outline of Solution All input parameters are known. Critical gap values are computed
to determine the average delay of pedestrians. Use the delay to determine LOS.

Steps
1.

1 2.

II
.)0 .)0

3.

4.

Find t, (use Equation 18-17).

L
t, =- + t,
S~

Find N, (use Equation 18-19).

Find Np (use Equation 18-18).

Find tG (use Equation 18-20).

1

Np=NT[

8. O(Nc - 1)
]+I

.)0 tG = 1,+ 2(Np - 1)

.)0

1
)
5.

Find dp (use Equation 18-21).

6.

Determine LOS (use Exhibit 18-13). LOS C

1
dP --- v[ e v t r - ~ G -

I

Results
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The pedestrian crossing operates at LOS C.
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A proposed 1.25-mi pedestrian sidewalk on a new urban street with
The Sidewalk
three signalized intersections.

The Question What is the LOS with the projected pedestrian volume? What is the
minimum effective width required to achieve LOS B?
The Facfs
Projected peak 15-min pedestrian volume across the urban street = 600 ~115-min;
and
d L, = 1,650 ft, L2 = 650 ft, Lg= 3,300 ft, L4 = 1,000 ft.
Comments
d Assume C = 90.0 s for all intersections;
d Assume g = 0.5C - 4.0 = 0.5(90.0) - 4.0 = 41.0 s for all intersections; and
d For planning, use default of 4.0 fffs for pedestrian walking speed.
Outline of Solution All inputs are known. Pedestrian delay at each intersection and
speed over the entire urban street are determined. LOS for the whole facility is
determined. The maximum unit flow rate to achieve LOS B will be used to estimate
effective sidewalk width.
Steps

1 1.

1

Compute average delay of
pedestrians at intersections (use
Equation 18-5).

2.

Find SA (use Equation 18-22).

1 3 7 i n d LOS (use Exhibit 18-13).
4.

Find maximum unit flow rate for LOS
B (use Exhibit 18-3).

5.

Compute WE (use Equation 18-2).

'

(C - g)'
2C
90.0 - 41 .o)'
= 13.3 s
d =(
P
2(90.0)

dP=

SA =

LT
I

6'600

= 3.91 fffs

sA = 5!3+303.31

1 LOS B
7 plminlft

v =P

'1 5

15*WE

The proposed sidewalk will operate at LOS B. To achieve LOS 6, the
Results
sidewalk requires an effective width of 5.7 ft.
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-

Site information

-- --- - -.

--

.
.-.

Analyst
Agency or Company
Date Performed
Analvs~sTlme Penod

JMYE
GEl
5/9/99

:

:
;

i

i

Facility
Jurisdiction
Analysis Year

Urban Street

1999

Peak

Operal~onal(LOS)

I

Design (WE)

0 Planning (LOS)

@ Plannlng ( W L I

Walkways and SidewalltPedestrlan Facilities

I

1-

!

-

1

1

~

I

,.

Pedeslnan unit flow rate, vp (plminlft), vp =

I

i

2

A

5.7
600

1

&

i

-

L

I

widlh of crosswalks, WT (ft) - 1 ,I .Total
.
W, (it)
i Sum of obslruclions vridlh andlor shy*nces,'
I Effective crosswalk width, WE(ft), W E W T- Wo
Peak 15-min flow rate (both directions), v15 (pIl5-min)

/

Example Problem 5

!

A

General Information

L

I

PEDESTRIANSWORKSHEET

-

-

-.

!
I
!

7
I

LOS (Exhib~k18-3.18-4,18-5, 18-6, or 18-7)
t--

j Shared Pedestrian-Bicycle Facilities

1-

I

Mean pedestnan speed, L
S (Ws) -Mean b~cyclespeed, Sb (Ws)
Same-direct~onbicycle flow rate, QSbficycles/h)
Opposing-d~recl~onblcycle flow rate, Oob (b~ccyclesh)

1'

Passing events F eventslh)2 F-

1

.

Opposlng events, F, (eventdh), F,=

--

-

(1-3)

-

i

b

-

.

b

I
I

I

i
-

d

I

-

>.-

I

I

I

S ~ -

-Total events, F (evenwh), F = Fp + O5F,

1 LOS (Exhibit 1 8 - 8 r -

-

1

Se)

Q+I(,

-

I

,

.

I

i

I

.

j/ - Crossings
-______ at Signalized Intersections, UnsignalizedIntersections, and Urban Street FacI'iBies
I_

,

I
--I

,

~edesrnanDelayalSKallzedIntersections
Cycle lenglh, C (s)
-Effective green ltrne for pedeslnans, g (8)
--

!

1

/

2

/

3

4

1

=cJg-if

Average delay, dp (s), dp
'-Los~~
signalized
lnlersecltons (Exhlblt 18-9)
I--.
.-

133

133

5

8

1

133

1

7

6

1

9 0 0 9 0 g 9 0 0 ,
410 1410
410

I

,

I

,'

I

Pedeslnan Delay at lWSCJn@~lions
Pedeslnan walkingspeed,
Sp (WS)
--

I

Pedestnan
slart-up time, 1, (s)
, --- -L (ft)
- Length of crosswalk.
_

_ Slngle pedeslnan critical gap. I,(s),

-- -- -

I

____
I
L
I
.-I

I, =
-

~ i ~ ~pedestr~an
c a l number in crossing plakon, N,
I S p a l l pedeslr~and~slnbullon?Np (p).
..-

8

1
1

I-

I
i-

-

Group cr~llcalgap,I-

UP

= ilTl

-

+ 2(Np

- 1)

Veh~cularflow rate, v (vehls)
Average pedestnan delay, d, (s), d, =

I

(e*l.-~-l)

LOS at unslgnallzed Inlersections(Exhliit
Average Pedestrian
- Travel S~eedsOver Several Link
Length of link? Li (ft) -

1
r
I

- - --

LOSurban
slreet pedeslr~anfacillty
(Exhib~t18-14)
.--

Notes

1.650

Average travel speed, S, (Ws), S, = -kx+*D,

*

3.91

650

I

, 3.91

1 0

-

I

3,300 I 1,000
3.91

j~

3.91

1
7
;

w
-e
-

1 Includes curb wldlll slreel lurnllurc wlndoiv shoos.
clearance, and all other Scld-observedobslrucbons
, . bulldlna
- .orolruslons ~ns~de
2, If lherc IS no platoon crossing, assume Np = I .
3. Link lenglh
.- - Includes
......s e g m e s h 01 sidewalk and upslreamsignalcrosswalk length.

A

I
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PEDESTRIANS WORKSHEET
Site Information

General Information
Agency or Company
Date Performed

Sum of obstructions width andlor shy distances,' W, (ft)
Effective crosswalk width. WE (ft). WE = WT - Wn
Peak 15-m~nflow rate (both direct~ons),v15 (pIl5-mln)
v15
Pedestrian unit flow rate, vp (plm~nlft),vp = 15.~
LOS (Exh~brts18-3, 18-4, 18-5, 18-6, or 18-7)

Shared Pedestrian-Bicycle facilities
Mean oedestr~ansoeed.
,
. S, fWs\,
Mean bicycle speed, Sb (ftls)
Same-direct~onbicycle flow rate, Qsb (bicycleslh)
Onnosinn-direction bicvcle flow rate. (Inh
Ibicvcleslhl
,,\

Passing events, Fp (eventslh),

F, = o&$)

Opposing events. F, (eventslh).

F. = o+
(I.$)

Total events, F (eventslh), F = Fp + 0.5Fm
LOS (Exh~b~t
18-8)

Crossings at Signalized Intersections, Unsignalized Intersections, and Urban Street Facilities
Pedestrian Delay at S~gnalizedIntersections
Cycle length, C (s)
Effectwe green t ~ m efor pedestrians, g (s)
Average delay, dp (s), dp

1

2

4

3

6

5

7

8

=v2

LOS at signalized ~ntersections(Exhibit 18-9)
Pedestr~anDelay at TWSC lntersect~ons
Pedestrian walk~nqspeed, S, (Ws)

I

Pedestrian start-up time, ts (s)
Length of crosswalk, L (ft)
L
Single pedestrian critical gap, t, (s), t, = -

S, + ts
Typical pedestrian number in crossing platoon, N,

Spatial pedestrian d i ~ t r i b u t i o nN,, ~ (p), N,=

1~~[80(Nc-Ijl+l
A
L

VrE

Group critical gap, t; (s), tG = t, + 2(Np - 1)

I

Vehicular flow rate, v Ivehls)
Average pedestrian delay, d, (s), d, =

(,Yt;-&-

1)

1

1

I

I

I

LOS at unsignalized intersections (Exhibit 18-13)
Averaoe Pedestrian Travel Soeeds Over Several Links
Length of link,3 Li (ft)
Average travel speed, S, (ftls), SA =

I

I

I

I

1

+
L

Z p d ,

18-14)
LOS urban street pedestr~anfac~lity(Exh~b~t

Notes
1. Includes curb width, street furniture, window shops, building protrusions, inside clearance, and all other field-observed obstructions.
2. If there is no platoon crossing, assume Np = 1.
3. Link length includes segment length of sidewalk and upstream signal crosswalk length.
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SCOPE OF THE METHODOLOGY
This chapter addresses the capacity and level-of-service (LOS) analysis of facilities
serving bicycles. Specifically, procedures are provided for the following types of
facilities:
Exclusive off-street bicycle paths: paths physically separated from highway traffic
for the exclusive use of bicycles;
Shared off-street paths: paths physically separated from highway traffic for the use
of bicycles, pedestrians, skateboards, roller skaters, in-line skaters, and other
nonmotorized traffic;
* Bicycle lanes on streets: designated bicycle lanes on streets, usually directly
adjacent to highway traffic lanes, operating under uninterrupted flow;
Interrupted-flow bicycle facilities: designated bicycle lanes on streets, usually
directly adjacent to highway traffic lanes, operating through fixed interruptions such as
traffic signals and stop signs; and
Bicycle lanes on urban streets: designated bicycle lanes on urban streets, incurring
the impact of both uninterrupted-flow sections and fixed interruptions.
The material for this chapter resulted from FHWA-sponsored research (1). Note that
quality of flow of bicycle traffic on each of these facilities is evaluated from a bicyclist's
point of view. The discussion does not deal with the presence of wide outside roadway
lanes, paved shoulders or bicycle lanes, volume of motorized vehicles, speed and
presence of heavy vehicles, pavement condition, and other factors that bicyclists consider
important quality-of-service measures. Research describes quality-of-service measures
from a bicyclist's perspective (2). The procedures for assessing the impact of bicycles on
vehicle capacity and LOS are incorporated into other chapters as appropriate by type of
facility.

For background and concepts,
see Chapter 11

LIMITATIONS OF THE METHODOLOGY
The bicycle methodology does not account for bicycle paths or lane width reduction
due to fixed objects adjacent to these facilities. No credible data were found on fixed
objects and their effects on bicycles using these types of facilities. In addition, the
methodology does not account for the effects of right-turning motor vehicles crossing
bicycle lanes at intersections or midblock locations, and there is no consideration of
grade. The methodology can be used for analysis of facilities with grades between -3 and
+3 percent. The effects created by more extreme grades are unknown.

II. METHODOLOGY
This methodology provides the framework for bicycle facility evaluation. The
analyst will be able to investigate the effects of pedestrians and traffic signals and the
interaction between bicyclists on the LOS of a bicycle facility as measured in terms of
meeting and passing events. A discussion of the concept of events is given in Chapter 11,
"Pedestrian and Bicycle Concepts."

UNINTERRUPTED-FLOW BICYCLE FACILITIES
Uninterrupted-flow bicycle facilities include both exclusive and shared bicycle paths
physically separated from vehicular roadways and without points of fixed interruption
(except at terminal points).
These procedures should be used with the following cautions in mind:
Chapter 19 - Bicycles
Introduction
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1. AASHTO recommends that the desirable width for separated bicycle paths be 10
ft, with a minimum width of 8.0 ft allowed under low-volume conditions (3). Only where
field observations clearly indicate that bicyclists have f o ~ m e dand are using three lanes
and greater than 8.0-ft width should three-lane operation be assumed.
2. European studies (2) report frequencies of events (meetings and passings) only
for two-lane bicycle paths. These results have been extended to three-lane paths in this
chapter using similar procedures.
3. Procedures assume base conditions. Research is insufficient to identify the
impact of such features as lateral obstructions, extended grades, and other local factors.
For bicycle facilities, the flow rate during the most heavily traveled 15 min of the
peak hour is used for analysis. LOS for other periods can, of course, be analyzed, but
such analyses will not represent the critical periods of the day.

1

Exclusive Off-Street Bicycle Paths
Exclusive off-street bicycle paths are separated from motor vehicle traffic and do not
allow pedestrians or users other than bicyclists. These facilities are often constructed to
serve areas not served by city streets. They also provide recreational opportunities for the
public. They accommodate the highest volumes of bicycles of the three uninterruptedflow types of facility addressed in this manual and provide the best LOS, because
bicycles are not forced to share the facility with other modes traveling at much higher or
much lower speeds.
Research (4) has established Equations 19-1, 19-2, and 19-3 for predicting the
number of events encountered by bicyclists on two-way exclusive off-street bicycle paths.
Fp = 0.18 8 ~ ,
(1 9-1)

where
Fp
Fm
F
v,
vo

= number of passing events (with bicyclists in same direction) (eventsh);
= number of opposing events (with bicyclists in opposing direction)
(eventsh);
= total number of events on path (eventsh), with a weighting factor of 0.5
for meeting events;
= flow rate of bicycles in subject direction (bicycleslh); and
= flow rate of bicycles in opposing direction (bicycleslh).

These equations may also be applied to one-way bicycle facilities, with v , set to zero,
although such facilities are not common.
The equations for computing the number of events are based on an assumed normal
distribution of bicycle speeds with a mean speed of 11.2 m i h and a standard deviation of
1.9 milh. These equations can be used to determine the flow rate that can be
accommodated for a designated LOS value of F and various directional distributions of
bicycle flow. Equation 19-4 is used to compute bicycle flow rate.

where
v

p
Refer to Chapter I I for
detailed descr;ption of
hindrance

Chapter 19 - Bicycles
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= total bicycle flow rate, both directions (bicyclesh), and
= proportion of total flow rate traveling in subject direction.

Exhibit 19-1 lists LOS criteria for exclusive off-street bicycle paths. The criteria
were developed using the concepts of interference and events. Hindrance is the fraction
of users over 0.6 mi of a path experiencing interference due to passing and meeting

Highway Capacity Manual 2000
maneuvers. Events is defined as the number of times a bicycle is involved in passing and
meeting maneuvers, which is strongly related to hindrance.
EXHIBIT 19-1. LOS CRITERIA FOR EXCLUSIVE BICYCLE PATHS
LOS
A
B
C
D
E
F

Frequency of Events, 2-Way, 2-Lane Pathsa
(eventsth)
5 40
> 4&60
> 6C-100
> 100-1 50
> 150-195
> 195

Frequency of Events, 2-Way, 3-Lane pathsb
(eventsth)
190
> 9&140
> 140-210
> 21 0-300
> 300-375
> 375

Notes:
a. 8.0-it-wide paths. Also used for on-street bicycle lanes.
b. 10-ft-wideoaths.

Note that by these criteria, the LOS afforded bicyclists in each direction is different
unless the directional split is 50:50. Note also that three-lane bicycle paths will result in
significantly higher service flow rates for any given LOS because many events on a threelane bicycle path can occur without infringement on the lane of travel-that is, without
hindrance of the bicyclist.
Shared Off-Street Paths
Shared off-street paths, like exclusive bicycle paths, are separated from motor
vehicle traffic. However, shared-use paths are open to other nonmotorized modes,
including pedestrians, skateboarders, wheelchairs, roller skaters, in-line skaters, and
others. Shared-use paths are often constructed for the same reasons as exclusive paths.
They serve areas without city streets and provide recreational opportunities for the public.
Such paths are common on university campuses, where motor vehicle traffic and parking
often are heavily restricted. In the United States, there are few paths limited exclusively
to bicycles; therefore, most off-street paths in this country fall into this category.
On shared facilities, the presence of pedestrians can be detrimental to bicycle
capacity and LOS because pedestrians move at markedly lower speeds. However, it is
very difficult to establish a pedestrian-bicycle equivalent because the relationship
between the two differs depending on their respective flows, directional splits, and other
factors.
As mentioned earlier, bicycle LOS is based on a hindrance concept and its surrogate
measure, events. Equations for the prediction of total events have been developed (4) on
the basis of an assumption that bicycle speeds are normally distributed with a mean of
11.2 mith and that pedestrian speeds are similarly distributed with a mean of 2.8 mik.
Equations 19-5, 19-6, and 19-7 are used to predict total events for shared bicycle and
pedestrian situations.

The uninterrupted-flow bicycle
facility analysis is based on
the concept of hindrance

where
F, Fp, Fm are as previously defined,
vps = flow rate of pedestrians in subject direction (pth),
vbs = flow rate of bicycles in subject direction (bicyclesk),
= flow rate of pedestrians in opposing direction (pk), and
vpo
vbo = flow rate of bicycles in opposing direction (bicyclesk).
Chapter 19 - Bicycles
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If the directional split of both bicycles and pedestrians is assumed to be the same, p
may be taken as the proportion of both in the subject direction. If vp is the total two-way
pedestrian traffic and vb is the total two-way bicycle traffic? the number of total events (p)
may be computed by Equation 19-8.

F = Vp (2.5 + 0 . 5 ~ +) vb (I
- 0.812~)

(19-8)

Exhibit 19-2 lists LOS criteria in terms of events for shared off-street paths.

LOS
A
B
C
D

E
F

EXHIBIT 19-2. LOS CRITERIA FOR SHARED OFF-STREET PATHS
Frequency of Events, 2-Way, 2-Lane Pathsa Frequency of Events, 2-Way, 3-Lane Pathsb
(eventslh)
(eventslh)
< 40
< 90
> 40-60
> 90-140
> 60-1 00
> 140-210
> 100-150
> 210-300
> 150-1 95
> 300-375
> 195
> 375

Notes:

a. 8.0-ft-wide paths
b. 10-ft-widepaths.

On-Street Bicycle Lanes

Few on-street facilities
operate with fewer than
two lanes

Chapter 19 - Bicycles
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Designated bicycle lanes are lanes on a street that are assigned exclusively for the
use of bicycles. These lanes are separated from motor vehicle traffic by pavement
markings. Bicycle lanes are normally placed on streets where bicycle use is moderate to
high and the separation of bicycles from motor vehicle traffic may be warranted. Bicycle
lanes are generally used for flow in one direction only, with a lane provided on each side
of the street.
Where paved shoulders are part of the cross section and not part of the designated
traveled way for vehicles, bicycles may make use of the shoulder in much the same way
as they do a designated bicycle lane. In such cases, bicycle traffic is separated from
motor vehicle traffic by a right-edge marking. Although such shoulders may also be
shared with pedestrians, they typically are only occasionally used by pedestrians. For this
reason, designated bicycle lanes and paved shoulders used by bicyclists will be treated in
a similar manner by the methodology of this chapter.
The widths of on-street bicycle facilities vary widely in the United States, ranging
from a 4.0-ft designated bicycle lane to a 10-ft paved shoulder. However, because
bicycles can borrow space from the adjacent lane when motor vehicle flow is light to
moderate, there are few facilities that operate with fewer than two effective bicycle lanes.
It is expected that on-street bicycle lanes and paved shoulders with widths up to 6.0
ft will operate as two effective lanes. However, heavy motor vehicle volumes, high
speeds, roadway debris, or other local conditions may affect the actual width available to
the bicyclists. An observation of facility operation before analysis is recommended to
determine the actual number of effective lanes.
One important distinction between on-street facilities and exclusive off-street
facilities is the existence of a multitude of factors affecting the LOS for on-street
facilities, including adjacent motor vehicle traffic (which is often moving much faster
than the bicycles), heavy-vehicle traffic, commercial and residential driveways, and
adjacent on-street parking. These factors, in addition to lateral obstivctions and extended
sections with appreciable grades, may reduce the quality of service for a bicycle lane (2).
One possible approach to determining LOS for on-street bicycle facilities is to
quantify the impact of prevailing geometric and traffic conditions on the average and
standard deviation of bicycle speeds on the facility. Under this framework, the
expectation is that friction with vehicular traffic, parked vehicles, and driveway density
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would result in a lower mean speed and higher standard deviation than on a comparable
off-street path. To illustrate this effect, Exhibit 19-3 lists the numbcr of cvents for a
range of bicycle flow rates and standard deviations of bicycle speeds. As indicated in
Exhibit 19-3, the number of events increases as speed decreases and standard deviation
increases. Thc standard deviation of speeds describes the variation in speeds about the
average or mean bicycle speed. The standard deviation will be relatively smaller for
facilities used primarily by commuters and relatively larger for recreational facilities.
Using the number of events from Exhibit 19-3. the analyst can iind LOS from Exhibit
19-1. If speed parameters are not available, use a mean bicycle speed of 11.2 milh and a
standard deviation as described in the footnote of Exhibit 19-3.
EXHIBIT 19-3. EFFECT OF BICYCLE MEAN AND STANDARD DEVIATION OF SPEEDS ON EVENTS FOR
ONE-WAY ON-STREET BICYCLE FACILITIES
Number of Events =

2*Bicycle Flow Rate*Standard Deviation
Mean Bicvcle deed* &
,

Bicvcle
Standard
F lo/ ~ a i e Deviationa
(milh)
(bicycleslh)
0.9

7.5

8.1

8.7

1

11.2

11.8

12.4

9

8

1

1
1

,

Bicycle Mean Speed (mith)
9.3
9.9
10.6

4

1

1

3

1

2

1

1

1 0 1

1 0 1

9 1

Notes:
a. Standard deviation of bicycle speeds. If standard deviation data are unavailable, use the following default values:
0.9 milh for facilities used primarily by commuters
1.9 milh for facilities used by various user types
2.8 milh for facilities used primarily for recreational purposes.

INTERRUPTED-FLOW BICYCLE LANES
Inten-upted-flow bicycle facilities are on-street bicycle lanes that must pass through
intersections (signalized and unsignalized). The procedures of this chapter focus on the
LOS provided to bicyclists. To assess the impact of bicycles on motor vehicle traffic,
methodologies in other chapters of this manual should be used.

Signalized Intersections
A signalized intersection covered by these procedures is one in which there is a
designated on-street bicycle lane on at least one approach. The typical width of an
on-street bicycle lane ranges between 4.0 ft and 6.0 ft. A wide range of capacities and
saturation flow rates have been reported by many countries for these types of facilities.
The base saturation flow rate may be as high as 2,600 bicyclesh on the basis of research
observations (5). However, few intersections provide base conditions for bicyclists, and
current information is insufficient to calibrate a series of appropriate adjustment factors.
Until such factors are developed, it is recommended that a saturation flow rate of 2,000
bicycleslh be used as an average value achievable at most intersections. A saturation
flow rate of 2,000 bicyclesh assumes that right-turning motor vehicles yield the right-ofway to through bicyclists. Where aggressive right-turning traffic exists, 2,000 bicycleslh
may not be achievable. Local observations to determine a saturation flow rate are
recommended in such cases. Using this default value for saturation flow rate, the
C h a p t e r 19 - B i c y c l e s
Methodology
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capacity of the bicycle lane at a signalized intcrseclion may be coinputed using Equation
19-9.

whcre
Effective green time is
defined in Chapter 16

cb
sb
g
C

=
=
=
=

capacity of bicycle lane (bicyclesh),
saturation flow rate of bicycle lanc (bicycleslh),
effective green time for bicycle lane (s), and
signal cycle length (s).

Control delay is estimated using the first term of the delay equation for signalized
intersections, the uniform delay term, which assumes that there is no overflow delay.
Bicyclists will normally not tolerate an overflow situation and will select other routes or
ignore ~rafficregulations to avoid the excessive delay that would occur in such situations.
Control delay is estimated by using Equation 19-10.

where

Interaction with rightturning vehicles is not
accounted for in the
methodology

db

= control delay (slbicycle), and

vb

=

flow rate of bicycles in one-direction bicycle lane (bicycleslh).

Exhibit 19-4 gives LOS criteria for bicycles at signalized intersections, on the basis
of control delay. At most signalized intersections, the only delay to through bicycles is
caused by the signal itself because bicycles have the right-of-way over right-turning
vehicles during the green phase. Where bicycles are forced to weave with right-turning
traffic or where the bicycle right-of-way is disrupted because of high right-turning flows,
additional delay could occur.
EXHIBIT

19-4. LOS FOR BICYCLES AT SIGNALIZED INTERSECTIONS

LOS

Control Delav (s/bicvcle\

Unsignalized Intersections
An unsignalized intersection covered by these procedures is one in which there is a
designated on-street bicycle lane on at least one of the minor approaches, controlled by a
stop sign. Bicycles on the major street at an unsignalized location are not delayed at most
intersections because they have the right-of-way over turning vehicles. Where bicycles
are forced to weave against right-turning vehicles, additional delay may be incurred.
It is also assumed that bicycles on a minor approach turning right from one
designated bicycle lane to another are not delayed because they do not have to wait for
gaps in motor vehicle traffic. Experienced bicyclists making left turns from either the
minor or major approach often leave the bicycle lane and queue with motor vehicles.
Chapter 19 - Bicycles
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Critical gap distributions have been identified in the research (5,6)for bicycles
crossing two-lane major streets. The methodology in this manual for motor vehicles at
unsignalized intersections (see Chapter 17) is also applicable to bicycles. Thus, once
critical gaps and follow-up times are determined for bicycles, the control delay for
bicycles is computed using the delay equation from Chapter 17.
One caution is necessary. Bicycles differ from motor vehicles in that they normally
do not queue linearly at a stop sign. As a result, multiple bicycles often use the same gap
in the vehicular traffic stream. This fact will probably affect the determination of bicycle
follow-up time. This phenomenon and others described in this section have not been
researched and thus are not explicitly included in the methodology.
Once an average control delay is estimated, the LOS criteria of Exhibit 19-4 are
applied directly. No procedures are specified for bicycles at all-way stop-controlled
intersections.

The critical gap approach is
applied to bicycles at
unsignalized intersections

Urban Streets
This section focuses on operational analysis of extended designated on-street bicycle
lanes on urban streets with both uninterrupted- and interrupted-flow elements. Average
bicycle travel speed, including stops, is used as the measure of effectiveness for such
cases. The average travel speed is based on the distance between two points and the
average amount of time required to traverse that distance, including stops.
For these procedures, bicycle facilities on urban streets are found along streets made
up of both segments and intersections with designated bicycle lanes. The first step in
analyzing the urban street is to define its limits. Once the limits are defined, the street is
segmented for analysis. Each segment consists of a signalized intersection and an
upstream segment of bicycle facility, beginning immediately after the nearest upstream
signal. The average travel speed over the entire section is computed by Equation 19-1 1.

where
Sat,
LT
Lj
Si
d,

= bicycle travel speed (milh),
= total length of urban street under analysis (mi),
= length of segment i (mi),
= bicycle running speed over segment i (milh), and
= average bicycle delay at intersection j (s).

For the purposes of analyzing bicycle flows, it is recommended that the average
running speed of bicycles on arterials (between signalized intersections) be taken as 15
m i h . It is recognized that there are many factors that might affect bicycle speed,
including adjacent motor vehicle traffic, adjacent on-street parking activity, commercial
and residential driveways, lateral obstructions, and significant grades. To date, research
has been insufficient to make any specific recommendations as to their individual and
collective effects. Intersection delays are computed as described in previous sections of
this chapter.
LOS criteria based on average travel speed of bicycles are listed in Exhibit 19-5.
The criteria are generally based on arterial LOS criteria for motor vehicles, with
thresholds set at similar percentages of base speed.

Chapter 19 - Bicycles
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EXHIBIT 19-5. L O S CRITERIA FOR BICYCLE LANES ON URBAN STREETS
LOS
A
B
C
D
E
F

Bicycle Travel Speed (rnilh)
> 14
> 9-14
> 7-9
> 5-7
1 4-5
<4

Ill. APPLICATIONS
Guidelines on required
inputs and estimated
values are in Chapter I I

The methodology in this chapter is for analyzing the capacity and LOS of bicycle
facilities. The analyst must address two fundamental questions. First, the primary output
must be identified. Primary outputs include LOS and achievable bicycle flow rate (vb).
Second, the analyst must identify the default values or estimated values for use in the
analysis. The analyst has three sources of input data: (a) default values found in this
manual; (b) estimates or locally derived default values or both; and (c) values derived
from field measurements and observation. For each of the input variables, a value must
be supplied to calculate the outputs, both primary and secondary.
A common application of the method is to compute the LOS of an existing facility or
of a changed facility in the near term or distant future. This type of application is termed
operational, and its primary output is LOS. Alternatively, the achievable bicycle flow
rate, vb, can be solved for as the primary output. This analysis requires that an LOS goal
be established, and it is typically used to estimate when a specified bicycle flow rate will
be exceeded.
Another general type of analysis can be defined by the term planning. This type uses
estimates, HCM default values, and local default values as inputs in the calculation. As
outputs, LOS or bicycle flow rate can be determined. The difference between planning
analysis and operational or design analysis is that most or all of the input values in
planning come from estimates or default values, whereas operational and design analyses
tend to utilize field measurements or known values for most or all of the input variables.

COMPUTATIONAL STEPS

Operational (LOS)

Design (v$

Planning (LOS)
Planning (v$

Chapter 19 - Bicycles
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The bicycle worksheet for computations is shown in Exhibit 19-6. For all
applications, the analyst provides general information and site information.
For operational (LOS) analysis, all flow data are entered as input. Depending on the
type of bicycle facility, different performance measures are computed, and LOS is
determined.
The objective of design (vb) analysis is to estimate the bicycle flow rate in bicycles
per hour given a desired LOS. For exclusive off-street bicycle paths and shared off-street
bicycle paths, a maximum number of events per hour allowed for the desired LOS is
determined. Then by solving the events equation backwards, bicycle and pedestrian flow
rates are computed. For interrupted-flow bicycle lanes, the key variable is the maximum
allowed control delay to achieve the desired LOS. By back-solving the delay equation,
Xb is determined. From Xb, bicycle flow rate is computed.

PLANNING APPLICATIONS
The two planning applications, planning for LOS and vb, correspond directly to
procedures described for operations and design. The primary criterion that categorizes
these as planning applications is the use of estimates, HCM default values, and local
default values. Chapter 11 contains more on the use of default values.
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8V. EXAMPLE PROBLEMS

Problem
No.

1
I

Description

I

Application

Find LOS of an exclusive off-street bicycle facility
Find LOS of a shared off-street bicycle lane .

Operational (LOS)

Find LOS of an interrupted-flow bicycle lane at a signalized intersection

Operational (LOS)

Find ILOS of a bicycle lane on an urban street with three signalized
intersections

Operational (LOS)

Find LOS of an on-street lane with heavy side friction

Operational (LOS)

Find LOS of a shared off-street bicycle facility. If the procedure fails, assess
separate pedestrian paths and bicycle paths.

Operational (LOS)

Operational (LOS)

Chapter 19 - Bicycles
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The Bicycle Facility
A north-south uninterrupted-flowtwo-lane (8.0 ft wide) exclusive
bicycle path carrying two-way bicycle traffic.
The Question

What is the LOS of this facility during the peak hour?

The Facts
d Two effective lanes,
d PHF = 0.60,
d Peak-hour volume = 90 bicycleslh, and
d Directional Split = 70130 (NBISB).
Outline of Solution All input parameters are known. The peak-hour volume is
converted to a flow rate for the 15 min with the highest demand. Number of events in
each direction and LOS are then computed.

1

1.

Find directional flows.
90
vb =EX

I 2.

1
Find Fp (use Equation 19-1).

vb =

0.7 = 105 bicycleslh (NB)
x 0.3 = 45 bicycleslh (SB)

I ~~=0.188v,

1 F, = 0.1 88(105) = 20 eventslh (NB)

1

I
1

Fp= 0.188(45) = 9 eventsh (SB)
(use Equation 19-2).

I

F, = 2v,

I F,

= 2(45) = 90 eventslh (NB)

F, = 2(105) = 210 eventslh (SB)
4.

Find F (use Equation 19-3).

I

F = O.5Fm + Fp

I F = 0.5(90) + 20 = 65 eventslh (NB)
F = 0.5(210) + 9 = 114 eventslh (SB)

5.

LOS C (NB)

Determine LOS (use Exhibit 19-1).

,

LOS D (SB)

Results The northbound direction operates at LOS C, whereas the southbound
direction operates at LOS D.
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Example Problem I

BICYCLE WORKSHEET
Site Jnformation

General Information
Analysl
Agency or Company
Date Performed
Analys~sTime Per~od

.IMYE

Palh or B~cycleLane
Jur~sd~cl~on
Analysis Year

GFI

5/19/99
Peak

El Operal~onal(LOS)

North-South

1999

I

Des~gn(vb)

Plann~ng(LOS)

lnput

Plann~ng(vb)

Planning Input
19 8 0 f l

Bicycle path and lane widlh
B~cyclepeak-hour volume, Vb

90

Pedeslrian peak-hour volume, Vp
Bicycle peak-hour factor, PHF
0.60
Pedeslrian peak-hour factor. PHF
Bicycle direclional split, P
2 1 - 3 2
I
Pedestrian directional split, P

loft

b~cycleslh

I Average annual dally traffic, A4DT =

Other i

t
b~cycleslday1

Proporlion of A4DT during peak-hour. K =
Design hour volume. DHV =

plh

bicycleslh

(EB or N B N B or SB)
(EB or N B N B or SB)
I

Directional Flow Rate
EB
Peak 15-m~nb~cycleflow rate, vb (b~cycleslh)

OF,

WB

00

(90/0 60) x .7 = 105

I

Exclusive Off-StreetPath and On-Street Lane (One-Way)
EB of@
F,= 0 18Bv, (Equaf~on19-1)
F, = 2v0 (Equat~on19-2)
F = 0 5F,

+

F, (Equal~on19-3 or Exh~bit19-3)

LOS (ExhiblI19-1 or 19-3)

WB of@

70

9

9g
65
C

210
114
D

Shared Off-StreetPaths
EB or NB
Fp = 3v,

+

WB or SB

0 18Bvk (Equal~on19-5)

F, = 5vpo + 2vbo (Equabon 19-6)
F = 0 5F,

+

F, (evenlslh) (Equation 19-7)

Average travel speed, S,

(milh)
7

(Equalion 19-11) S,

= (&TC)

1

S, 3600
LOS urban street bicycle facilily (Exhibit 19-5)
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The Bicycle Facility
An east-west uninterrupted-flow shared path (10 ft wide) carrying
two-way pedestrian and bicycle traffic.
The Question

What is the LOS of this facility for bicyclists in the peak hour?

The Facts
./ Three effective lanes (10 ft wide),
./ Peak flow rate of bicycles = 150 bicycleslh,
./ Peak flow rate of pedestrians = 80 plh,
./ Directional split of bicycles = 60140 (EBNVB), and
./ Directional split of pedestrians = 50150 (EBNVB).
Outline of Solution All input parameters are known. Number of events in each
direction and LOS for bicycles are computed. Note that the peak flow rates are given
rather than hourly volumes. Because the directional splits for bicycles and pedestrians are
not the same, Equations 19-5, 19-6, and 19-7 are used.
Steps
1.

Find directional flows.

EB bicycles = 0.6(150) = 90 bicycles Ih
WB bicycles = 0.4(150) = 60 bicycleslh
EB peds = 0.5(80) = 40 plh
WB peds = 0.5(80) = 40 plh

2.

Find Fp (use Equation 19-5).

Fp = 3vps + 0.1 88vbs
Fp = 3(40) + 0.1 88(90) = 137 eventslh (EB)
Fp = 3(40) + 0.188(60) = 131 eventslh (WB)

3.

Find F, (use Equation 19-6).

F
,
F,
4.

Find F (use Equation 19-7).

1

+ 2vbO
= 5(40) + 2(60) = 320 eventslh (EB)
= 5(40) + 2(90) = 380 eventslh (WB)

F
, = 5vPO

F = 0.5Frn + FP
F = 0.5(320) + 137 = 297 eventslh (EB)
F = 0.5(380) + 131 = 321 eventslh (WB)

5.

Determine LOS (use Exhibit
19-2).

LOS D (EB)
LOS E (WB)

Results The shared facility operates at LOS D for the eastbound direction and LOS E
for the westbound direction.
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i

1

Analyst
Agency or Company
Dale Performed
Analysis Time Period

1

I

1

BICYCLE WORKSHEET
Palh or Bicycle Lane
Jurisdiction
Analysis Year

JMYE

CEI

5/12/99
Peak

- ."

East-West
1999

I

--I

.

Desion IvJ

Ooerational 1LOSI
~,

Plannino- (LO3
,

Input

Example Problem 2

1

Plannino., f,v",~ l

Planning Input

B~cyclepath and lane width
8.0 ft
@
l oIf t
O Other f
bicycledh
Average annual daily traffic, AADT =
Bicycle peak-hour volume. V,
Proportion of AADT during peak-hour. K =
Pedeslrian peak-hour volume, Vp
Plh
Bicycle peak-hour factor, PHF
1.0
Design hour volume, DHV=
Pedestrian peak-hour faclor, PHF
60 I 40 (EB or N B N B or SB)
Bicycle directional split, P
Pedestrian direclional split P
/ 2(EB or N B N B or S B ) ~

t

1

bicycledday
bicycleslh

1

Directional Now Rate

1

@or NB

@or SB

Peak 15-min bicycle flow rate, v, (bicycledh)
v,, = 1VdPHFl x P
Peak 15-min pedestrian flow rate, vp (plh)
v, = (VdPHF) x P

Exclusive Off-Street Path and On-Street Lane (One-Way)

1

lnterseclion
Bicycle flow rate, vb (bicyclesth)
Capacity, c, (bicycleslh)
ch = 2000(q/C) (Equation 19-9)

A2
1
-

. -.

3

4

'

5

.

1

6

7

.

8

I
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The Bicycle Facility
The Question

A 4.0-ft-wide bicycle lane at a signalized intersection.

What is the LOS of this bicycle lane?

The Facts
d Effective green time = 48 s,
d Cycle length = 120 s, and
d Peak bicycle flow rate = 120 bicycleslh.
Outline of Solution All input parameters are known. Capacity and control delay of the
bicycle lane will be computed. Then, using control delay, LOS is determined.

1.

Find g/C and cb (use Equation
19-9).

1

I

I cb = 2000(g/C) = 800 bicycleslh

Find d (use Equation 19-10).

3. Determine LOS (use Exhibit 19-4).

Chapter 19 - Bicycles
Example Problems
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1

1

I

BICYCLE WORKSHEET
General Information
Analyst
Agency or Company
Date Performed
Analysis T~mePer~od

Example Problem 3

Site Information
Junsd~cl~on
Analys~sYear

I
I

PcaL

a ~ ~ e r a l r (LOS)
zl

q Des~gn(vb)

q Plann~ng(LOS)

lnput

~ % n ~ n ~(vb)

Planning lnpul

B~cyclepath and lane wldth
q 6 0 fl
B~cyclepeak-hour volume. Vb
Pedestr~anpeak-hour volume, V,
Bicycle peak-hour faclor, PHF
Pedestr~anpeak-hour factor, PHF
B~cycled~reclionalspllt, P
I
Pedeslr~andirecl~onalspl~t.P
I

q 10 ft
(gl Other a
Average annual dally traffic. AADT =
Proporl~onof AADT dur~ngpeak-hour, K =
Des~gnhour volume, DHV =

b~cycleslh
plh

f

t
b~cycleslday
b~cycleslh

(EB or N B N B or SB)
(EB or N B N B or SB),

Directional Ffow Rate

1

EB or NB

II

WB or SB

I

Peak 15-min bicycle flow rate, vb (bicycleslh)
Vb = (VdPHF) X P
Peak 15-min pedeslrian flow rate, v, (plh)
v, = (VdPHF) x P

vb = 120 bicycles/h

Exclusive Off-Street Path and On-StreetLane (One-way]
EB or NB

WB or SB

F,= 0 . 1 8 8 ~(Equation
~
19-1)
F, = Zv, (Equalion 19-2)
F = 0.5Fm + F, (Equalion 19-3 or Exhibit 19-3)

I

LOS (Exhibit 19-1 or 19-3)
d Off-Street Paths

...

..
....
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EXAMPLE PROBLEM4
The Bicycle Facility
A 1.2-mi bicycle lane on an urban street with three signalized
intersections and four segments (links).
The Question

What is the eastbound peak-hour LOS of this bicycle facility?

The Facts

4 Cycle length = 100.0 s (for all intersections),
4 g1C = 0.30 (Intersection I ) ,
I/

g1C = 0.50 (Intersection 2),

4 g1C = 0.40 (Intersection 3),
-\I Peak flow rate = 250 bicycleslh,
-\I Ll =0.3mi, L2=0.1 mi, L3=0.6mi, L4=0.2mi, and

4 One-way, 4.0-ft-wide bicycle lane.
Outline of Solution All inputs are known. Capacity and vlc ratio of the bicycle lane are
computed for all intersections. Delay at the three intersections and average travel speed
of bicycles are then computed to determine LOS.
Steps
1.

Find c (use Equation
19-9).

c = 2000(g/C)
c, = 2000(0.30) = 600 bicycleslh
c2 = 2000(0.50) = 1000 bicycleslh
c3 = 2000(0.40) = 800 bicycleslh

2.

Find vlc.

(vlc), =

250
600
= 0.42

250
(vlc), = 1000 = 0.25
(vlc), =
3.

Find d (use Equation
19-10).

250
800
= 0.31

0.5C(1- g / ~ ) 2

d=

1-g/C min 3 , l . o
(Cb

I

dl = 0'5(100'0)(1- 0 .
1- (0.30)(0.42)

~ =~ 218 0~s/bicycle, LOS C

d2 = O. 5(100.
- O. 50)2 = 14.3 s.bicycle, LOS B
1- (0.50)(0.25)
d3 =
4.

Find Sat, (use Equation
19-11).

0.5(100.0)(1- 0 . 4 0 ) ~
= 20.5 slbicycle, LOS C
1- (0.40)(0.31)
LT

sats=[

L
C-+Si

Idi]
3600
1.2

Sab=[(0.3+0.1+0.6+0.2)
16

5.

Determine LOS (use
Exhibit 19-4).

+ (28.0+14.3+20.5)]

= 13.0 milh

3600

LOS B

Results The bicycle lane on the arterial operates at LOS 6. Assuming a mean speed
of 11.2 milh and a standard deviation of 1.9 milh, the number of events is 47 eventslh
using Exhibit 19-3. This results in LOS B for the eastbound direction using Exhibit 19-1.
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The Bicycle Facility
The Question

An on-street bicycle lane (6.0 ft wide) with passing allowed.

What is the LOS of this facility during the peak hour?

The Facts
4 A bicycle lane (6.0 ft wide) with allowance for passing,
4 Peak-hour volume = 150 bicycleslh,
4 Peak-hour factor = 0.75,
4 Heavy side friction due to large vehicle volume,
4 High driveway density,
4 Observed mean speed = 11.2 milh, and
4 Standard deviation of 2.8 milh.
Since the standard deviation of speeds of 2.8 milh is different from the
Comments
default value of 1.9 milh, Equations 19-1 to 19-3 cannot be used. Exhibit 19-3 must be
used to predict the number of passing events and 1-0s.
First, hourly flow rate will be converted to 15-min peak flow rate.
Outline of Solution
The number of passing events will be obtained from Exhibit 19-3 and LOS from Exhibit
19-1.
Steps
1.

Find directional flows.
v

2.

1
3.

Find F for mean speed of 11.2 milh
and standard deviation of 2.8 milh
(use Exhibit 19-3).
Determine LOS (use Exhibit 19-1).

150
-- 200 bicycleslh
-

b - 0.75

F = 56 eventslh

1

I
LOS B

Results
The bicycle facility operates at LOS B. Note that if the default values were
used (11.2 milh, 1.9 milh standard deviation), the predicted number of events would drop
to 38 eventslh. This would incorrectly represent LOS A as the operating condition.
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General Information

I

1

I

BICYCLE WORKSHEET

I

Analyst
Agency or Company
Date Performed
Analysis Time Period

I

Site Information
Path or Bicycle Lane
Jurisdiction
Analysis Year

JMYE
GEl

5/26/99

Example Problem 5

NO&-south
1999

Peak

D Design (vb)

IZI Operational (LOS)

D Planning (LOS)

Input

D Planning (v,)

Planning Input

Bicycle path and lane width
D60R
B~cyclepeak-hour volume, Vb
150
Pedestrian peak-hour volume. Vp
Bicycle peak-hour factor, PHF
0.75
Pedeslrian peak-hourfactor, PHF
Bicycle directional split, P
I
I
Pedestrian directional split. P

Cl l o f t

b~cycleslh

1 Average annual daily traffic, M D T =

PI^

[B

Other 6 0 f l
b~cycleslday

Proportion of M D T during peak-hour, K =
Design hour volume, DHV =

bicyclesfh

(EB or NBNYB or SB)
(EB or NBNYB or SB)
I

Directional Flow Rate
EB or NB

/

Peak 15-min bicycle flow rate, vh (bicyceslh)
vh = (VdPHF) x P
Peak 15-min pedestrian flow rate, v. (plh)
vp = (VdPHF) x P

WB or SB

150=200
0.75

Exclusive Off-Street Path and On-Street Lane {One-Way)
EB or NB

WB or SR

Fp= 0 1 8 8 (Equal~on
~~
19-1)
F, = 2v0 (Equation 19-2)
F = 0 5F,

+

Fp (Equation 19-3 or Exhlblt 19-3)

56

LOS (Exhibit 19-1 or 19-3)

B

Shared Off-Street Paths
Fp = 3vps + 0 . 1 6 6 ~(Equation
~~
19-5)
F, = 5vpo + 2vba (Equation 19-6)
F = 0.5Fm + Fp (eventslh) (Equation 19-7)
I nS lFxhihil
--,- - 19-7\
-1

I

I

Bicycle Lane at Signalized Intersectionsand Ufban Streets (One-way)

/

Length of link, L (mi)
Average travel speed, S, (milh)
(Equalion 19-1 1) S,, =

F:x

( T 3600)

LOS urban street bicycle facility (Exhibit 19-5)
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The Bicycle Facility

An east-west uninterrupted-flow shared path (8.0 ft wide).

The Question
What is the LOS of this facility, and if it does not meet the goal, what is
the LOS with pedestrians and bicycles on separate paths?
The Facts
-\I Two effective lanes (8.0 ft wide),
-\I Peak pedestrian flow rate = 80 pth,
-\I Directional split for pedestrians =
50150 (EBNVB),

-\I Peak bicycle flow rate = 100 bicyclesth, and
-\I Directional split for bicycles = 70130
(EBNVB).

Outline of Solution
All input parameters are known. Number of events in each
direction and ILOS for bicycles are computed using Equations 19-5, 19-6, and 19-7 for the
shared path. If LOS is D or worse, provide a 5.0-ft pedestrian path and compute. Events
and LOS in each direction are then computed for the bicycle-only facility using Equations
19-1, 19-2, and 19-3.

Steps
1. Find directional flow.

EB bicycles = 0.7(100) = 70 bicyclesth
WB bicycles = 0.3(100) = 30 bicyclesth
EB peds = 0.5(80) = 40 pth
WB peds = 0.5(80) = 40 p/h
Fp = 3vps + 0.188vbs

2. Find Fp (use Equation 19-5).

Fp = 3(40) + 0.188(70) = 133 eventsth (EB)
Fp = 3(40) + 0.1 88(30) = 126 eventsth (WB)
F, = 5vPO + 2vb0

3. Find F, (use Equation 19-6).

F, = 5(40) + 2(30) = 260 eventsth (EB)

F, = 5(40) + 2(70) = 340 eventsth (WB)
F = O.5Fm + Fp

4. Find F (use Equation 19-7).

F = 0.5(260) + 133 = 263 eventsth (EB)
F = 0.5(340) + 126 = 296 eventsth (WB)
I

5. Determine LOS (use Exhibit 19-2).
6. Find Fp (use Equation 19-1).

LOS F (EB)

5
Fp = 0 . 1 8 8 ~ ~
Fp = 0.1 88(70) = 13 eventsth (EB)
Fp = 0.1 88(30) = 6 eventsth (WB)

7. Find F, (use Equation 19-2).
F, = 2(30) = 60 eventsth (EB)
F, = 2(70) = 140 eventsth (WB)
8. Find F (use Equation 19-3).
F = 0.5(60)

+ 13 = 43 eventsth (EB)

LOS C (WB)
Results
By providing separate bicycle and pedestrian paths, the operation of the
bicycle path is improved.
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INTRODUCTION

This chapter presents a comprehensive study of two-lane highway operation (I). The
development of the methodology used microscopic simulation, field data, and theoretical
concepts. Analytical procedures are provided for two applications, operational and
planning. Chapter 12, "Highway Concepts," presents definitions of basic parameters and
important concepts related to the methodology. Appendix A also covers design
treatments not addressed by the methodology.

For background and concepts,
see Chapter 12, "Highway
Concepts"

SCOPE OF THE METHODOLOGY
This chapter presents operational analysis for two-way and directional segments of
two-lane highways. Two-way segments may include longer sections of two-lane
highway with homogeneous cross sections and relatively constant demand volumes and
vehicle mixes over the length of the segment. Two-way segments may be located in level
or rolling terrain. Two-lane highways in mountainous terrain or with grades of 3 percent
or more for lengths of 0.6 mi or more cannot be analyzed as two-lane segments. Instead,
they arc analyzed as specific upgrades or downgrades. Performance measures for the
two-way segment methodology apply to both directions of travel combined.
Directional segments carry one direction of travel on a two-lane highway with
homogeneous cross sections and relatively constant demand volume and vehicle mix.
Any roadway segment can be evaluated with the directional segment procedure, but
separate analysis by direction of travel is particularly appropriate for steep grades and for
segments containing passing lanes.
The types of directional segments addressed by the operational applications include
directional segments in level or rolling terrain, specific upgrades, and specific
downgrades. When only one direction of travel on a two-way segment is analyzed, the
procedure for directional segments in level and rolling terrain is used. All directional
segments in mountainous terrain and all grades of 3 percent or more with a length of 0.6
mi or more must be analyzed as specific upgrades or downgrades.
For analysis of specific upgrades or downgrades, the length of grade is its tangent
length plus a portion of the vertical curves at its beginning and end. About one-fourth of
the length of the vertical curves at the beginning and end of a grade are included. If two
grades (in the same direction) are joined by a vertical curve, one-half the length of the
curve is included in each grade segment. The performance measures determined by the
directional segment methodology apply only to the direction of travel being analyzed.
However, the traffic performance measures for the analysis direction are influenced by
the flow rate and traffic characteristics in the opposing direction.
The objective of operational analysis is to determine the level of service (LOS) for an
existing or proposed facility operating under current or projected traffic demand.
Operational analysis also may be used to determine the capacity of a two-lane highway
segment, or the service flow rate that can be accommodated at any given LOS.

The analysis can consider two
directions combined or only
one direction

LIMITATIONS OF THE METHODOLOGY
Some two-lane highways-particularly those that involve interactions among several
passing or climbing lanes-are too complex to be addressed with the procedures of this
chapter. For analytical problems beyond the scope of this chapter, see Part V of this
manual, which describes the application of simulation modeling to two-lane highway
analyses. Several design treatments discussed in Appendix A are not accounted for by
the methodology.
The operational analysis methodologies in this chapter do not address two-lane
highways with signalized intersections. Isolated signalized intersections on two-lane
highways can be evaluated with the methodology in Chapter 16, "Signalized
Intersections.'' Two-lane highways in urban and suburban areas with multiple signalized
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intersections at spacings of 2.0 mi or less can be evaluated with the methodology of
Chapter 15, "Urban Streets."

I

Is.

METHODOLOGY

The following discussion presents estimates of two-lane highway capacity, defines
the LOS for two-lane highways, and documents the methodology for operational and for
planning applications. Exhibit 20-1 summarizes the basic methodology for two-lane
highways.
EXHIBIT 20-1. TWO-LANE HIGHWAY METHODOLOGY
- Geometric data
- Demand volume
-

Field-measured speed (SFM) or base
Percent time-spentfollowin

I

If BFFS

If SFM
I

I

- Lane width

- Flow rate

Shoulder width
- Access-point density

-

-

Heavy vehicle

T===-T
Compute free-flow speed

\

average speed
- Peak-hour factor
vehicle

I

Compute flow rates
+---3

I
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Determine LOS and other
performance measures

percent time-spent-following
- Peak-hour factor
- Heavy vehicle
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CAPACITY
The capacity of a ~wo-lanehighway is 1,700 pc/h for each direction of travel. The
capacity is nearly independent of the directional distribution of traffic on the facility,
except that for extended lengths of two-lane highway, the capacity will not exceed 3,200
pc/h for both directions of travel combined. For short lengths of two-lane highway-such
as tunnels or bridges-a capacity of 3,200 to 3,400 pc/h for both directions of travel
combined may be attained but cannot be expected for an extended length.

Capacity = 1,700pc/h for
each direction, and 3,200 for
both directions combined

LEVELS OF SERVICE
The service measures for a two-lane highway are defined in Chapter 12, "Highway
Concepts." On Class I highways, efficient mobility is paramount, and LOS is defined in
terms of both percent time-spent-following and average travel speed. On Class I1
highways, mobility is less critical, and LOS is defined only in terms of percent timespent-following, without consideration of average travel speed. Drivers will tolerate
higher levels of percent time-spent-following on a Class I1 facility than on a Class I
facility, because Class I1 facilities usually serve shorter trips and different trip purposes.
LOS criteria for two-lane highways in Classes I and I1 are presented in Exhibits 20-2,
20-3, and 20-4. Exhibit 20-2 reflects the maximum values of percent time-spentfollowing and average lravel speed for each LOS for Class I highways. A segment of a
Class I highway must meet the criteria for both the percent time-spent-following and the
average travel speed shown in Exhibit 20-2 to be classified in any particular LOS.
Exhibit 20-3 illustrates the LOS criteria for Class I highways. For example, a Class I
two-lane highway with percent time-spent-following equal to 45 percent and an average
travel speed of 40 mi/h would be classified as LOS D based on Exhibit 20-2. However, a
Class I1 highway with the same conditions would be classified as LOS B based on
Exhibit 20-4. The difference between these LOS assessments represents the difference in
motorist expectations for Class I and I1 facilities.
The LOS criteria in Exhibits 20-2 through 20-4 apply to all types of two-lane
highways, including extended two-way segments, extended directional segments, specific
upgrades, and specific downgrades.

For definitions of the service
measures for two-lane
highways, percent time-spentfollowing, and average travel
speed, see Chapter 12,
"Highway Concepts"

For definitions of Class I and I1
highways, also see Chapter
2 -

TWO-WAY SEGMENTS
The two-way segment methodology estimates measures of traffic operation along a
section of highway, based on terrain, geometric design, and traffic conditions. Terrain is
classified as level or rolling, as described below. Mountainous terrain is addressed in the
operational analysis of specific upgrades and downgrades, presented below. This
methodology typically is applied to highway sections of at least 2.0 mi.
Traffic data needed to apply the two-way segment methodology include the two-way
hourly volume, a peak-hour factor (PHF), and the directional distribution of traffic flow.
The PHF may be computed from field data, or appropriate default values may be selected
from the tabulated values presented in Chapter 12. Traffic data also include the
proportion of trucks and recreational vehicles (RVs) in the traffic stream. The operational
analysis of extended two-way segments for a two-lane highway involves several steps,
described in the following sections.
EXHIBIT 20-2. LOS CRITERIA FOR TWO-LANE HIGHWAYS IN CLASS I
LOS
A
B
C
D
E

Percent Time-Spent-Following
1 35

Average Travel Speed (mi/h)
> 55

> 3550

> 5&55

> 5&65

> 4550

> 65-80

> 40-45
1 40

> 80

Note:
LOS F appl~eswhenever the flow rate exceeds the segment capac~ty.
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I

EXHIBIT 20-3. LOS CRITERIA (GRAPHICAL) FOR TWO-LANE HIGHWAYS IN CLASS I

30

35

40

45
50
Average Travel Speed (rnilh)

55

60

65

EXHIBIT 20-4. LOS CRITERIA FORTWO-LALIE HIGHWAYS IN CLASS II
LOS
A
B
C
D
E

Percent Time-Spent-Following
5 40
> 40-55
> 5570
> 70-85
> 85

Note:
LOS F applies whenever the flow rale exceeds the segment capacity.

Determining Free-Flow Speed
Free-flow speed occurs
at two-way flows of 200
pc/h or less

A key step in the assessment of the LOS of a two-lane highway is to determine the
free-flow speed (FFS). The FFS is measured using the mean speed of traffic under low
flow conditions (up to two-way flows of 200 pclh). If field measurements must be made
with two-way flow rates of more than 200 pclh, a volume adjustment must be made in
determining FFS. This volume adjustment is discussed below.
Two general methods can be used to determine the FFS for a two-lane highway: field
measurement and estimation with the guidelines provided in this chapter. The fieldmeasurement procedure assists in gathering these data directly or incorporating the
measurements into a speed monitoring program. However, field measurements are not
necessary for an operational analysis-the FFS can be estimated from field data and user
knowledge of conditions on the highway.

Field Measurement
The FFS of a highway can be determined directly from a speed study conducted in
the field. No adjustments are made to the field-measured data. The speed study should
be conducted at a representative location within the highway segment being evaluated;
for example, a site on a short upgrade should not be selected within a segment that is
generally level. Any speed measurement technique acceptable for other types of traffic
engineering speed studies may be used. The field study should be conducted in periods
of low traffic flow (up to a two-way flow of 200 pc/h) and should measure the speeds of
all vehicles or of a systematic sampling (e.g., of every 10th vehicle). A representative
sample of the speeds of at least 100 vehicles, impeded or unimpeded, should be obtained.
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Further guidance on speed studies is found in standard traffic engineering texts such as
thc Mrrriual of Tmnsl~ortationEngineering Studies (2).
If the speed study must be conducted at a two-way flow rate of more than 200 pcth,
the FFS can be found by using the speed-flow relationships shown in Chapter 12,
assuming that data on traffic volumes are recorded at the same time. The FFS can be
computed based on field data as shown in Equation 20-1.

FFS = SFM+ 0.00776

Speed measurements taken
at flows exceeding 200 pc/h
can be adjusted to FFS

(20-1)

'HV

where

FFS
SFM

= estimated free-flow speed (mih),

= mean speed of traffic measured in the field (mith),
Vf = observed flow rate for the period when field data were obtained (vehh),
and
fHV = heavy-vehicle adjustment factor, determined as shown in Equation
20-4.

If field measurement of the highway is not feasible, data taken at a similar facility
may be used. The surrogate roadway should be similar with respect to the variables
affecting FFS, which are identified in this chapter.
Highway agencies with ongoing speed-monitoring programs or with speed data on
file may prefer to use those rather than conducting a new speed study or using indirect
speed estimates. However, these data should be used directly only if collected in
accordance with the previously described procedures.

Estimating FFS
The FFS can be estimated indirectly if field data are not available. This is a greater
challenge on two-lane highways than on other types of uninterrupted-flow facilities
because the FFS of a two-lane highway can range from 45 to 65 m i h . To estimate FFS,
the analyst must characterize the operating conditions of the facility in terms of a base
free-flow speed (BFFS) that reflects the character of traffic and the alignment of the
facility. Because of the broad range of speed conditions on two-lane highways and the
importance of local and regional factors that influence driver-desired speeds, no guidance
on estimating the BFFS is provided. Estimates of BFFS can be developed based on speed
data and local knowledge of operating conditions on similar facilities. The design speed
and posted speed limit of the facility may be considered in determining the BFFS;
however, the design speeds and speed limits for many facilities are not based on current
operating conditions. Once BFFS is estimated, adjustments can be made for the influence
of lane width, shoulder width, and access-point density. The FFS is estimated using
Equation 20-2.
FFS = BFFS - fLs - fA
(20-2)
where

FFS
BFFS
fLS
fA

= estimated FFS (mih);
= base FFS (mith);
= adjustment for lane width and shoulder width, from Exhibit 20-5; and
= adjustment for access points, from Exhibit 20-6.

The first adjustment to the estimated FFS relates to the effects of lane and shoulder
widths. Base conditions for a two-lane highway require 12-ft lane widths and 6-ft
shoulder widths. Exhibit 20-5 lists the adjustments to the estimated FFS for narrower
lanes and shoulders. The data in Exhibit 20-5 indicate, for example, that a two-lane
highway with 11-ft lanes and full shoulder widths has an FFS that is 0.4 mith less than a
highway with base lane and shoulder widths. Similarly, a two-lane highway with 12-ft
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lanes and 2-ft shoulders has an FFS 2.6 m i h less than a highway with base lane and
shoulder widths.
EXHIBIT 20-5. ADJUSTMENT (fLS)FOR LANE WIDTH ANDSHOULDER WIDTH
Reduction in FFS Imilh)
Shoulder Width (ft)
Lane Width (ft)

20<2

22<4

24<6

26

Exhibit 20-6 lists the adjustments for access-point density. The data indicate that
each access point per mile decreases the estimated FFS by about 0.25 m i h . The accesspoint density is found by dividing the total number of intersections and driveways on both
sides of the roadway segment by the length of the segment in miles. An intersection or
driveway should only be included if it influences traffic flow; access points unnoticed by
the driver or with little activity should not be included.

1

EXHIBIT 20-6. ADJUSTMENT (fA) FORACCESS-POINT DENSITY
Access Points per mi
0
10
20
30
40

Reduction in FFS (mith)
0.0
2.5
5.0
7.5
10.0

When data on the number of access points on a two-lane highway segment are
unavailable (e.g., when the highway has not yet been constructed), the guidelines in
Chapter 12 may be used.
If a highway segment contains sharp horizontal curves with design speeds
substantially below the rest of the segment, it may be desirable to determine the FFS
separately for curves and tangents and compute a weighted-average FFS for the segment
as a whole.
The data for the FFS relationships in this chapter include both commuter and
noncommuter traffic. There were no significant differences between the two. However,
it is expected that commuters or other regular drivers will use a facility more efficiently
than recreational users and other occasional drivers. If the effect of a driver population is
a concern, the FFS should be measured in the field. If field measurements cannot be
made, an FFS should be selected to reflect the anticipated effect of the driver population.
Care should be taken not to underestimate the BFFS of a highway by overstating the
effect of a given driver population.

I

Determining Demand Flow Rate
Three adjustments must be made to hourly demand volumes, whether based on
traffic counts or estimates, to arrive at the equivalent passenger-car flow rate used in LOS
analysis. These adjustments are the PHF, the grade adjustment factor, and the heavyvehicle adjustment factor. These adjustments are applied according to Equation 20-3.
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where

vp
V
PHF
fG
fHv

= passenger-car equivalent flow rate for peak 15-min period (pch),
= demand volume for the full peak hour (vehlh),
= peak-hour factor,
= grade adjustment factor, and

= heavy-vehicle adjustment factor.

PHF
PHF represents the variation in traffic flow within an hour. Two-lane highway
analysis is based on demand volumes for a peak 15-min period within the hour of
interest-usually the peak hour. For operational analysis, the full-hour demand volumes
must be converted to flow rates for the peak 15 min, as shown in Equation 20-3.

Grade Adjustment Factor
The grade adjustment factor, fG, accounts for the effect of the t e ~ ~ a on
i n travel speeds
and percent time-spent-following, even if no heavy vehicles are present. The values of
the grade adjustment factor are listed in Exhibit 20-7 for estimating average travel speeds
and in Exhibit 20-8 for estimating percent time-spent-following.
EXHIBIT 20-7. GRADE ADJUSTMENT FACTOR (fG) TO DETERMINE SPEEDS ON TWO-WAY AND
DIRECTIONAL SEGMENTS
Type of Terrain
Range of Two-way Flow
Rates (pclh)

Range of Directional Flow
Rates (pclh)

Level

Rolling
I

EXHIBIT 20-8. GR4DE ADJUSTMENT FACTOR (fG)TO DETERMINE PERCENT TIME-SPENT-FOLLOWING ON
TWO-WAY AND DIRECTIONAL SEGMENTS
-

Type of ~ e r r z

> 600-1200

Adjustment for Heavy Vehicles
The presence of heavy vehicles in the traffic stream decreases the FFS, because at
base conditions the traffic stream is assumed to consist only of passenger cars-a rare
occurrence. Therefore, traffic volumes must be adjusted to an equivalent flow rate
expressed in passenger cars per hour. This adjustment is accomplished by using the
factor fHV.
Adjustment for the presence of heavy vchicles in the traffic stream applies to two
types of vehicles: trucks and RVs. Buses should not be treated as a separate type of
heavy vehiclc but should be included with trucks. The heavy-vehicle adjustment factor
requires two steps. First, the passenger-car equivalency factors for trucks (ET) and RVs
(ER) for the prevailing operating conditions must be found. Then, using these values, an
adjustment factor must be computed to correct for all heavy vehicles in the traffic stream.

I

Heavy-vehicle adjustment
considers trucks and RVs.
Buses are included with
trucks.

-
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Passenger-car equivalents for extended two-way segments are determined from
Exhibit 20-9 for estimating speeds and from Exhibit 20-10 for estimating percent timespent-following. The terrain of extended two-way segments should be categorized as
level or rolling.
EXHIBIT 20-9. PASSENGER-CAR EQUIVALENTS FOR TRUCKS AND RVS TO DETERMINE SPEEDS ON
TWO-WAY AND DIRECTIONAL SEGMENTS
Type of Terrain
Vehicle Type
Trucks, ET

RVS, ER

Range of Two-way
Flow Rates (pclh)
0-600
> 600-1,200
> 1,200
0-600
> 600-1,200
> 1,200

Range of Directional
Flow Rates (pclh) ,
0-300
> 30C-600
> 600
0-300
> 300-600
> 600

Level

Rolling
I

1.7
1.2
1.1
1.O
1.O
1.O

2.5
1.9
1.5
1.I
1.1
1.1

EXHIBIT 20-10. PASSENGER-CAR EQUIVALENTS FOR TRUCKS AND RVS TO DETERMINE PERCENT
TIME-SPENT-FOLLOWING ON TWO-WAY AND DIRECTIONAL SEGMENTS
Type of Terrain
Vehicle Type
Trucks, ET

RVS, ER

Range of Two-way
Flow Rates (pclh)
0-600
> 600-1,200
> 1,200
0-600
> 600-1,200
> 1,200

Range of Directional
Flow Rates (pclh)
0-300
> 300-600
> 600
0-300
> 300-600
> 600

Level

Rolling

1.I
1.1
1.O
1.O
1.O
1.O

1.8
1.5
1.O
1.O
1.O
1.O

Level Terrain
Level terrain is any combination of horizontal and vertical alignment permitting
heavy vehicles to maintain approximately the same speed as passenger cars; this
generally includes short grades of no more than 1 or 2 percent.

Rolling Terrain
Rolling terrain is any combination of horizontal and vertical alignment causing heavy
vehicles to reduce their speeds substantially below those of passenger cars, but not to
operate at crawl speeds for any significant length of time or at frequent intervals;
generally, this includes short- and medium-length grades of no more than 4 percent.
Segments with substantial lengths of more than a 4 percent grade should be analyzed with
the specific grade procedure for directional segments.

Heavy-Vehicle Adjustment Factor
Once values for ET and ER have been determined, the adjustment factor for heavy
vehicles is computed using Equation 20-4.
1
'HV = l+PI(ET-l)+PR(ER-1)

where
PT = proportion of trucks in the traffic stream, expressed as a decimal;
PR = proportion of RVs in the traffic stream, expressed as a decimal;
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ET

= passenger-car equivalent for trucks, obtained from Exhibit 20-9 or

ER

= passenger-car equivalent for RVs, obtained from Exhibit 20-9 or

Exhibit 20-10; and
Exhibit 20-10.

Iterative Computations
Exhibits 20-7 through 20-10-the grade adjustment factor fG and the passenger-car
equivalents for trucks (ET) and RVs (ER)-are stratified by flow rates expressed in
passenger cars per hour. However, until Equation 20-3 is applied, the flow rate in
passenger cars per hour is not known. Therefore, an iterative approach must be applied to
determine the passenger-car equivalent flow rate vp, and from that, either average travel
speed or percent time-spent-following.
First, determine the flow rate, in vehicles per hour, as V P H F . Second, select values
of fG, ET, and ER appropriate for that flow rate from the tables. Then, determine the vp
from those values using Equations 20-3 and 20-4. If the computed value of vp is less than
the upper limit of the selected flow-rate range for which fG, ET, and ER were determined,
then the computed value of vp should be used. If the vp is higher than the upper limit of
the selected flow-rate range, repeat the process for successively higher ranges until an
acceptable value of vp is found. Because the highest range includes all flow rates greater
than 1,200 pclh in both directions of travel combined, it can be used if a computed value
exceeds the upper limit of both lower flow-rate ranges.
Determining Average Travel Speed
The average travel speed is estimated from the FFS, the demand flow rate, and an
adjustment factor for the percentage of no-passing zones. The demand flow rate for
estimating average travel speed is determined with Equation 20-3 using the value of fH,
computed with the passenger-car equivalents in Exhibit 20-9. Average travel speed is
then estimated using Equation 20-5.
A TS = FFS - 0 . 0 0 7 7 6 ~
-~fnp
(20-5)
where
ATS
fnp
v,

= average travel speed for both directions of travel combined (mik),
= adjustment for percentage of no-passing zones (see Exhibit 20-1 I), and

= passenger-car equivalent flow rate for peak 15-min period (pclh).

The FFS used in Equation 20-5 is the value estimated with Equation 20-1 or
Equation 20-2. The adjustment for the effect of the percentage of no-passing zones on
average travel speed (fnp)is listed in Exhibit 20-1 1. The exhibit shows that the effect of
no-passing zones on average travel speed increases to a maximum at a two-way flow rate
of 400 pclh and then decreases at higher volumes. The maximum value of fnpis 4.5 m i k .

Determining Percent Time-Spent-Following
The percent time-spent-following is estimated from the demand flow rate, the
directional distribution of traffic, and the percentage of no-passing zones. The demand
flow rate (vp) for estimating percent time-spent-following is determined with Equation
20-3 using the value of fHVcomputed with passenger-car equivalents from Exhibit 20-10.
Percent time-spent-following is then estimated using Equation 20-6. Appropriate values
of base percent time-spent-following can be determined from Equation 20-7.
PTSF = BPTSF + f,,

(20-6)

where
PTSF

= percent time-spent-following,
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BPTSF

= base percent time-spent-following for both directions of travel

combined (use Equation 20-7), and
fdhp

= adjustment for the combined effect of the directional distribution of

traffic and of the percentage of no-passing zones on percent time-spentfollowing.

An adjustment representing the combined effect of directional distribution of traffic
and percentage of no-passing zones (fdInp)is presented in Exhibit 20-12.
EXHIBIT 20-1 1. ADJUSTMENT (fnp)FOREFFECT OF NO-PASSING ZONES ON AVERAGE TRAVEL SPEED ON
TWO-WAY SEGMENTS
Reduction in Average Travel Speed (milh)
No-Passing Zones (%)
Two-Way Demand Flow
Rate, v, (pclh)

I

Determining LOS
The first step in determining LOS is to compare the passenger-car equivalent flow
rate (vp) to the two-way capacity of 3,200 pclh. If vp is greater than the capacity, then the
roadway is oversaturated and the LOS is F. Similarly, if the demand flow rate in either
direction of travel-as determined from the two-way flow rate and the directional splitis greater than 1,700 pclh, then the roadway is oversaturated and the LOS is F. In LOS F,
percent time-spent-following is nearly 100 percent and speeds are highly variable and
difficult to estimate.
When a segment of a Class I facility has a demand less than its capacity, the LOS is
determined by locating a point on Exhibit 20-3 that corresponds to the estimated percent
time-spent-following and average travel speed. If a segment of a Class 11facility has a
demand less than its capacity, the LOS is determined by comparing the percent timespent-following with the criteria in Exhibit 20-4. The analysis should include the LOS
and the estimated values of percent time-spent-following and average travel speed.
Although average travel speed is not considered in the LOS determination for a Class I1
highway, the estimate may be useful in evaluating the quality of service of two-lane
highway facilities, highway networks, or systems including the segment.
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EXHIBIT 20-12. ADJUSTMENT (f,ynp)
FOR COMBINED EFFECT OF DIRECTIONAL DISTRIBUTION OF
TRAFFIC AND PERCENTAGE OF NO-PASSING ZONES ON PERCENT TIME-SPENT-FOLLOWING ON
TWO-WAY SEGMENTS
Increase in Percent Time-Spent-Following (%)
No-Passing Zones (%)

I

Two-way Flow
Rate, v, ( ~ c l h )

1

0

40

20

1

60

80

20.2
22.7
18.7
14.1
6.7
3.7
2.0
1 .I

21.0
23.8
19.7
14.5
7.3
4.1
2.3
1.2

21.8
24.8
20.5
15.4
7.9
4.4
2.4
1.4

22.5
20.7
18.9
13.0
7.1
3.6
1.9

23.1
21.5
19.8
13.7
7.6
4.0
2.1

23.7
22.2
20.7
14.4
8.1
4.3
2.2

24.8
22.0
19.1
13.3
7.4
3.5

25.2
22.6
20.0
14.0
7.9
3.9

25.5
23.2
20.9
14.6
8.3
4.2

31.0
27.1
23.2
16.0
8.7
4.5

31.3
27.6
23.9
16.5
9.1
4.7

31.6
28.0
24.5
17.0
9.5
4.9

I

100

Directional Split = 50150

200
400
600
800
1400
2000
2600
3200

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

10.1
12.4
11.2
9.0
3.6
1.8
1.1
0.7

$200
400
600
800
1400
2000
22600

1.6
0.5
0.0
0.0
0.0
0.0
0.0

11.8
11.7
11.5
7.6
3.7
2.3
0.9

5 200

2.8
1.1
0.0
0.0
0.0
0.0

13.4
12.5
11.6
7.7
3.8
1.4

5

17.2
19.0
16.0
12.3
5.5
2.9
1.6
0.9

Directional Split = 60140

17.2
16.2
15.2
10.3
5.4
3.4
1.4

Directional Sol~t= 70130

400
600
800
1400
2 2000

19.1
17.3
15.4
10.5
5.6
4.9

Directional Solit = 80120

2200
400
600
800
1400
2 2000

5.1
2.5
0.0
0.0
0.0
0.0

17.5
15.8
14.0
9.3
4.6
2.4

24.3
21.5
18.6
12.7
6.7
3.4

Directional Split = 90110

Other Traffic Performance Measures
The vlc ratio for an extended two-way segment can be computed using Equation
20-8.
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where
V/C

c
vp

= volume to capacity ratio;
= two-way segment capacity-normally 3,200 pc/h for a two-way
segment and 1,700 for a directional segment; and
= passenger-car equivalent flow rate for peak 15-min period (pch).

The total travel on the extended two-way segment during the peak 15-min period is
computed using Equation 20-9.

v

VMTI5 = 0 . 2 5 [ PHF
-)~~

where
VMT,,

Lt

= total travel on the analysis segment during the peak 15-min period
(veh-mi), and
= total length of the analysis segment (mi).

The total travel on the two-way segment during the peak hour is computed using
Equation 20- 10.
VMT,, = V * Lt

(20-10)

where
VMT,,

= total travel on the analysis segment during the peak hour (veh-mi).

Equation 20-1 1 can be used to compute the total travel time during the peak 15-min
period using Equations 20-5 and 20-9.

where

,

= total travel time for all vehicles on the analyzed segment during the
peak 15-min period (veh-h).

DIRECTIONAL SEGMENTS

Directional analyses
usually are applied to
segments 22.0 mi, or to
grades 23 percent and
20.6 mi in length
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The methodology addresses three types of directional segments: extended directional
segments, specific upgrades, and specific downgrades. The methodology for directional
segments is analogous to the two-way segment methodology, except that it estimates
traffic performance measures and LOS for one direction of travel at a time. However, the
operational assessment of one direction of travel on a two-lane highway necessarily
considers the opposing traffic volume. There is a strong interaction between the
directions of travel on a two-lane highway because passing opportunities are reduced and
eventually eliminated as the opposing traffic increases.
The directional segment methodology applies on level or rolling terrain, usually to
highway sections of at least 2.0 mi. Any grade of 3 percent or more and at least 0.6 mi
long must be addressed with the procedures for specific upgrades and downgrades.
Mountainous terrain is addressed through an analysis of individual upgrades and
downgrades. The specific upgrade and downgrade procedures differ from the extended
segment procedure primarily in the handling of heavy-vehicle effects.
The basic directional segment methodology applies to segments on highways with
one lane in each direction. However, there is a supplementary procedure to estimate the
operational effect of an added passing lane within a directional segment. The operational
analysis of a directional segment on a two-lane highway involves several steps, described
below.

nighwayc a p a c i t y Manual 2000
Determining FFS
The first step in the analysis of a directional segment is to determine FFS, using
either of the methods for extended two-way segments. These methods should be applied
on a directional basis rather than to both directions combined. If the FFS for a particular
direction of travel is determined in the field, it should be under conditions of low traffic
flow in both directions.

Determining Demand Flow Rate
The demand flow rate for the peak 15-min period in the direction analyzed is
determined with Equation 20-12, which is analogous to Equation 20-3.
Vd =

v
PHF * fG * fHv

where
vd

= passenger-car equivalent flow rate for the peak 15-min period in the

direction analyzed (pch),
V
fG
fHv

= demand volume for the full peak hour in the direction analyzed (vehlh),

= grade adjustment factor, and
= heavy-vehicle adjustment factor.

This demand flow rate should be based on the PHF, the traffic composition, and the
terrain or actual grade in the specific direction of travel. As in the two-way segment
procedure, different values of vd are used for estimating average travel speed and percent
time-spent-following, because the value of fHVwill differ for these applications.
Directional analysis also requires consideration of the demand flow rate in the
opposing direction. The opposing demand flow rate is computed using Equation 20-13,
which is analogous to Equation 20-12.
vo =

vo

PHF * fG * fHv

where
vo

= passenger-car equivalent flow rate for the peak 15-min period in the

Vo

opposing direction of travel, and
= demand volume for the full peak hour in the opposing direction of
travel.

The values of PHF and fHV used in Equation 20-13 also should apply to the opposing
direction of travel.

PHF
The PHF used in the directional segment procedure should be the same as that
applied to a single direction of travel. If possible, the PHF should be determined from
local field data, but if field data are not available, the default values given in Chapter 12
can be used.

Adjustments for Grade and Heavy Vehicles
The adjustment for the presence of heavy vehicles in directional segments is
analogous to that for two-way segments in that the passenger-car equivalents for trucks
(ET) and RVs (ER) are determined and used together with the proportions of trucks and
RVs in Equation 20-4. However, the procedures for determining the values of ET and ER
differ for extended directional segments, specific upgrades, and specific downgrades.
The values of ET and E R for an extended directional segment in level or rolling
terrain are determined from Exhibits 20-9 and 20-10, based on the methodology for twoChapter 20 - Two-Lane Highways
Methodology
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Analysis of upgrades is
only for segments with
grades Z 3 percent and
z 0.25 mi in length

Analysis of downgrades

way segments. For directional segments, the value of the grade adjustment factor, fG, is
given in Exhibits 20-7 and 20-8.
Any upgrade of 3 percent or more and a length of 0.25 mi or more may be analyzed
as a specific upgrade; however, any upgrade of 3 percent or more and a length of 0.6 mi
or more must be analyzed as a specific upgrade. This includes all upgrades on directional
segments in mountainous terrain. If the grade varies, it should be analyzed as a single
composite, using an average computed by dividing the total change in elevation by the
total length of grade and expressing the result as a percentage.,
The values of the grade adjustment factor fG, used in estimating average travel speed
for specific upgrades, are presented in Exhibit 20-13. The fG for estimating percent timespent-following on specific upgrades is presented in Exhibit 20-14. The grade adjustment
factor accounts for the effect of the grade on average travel speeds and percent timespent-following in a traffic stream composed entirely of passenger cars.
Passenger-car equivalents (ET) for trucks used in estimating average travel speed and
percent time-spent-following are presented in Exhibits 20-15 and 20-16, respectively.
These factors account for the effect of trucks on average travel speed and percent timespent-following on the specific upgrade, over and above the effect of the grade on
passenger cars.
Exhibit 20-17 presents passenger-car equivalents (ER) for RVs for estimating
average travel speed on a specific upgrade. For estimating percent time-spent-following
on specific upgrades, ER is always 1.0, as shown in Exhibit 20-16.
Any downgrade of 3 percent or more and a length of 0.6 mi or more must be
analyzed as a specific downgrade. This includes all downgrades on directional segments
in mountainous terrain. If the grade of a downgrade varies, it should be analyzed as a
single composite using an average computed by dividing the total change in elevation by
the total length of grade and expressing the result as a percentage. Because the
definitions of specific upgrades and downgrades are similar, the opposing direction of
any specific upgrade should be analyzed as a specific downgrade.
For most specific downgrades, the grade adjustment factor fG is 1.0, and the heavyvehicle adjustment factor fHVis determined with passenger-car equivalencies from
Exhibits 20-9 and 20-10. Some specific downgrades are long and steep enough that some
heavy vehicles must travel at crawl speeds to avoid loss of control. This, of course,
impedes other vehicles, increases percent time-spent-following, and decreases average
travel speed. When this occurs, the heavy-vehicle adjustment factor fHV,used to
determine average travel speed, should be based on Equation 20-14 rather than on
Equation 20-4.

where
PTC

= proportion (expressed as a decimal) of all trucks in the traffic stream

ETC

= passenger-car equivalent for trucks using crawl speeds, obtained from

using crawl speeds on the specific downgrade, and
Exhibit 20-1 8.
In applying Equation 20-14, the passenger-car equivalent for trucks that use crawl
speeds (ETC) should be determined from Exhibit 20-18, based on the directional flow rate
and the difference between the FFS and the truck crawl speed. The passenger-car
equivalents for other trucks (ET) and RVs (ER) should be the values for level terrain in
Exhibit 20-9. If more specific data are not available, the proportion of all trucks that use
crawl speeds can be estimated as equal to the proportion of all trucks that are tractortrailer combinations.
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EXHIBIT 20-13. GRADE ADJUSTMENT FACTOR (fG) FOR ESTIMATING AVERAGE T W E L SPEED ON
SPECIFIC UPGRADES
Grade Adjustment Factor, fG
Range of Directional Flow Rates v, (pclh)
Grade (%)
2 3.0 < 3.5

Length of Grade (mi)
0.25

0-300
0.81

> 300-600

> 600

1.OO

1.OO
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EXHIBIT 20-14. GRADE ADJUSTMENT FACTOR (fG) FOR ESTIILIATIIVG PERCENT TIILIE-SPENTFOLLOWING ON SPECIFIC UPGRADES
Grade Adjustment Factor, fG
Range of Directional Flow Rates, v, (pclh)
Grade (%)
t 3.0 < 3.5

Chapter 20 - Two-Lane Highways
Methodology

Length of Grade (mi)
0.25

0-300
1.OO

> 300-600

> 600

0.92

0.92
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EXHIBIT 20-15. PASSEI\IGER-CAR EQUIVALENTS FOR TRUCKS FOR ESTIMATING AVERAGE SPEED ON
SPECIFIC UPGRADES
Passenger-Car Equivalent for Trucks, ET
Range of Directional Flow Rates,, ,v (pclh)
Grade (%)
2

3.0 < 3.5

r 3.5 < 4.5

2 4.5 < 5.5

r 5.5 < 6.5

2 6.5

Length of Grade (mi)

0.25
0.50
0.75
1.OO
1.50
2.00
3.00
2 4.00
0.25
0.50
0.75
1.OO
1.50
2.00
3.00
2 4.00
0.25
0.50
0.75
1.OO
1.50
2.00
3.00
2 4.00
0.25
0.50
0.75
1.OO
1.50
2.00
3.00
2 4.00
0.25
0.50
0.75
1.OO
1.50
2.00
3.00
2 4.00

G300
2.5
3.5
4.5
5.1
6.1
7.1
8.2
9.1
3.6
5.4
6.4
7.7
9.4
10.2
11.3
12.3
4.2
6.0
7.5
9.2
10.6
11.8
13.7
15.3
4.7
7.2
9.1
10.3
11.9
12.8
14.4
15.4
5.1
7.8
9.8
10.4
12.0
12.9
14.5
15.4

> 30G600

> 600

1.9
2.8
3.9
4.6
5.5
5.9
6.7
7.5
2.4
4.6
6.6
6.9
8.3
9.6
11.0
11.9
3.7
6.0
7.5
9.0
10.5
11.7
13.5
15.0
4.1
7.2
9.1
10.3
11.8
12.7
14.3
15.2
4.8
7.8
9.8
10.4
11.9
12.8
14.4
15.3

1.5
2.3
2.9
3.5
4.1
4.7
5.3
5.7
1.9
3.4
4.6
5.9
7.1
8.1
8.9
9.7
2.6
5.1
7.5
8.9
10.3
11.3
12.4
12.5
3.5
7.2
9.1
10.2
11.7
12.6
14.2
15.0
4.6
7.8
9.8
10.3
11.8
12.7
14.3
15.2
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EXHIBIT 20-1 7. PASSENGER-CAR EQUIVALENTS FOR RVS FOR ESTIMATING AVERAGE TRAVEL SPEED ON
SPECIFIC UPGRADES
Passenger-Car Equivalent for RVs, ER
Range of Directional Flow Rates, vd(pc/h)
Grade (%)

Length of Grade (mi)
0.25
0.50
0.75
1.OO
1.50
2.00
3.00
2 4.00

0-300
1.1
1.2
1.2
1.3
1.4
1.4
1.5
1.5

> 300-600

> 600

1.O
1.O
1.O
1.O
1.O
1.O
1.O
1.O

1.O
1.O
1.O
1.O
1.O
1.O
1.O
1.O
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EXHIBIT 20-18. PASSENGER-CAR EQUIVALENI'S FOR ESTIMATING THE EFFECT ON AVERAGE TRAVEL
SPEED OF TRUCKS THAT OPERATE AT CRAWL SPEEDS ON LONG STEEP DOWNGRADES
Passenger-Car Equivalent for Trucks at Crawl Speeds, ETC
Range of Directional Flow Rates, v, (pclh)
Difference Between FFS and Truck
Crawl Speed lrnilh)

1300-600
0-300

ltera tive Computations
As with the two-way segment procedure, Equations 20-12 and 20-13 must be applied
iteratively in some situations to determine appropriate values of vd and v,. This iterative
process for directional segments is analogous to that for two-way segments, but with the
following differences:
For extended segments in level and rolling terrain and for specific downgrades, the
directional flow rates from Exhibits 20-7 through 20-10 are used instead of the two-way
rates;
For specific upgrades, Exhibits 20-13 through 20-17 are used instead of Exhibits
20-7 through 20- 10; and
For specific downgrades on which some trucks travel at crawl speeds, Equation
20- 14 is used instead of Equation 20-4.
Determining Average Travel Speed
The average travel speed is estimated from the FFS, the demand flow rate, the
opposing flow rate, and an adjustment factor for the percentage of no-passing zones in the
analysis direction. Average travel speed is then estimated using Equation 20-15.

where

vd

= average travel speed in the analysis direction (rnih),
= free-flow speed in the analysis direction (rnih),
= passenger-car equivalent flow rate for the peak 15-min period in the

v,

= passenger-car equivalent flow rate for the peak 15-min period in the

ATSd
FFSd

analysis direction (pch),
opposing direction (pch), determined from Equation 20-13; and
fnp

= adjustment for percentage of no-passing zones in the analysis direction

(see Exhibit 20-19).

The term containing vd and v, in Equation 20-15 represents the relationship between
average travel speed and the directional and opposing flow rates presented in Chapter 12.
The adjustment fnpaccounts for the effect of the percentage of no-passing zones in the
analysis direction. As shown in Exhibit 20-19, this effect is greatest when opposing flow
rates are low; as the opposing flow rates increase, the effect decreases to zero, since
passing and no-passing zones become irrelevant if the opposing flow allows no
opportunities to pass.

Chapter 20 - Two-Lane Highways
Methodology

High way Capacily Manual 2000
EXHIBIT 20-19. ADJUSTMENT (fnp)TO AVERAGE TRAVEL SPEED FOR PERCENTAGE OF NO-PASSING
ZONES IN DIRECTIONAL SEGMENTS
No-Passing Zones (%)
Opposing Demand
Flow Rate, v, (pclh)

120

40

60

80

100

2.8
3.9
2.7
1.7
1.2
1.1
0.9
0.9
0.7

3.0
4.0
2.8
1.9
1.4
1.1
1 .O
0.9
0.7

3.1
4.2
2.9
2.0
1.5
1.2
1.1
0.9
0.8

2.5
3.7
2.5
1.6
1.1
0.9
0.9
0.8
0.7

2.8
4.0
2.7
1.9
1.3
1.1
0.9
0.8
0.7

2.9
4.2
2.9
2.0
1.4
1.2
1 .I
0.9
0.7

2.2
3.5
2.4
1.6
1 .I
0.8
0.7
0.7
0.6

2.6
3.9
2.7
1.8
1.2
0.9
0.9
0.7
0.6

2.7
4.1
2.8
1.9
1.4
1.1
1 .O
0.9
0.7

1.9
3.3
2.2
1.4
0.9
0.7
0.7
0.6
0.5

2.4
3.9
2.6
1.7
1.2
0.9
0.8
0.7
0.5

2.5
4.0
2.7
1.9
1.3
1.1
1 .O
0.8
0.6

1.7
3.1
2.0
1.3
0.8
0.6
0.6
0.6
0.4

2.2
3.8
2.5
1.7
1.1
0.8
0.7
0.6
0.4

2.4
4.0
2.7
1.8
1.2
1 .I
1 .O
0.7
0.6

FFS = 65 milh

100
200
400
600
800
1000
1200
1400
2 1600

1 .I
2.2
1.6
1.4
0.7
0.6
0.6
0.6
0.6

5

100
200
400
600
800
1000
1200
1400
2 1600

0.7
1.9
1.4
1.1
0.6
0.6
0.5
0.5
0.5

5 100

200
400
600
800
1000
1200
1400
2 1600

0.5
1.5
1.3
0.9
0.5
0.5
0.5
0.5
0.5

5

100
200
400
600
800
1000
1200
1400
r 1600

0.2
1.2
1.1
0.6
0.4
0.4
0.4
0.4
0.4

< 100

0.1
0.9
0.9
0.4
0.3
0.3
0.3
0.3
0.3

5

2.2
3.3
2.3
1.5
1 .O
0.8
0.8
0.7
0.7
FFS = 60 milh

1.7
2.9
2.0
1.3
0.9
0.7
0.7
0.6
0.6
FFS = 55 milh

1.2
2.4
1.9
1 .I
0.7
0.6
0.6
0.6
0.5
FFS = 50 milh

0.7
2.0
1.6
0.9
0.6
0.4
0.4
0.4
0.4
FFS = 45 milh

-

200
400
600
800
1000
1200
1400
2 1600

0.4
1.6
0.5
0.3
0.3
0.3
0.3
0.3
0.3
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1

Determining Percent TimeSpent-Following
The percent time-spent-following is estimated from the demand flow rate, the
opposing flow rate, and an adjustment factor for the percentage of no-passing zones in
the analysis direction. Percent time-spent-following is estimated using Equation 20-16.
PTSF, = BPTSF, + fnp

where
PTSF,
BPTSF,
fnp

(20-16)

= percent time-spent-following in the direction analyzed,
= base percent time-spent-following in the direction analyzed, and

= adjustment for percentage of no-passing zones in the analysis direction

(see Exhibit 20-20).

The percent time-spent-following for base conditions under actual traffic volumes in
the direction analyzed in Equation 20-16 is estimated by Equation 20-17.

The values of the coefficients a and b in Equation 20-17 are determined from the flow
rate in the opposing direction of travel, as shown in Exhibit 20-21.
The adjustment fnpin Equation 20-16 accounts for the effect of the percentage of nopassing zones in the analysis direction. This effect, shown in Exhibit 20-20, is greatest at
low opposing flow rates and decreases as the opposing flow rate increases, since passing
and no-passing zones become irrelevant if the opposing flow rate is so high that there are
no opportunities to pass.

1

Determining LOS
The first step in determining level of service is to compare the passenger-car
equivalent flow rate (vd) to the roadway capacity of 1,700 pclh. If vd is greater than the
capacity, then the roadway is oversaturated and the LOS is F. In LOS F, percent timespent-following is nearly 100 percent and speeds are highly variable and difficult to
estimate.
For a segment on a Class I facility with demand less than capacity, the LOS is
determined by locating the point corresponding to the estimated percent time-spentfollowing and average travel speed in Exhibit 20-3. For a segment on a Class 11facility
with demand less than capacity, the LOS is determined by comparing the directional
percent time-spent-following to the criteria in Exhibit 20-4. The reported results of the
analysis should include the LOS and the estimated values of percent time-spent-following
and average travel speed. Although average travel speed is not considered in the LOS
determination for a Class I1 roadway, the estimate of average travel speed may be useful
in evaluating the quality of service of two-lane highway facilities, highway networks, or
systems of which the roadway segment is a part.

I

Other Traffic Performance Measures
Other traffic performance measures, including vlc ratio, total travel, and total travel
time, can be determined from Equations 20-8 through 20-1 1, but using directional
volumes, flow rates, and speeds, rather than their two-way equivalents.
DIRECTIONAL SEGMENTS WITH PASSING LANES

The procedure should
not be applied to
mountainous terrain or
specific upgrades
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Providing a passing lane on a two-lane highway in level or rolling terrain has an
effect on its LOS; an operational analysis procedure allows this effect to be estimated.
This procedure, however, does not address added lanes in mountainous terrain or on
specific upgrades, which are known as climbing lanes. A separate operational analysis
procedure for climbing lanes is presented later in this chapter.
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EXHIBIT 20-21. VALUES OF COEFFICIENTS USED IN ESTIMATING PERCENT TIME-SPENT-FOLLOWING FOR
DIRECTIONAL SEGMENTS
Opposing Demand Flow Rate, v, (pclh)
< 200
400
600
800
1000
1200
1400
t 1600

a

b

-0.013
-0.057
-0.100
-0.173
-0.320
-0.430
-0.522
-0.665

0.668
0.479
0.413
0.349
0.276
0.242
0.225
0.199

Exhibit 20-22 illustrates the operational effect of a passing lane on percent timespent-following. The figure shows that installation of a passing lane provides operational
benefits for some distance downstream before percent time-spent-following returns to its
former level. Thus, the effective length of a passing lane is greater than its actual length.
Exhibit 20-23 shows how the traffic flow rate on a downstream length of a two-lane
highway benefits from a passing lane in terms of both percent time-spent-following and
average travel speed.
EXHIBIT 20-22. OPERATIONAL EFFECT OF A PASSING LANE ON PERCENT TIME-SPENT-FOLLOWING
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Source: Harwood and Hoban (3).

EXHIBIT 20-23. DOWNSTREAM LENGTH OF ROADWAY AFFECTED BY PASSING LANES ON DIRECTIONAL
SEGMENTS IN LEVEL AND ROLLING TERRAllV
Directional Flow Rate (pclh)
5 200
400
700

For complex systems of
passing lanes, consider
use of a computer
simulation model

C h a p t e r 20 - T w o - L a n e H i g h w a y s
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Downstream Length of Roadway Affected, Lde(mi)
Average Travel Speed
1.7
1.7
1.7

Percent Ti me-Spent-Following
13.0
8.1
5.7

The operational analysis procedures presented here for passing lanes in level or
rolling terrain are applicable to directional segments of two-lane highways that include
the entire passing lane. Sections of two-lane highway upstream and downstream of the
passing lane also may be included. Whenever possible, the directional segment should
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include not only the passing lane but also its full effective downstream length, as
indicated in Exhibit 20-23. There are special procedures for directional segments that
include only part of the effective downstream length of the passing lane (e.g., when an
analysis segment must end because of the proximity of a small town or due to a change in
the demand volume). The effects of providing another passing lane in the same direction
of travel within the effective length of the first passing lane are too complex to evaluate.
In such situations, an evaluation with a traffic simulation model is recommended. The
operational analysis procedures for passing lanes in level or rolling terrain are described
below.

Analysis of a Directional Segment with a Passing Lane
The first step in the operational analysis of a passing lane is to apply the procedure
for directional se-ments in level or rolling terrain to the normal cross section without the
passing lane. The data required are the demand volume in the analysis direction, demand
volume in the opposing direction, vehicle mix, lane width, shoulder width, and
percentage of no-passing zones. The result is the percent time-spent-following and the
average travel speed for the normal two-lane cross section.

Dividing the Segment into Regions
The next step is to divide the analysis segment into four regions. These regions are
1. Upstream of the passing lane,
2. The passing lane,
3. Downstream of the passing lane but within its effective length, and
4. Downstream of the passing lane but beyond its effective length.
These four lengths must add up to the total length of the analysis segment. The analysis
regions and their lengths will differ for estimations of percent time-spent-following and
average travel speed, because the downstream lengths for these measures differ, as shown
t
in ~ x h i b i20-23.
The length of the passing lane, Lpl,used in the analysis, is either the length of the
passing lane as constructed or its planned length. The passing lane length should include
the lengths of the lane addition and lane drop tapers. The analysis procedure is calibrated
for passing lanes within the optimal ranges of length shown in Chapter 12. Passing lane
lengths substantially shorter or longer than the optimum may provide less operational
benefit than predicted by this procedure.
The length of the conventional two-lane highway segment upstream of the passing
lane, L,, is determined by the actual or planned placement of the passing lane within the
analysis section. The length of the downstream highway segment within the effective
length of the passing lane, Lde,is determined from Exhibit 20-23. Any remaining length
within the analysis segment downstream of the passing lane is included in Ld as shown in
Equation 20- I 8.

For constraints on applicable
lengths of lane additions see
Chapter 12, "Highway
Concepts"

where
Ld
Lf
L,
Lp,
Lde

= length of two-lane highway downstream of the passing lane and beyond
its effective length (mi),
= total length of analysis segment (mi),
= length of two-lane highway upstream of the passing lane (mi),
= length of the passing lane including tapers (mi), and
= downstream length of two-lane highway within the effective length of
the passing lane (mi) (from Exhibit 20-23).
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Determining Percent Time-Spent-Following
Percent time-spent-following within lengths L, and Ld is assumed to be equal to
PTSFd, as predicted by the directional segment procedure. Within the passing lane,
percent time-spent-following is generally equal to 58 to 62 percent of its upstream value.
This effect varies as a function of the directional flow rate, as shown in Exhibit 20-24.
Within the downstream length, Lde,percent time-spent-following is assumed to increase
linearly with distance from the passing-lane value to its normal upstream value. Thus, the
average percent time-spent-following with the passing lane in place can be computed
using Equation 20-19.

[

PTSFd L,
PTSF,, =

+ Ld + fplLpl +

('

-

;fpl)~de]

(20-19)

Lt

where
PTSFp,
PTSF,,
fpl

= percent time-spent-following for the entire segment including the
passing lane,
= percent time-spent-following for the entire segment without the passing
lane from Equation 20-16, and
= factor for the effect of a passing lane on percent time-spent-following
(see Exhibit 20-24).

The variations in percent time-spent-following are shown in Exhibit 20-25.
EXHIBIT 20-24. FACTORS (f,,) FOR ESTIMATION OF AVEWGETWVEL SPEED AhlD PERCENT TIMESPENT-FOLLOWlhlG WITHIN A PASSING LANE
Directional Flow Rate (pclh)
0-300
> 300-600
> 600

Average Travel Speed

Percent Time-Spent-Following

1.08
1.10
1.11

0.58
0.61
0.62

EXHIBIT 20-25. EFFECT OF A PASSING LANE ON PERCENT TIME-SPENT-FOLLOWING AS REPRESENTED IN
THE OPEWirIONAL ANALYSIS VIETHODOLOGY
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II

I

I

Special case:
downstream effective
length is truncated

I
I
I
I
I
I

I

(U

Position Along Highway (mi)

d
*

Ld
I
I

If the analysis section is truncated by a town or a major intersection before the full
downstream effective length of the passing lane has been reached, then distance Ld is not
used and the actual downstream length within the analysis segment, LIde, is less than the
value of Lde tabulated in Exhibit 20-23. In this case, Equation 20-19 should be replaced
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by Equation 20-20. Equation 20-20 applies whenever distance, Ld, computed with
Equation 20-8, is negative.
PTSF
PTSF,, =

- ~ ) [ ( y ]]; ; ~

dI

L + f p l L p l + f p l L ; / e +( 1
- -

(20-20)
Lt

where
Llde

= actual distance from end of passing lane to end of analysis segment

(mi). LIde must be less than or equal to the value of Lde from Exhibit
20-23.

Determining Average Travel Speed
Average travel speed within lengths L , and Ld is assumed to equal ATSd, as
predicted by the directional segment procedure. Within the passing lane, average travel
speed is generally 8 to 11 percent higher than its upstream value. This effect varies as a
function of directional flow rate, as shown in Exhibit 20-24. Within the downstream
length, Lde. average travel speed is assumed to decrease linearly with distance from the
l
value. Thus, the average travel speed
within-passing-lane value to its n o ~ m a upstream
with the passing lane in place can be computed using Equation 20-21.
ATSd * L,

ATS,, =

(20-21)

L ~ l

2Lde

fpl

l+fpl

LU+Ld+--+-

where
ATSpl
ATSd
fpl

= average travel speed for the entire segment including the passing lane
(milh),
= average travel speed for the entire segment without the passing lane
from Equation 20- 15 (milh), and
= factor for the effect of a passing lane on average travel speed (see
Exhibit 20-23).

The variations in average travel speed are shown in Exhibit 20-26. If the analysis section
is truncated by the presence of a town or a major intersection before the full downstream
effective length of the passing lane has been reached, then distance Ld is not used and the
actual downstream length within the analysis segment, Lid,, is less than the value of Ld,
tabulated in Exhibit 20-23. In this case, Equation 20-21 should be replaced by Equation
20-22. Equation 20-22 applies whenever distance, Ld, computed with Equation 20-18, is
negative.
A TSd * L,
A TS,, =

(20-22)

L,

LP~
+-+
fpl

2Lbe
[ l + f p l + ( f p l - 1 ) h e - L;/e
Lde

I

Determining LOS
Determining LOS for a directional segment with a passing lane is similar to
determining LOS for a directional segment without a passing lane; however, for the
passing lane, the values of PTSF,, and ATS,, are used instead of PTSFd and ATSd. The
LOS for a Class I highway segment with a passing lane is determined by locating the
point coiresponding to PTSF,, and AST,, in Exhibit 20-3. The LOS for a Class 11
highway segment with a passing lane is determined by comparing PTSF,, to the LOS
Chapter 20 - Two-Lane Highways
Methodology
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1

thresholds in Exhibit 20-4. If the directional demand flow rate, vd, exceeds 1,700 p c h ,
the roadway is oversaturated, and the LOS is F. Although a passing lane section with two
lanes in the same direction can serve more than 1,700 pc/h, the sections with a single
directional lane between passing lanes will be oversaturated and will become bottlenecks.
EXHIBIT 20-26. EFFECT OF A PASSING LANE ON AVERAGE TRAVEL SPEED AS REPRESENTED IN THE
OPERATIONAL ANALYSIS METHODOLOGY

1

1

I
The operational analysis
procedure does not
address traffic operations
on the roadway
downstream of a
climbin lane beyond the
top of tk'e grade.
Consider use of a
computer simulation
model of two-lane
highway operations to
analyze such segments.
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I

Position Along Highway (mi)

I

I

Effects of Passing Lanes on Opposing Traffic
If the installation of a passing lane on a directional segment changes the percentage
of no-passing zones for the opposing direction of travel, the directional analysis for the
opposing direction must be revised. This can occur, for example, if a highway agency
routinely prohibits passing in the opposing direction of travel to a passing lane. However,
if passing is permitted in the opposing direction of travel, the passing lane may have little
effect on the LOS for the opposing direction. It is possible that a passing lane, by
breaking up platoons in one direction of travel, may reduce passing opportunities for the
other direction. However, this effect has not been quantified and is not reflected in the
operational analysis procedure.
When passing lanes are provided in both directions of travel, the operational analyses
for the two directions can proceed independently, unless the addition of the passing lane
in one direction substantially changes the percentage of no-passing zones outside the
passing lane in the other direction.
DIRECTIONAL SEGMENTS WITH CLIMBING LANES ON UPGRADES
A climbing lane is a passing lane added on an upgrade to allow traffic to pass heavy
vehicles whose speeds are reduced. According to the American Association of State
Highway and ~ r a n s ~ o r t a t i oOfficials
n
(AASHTO) Policy on Geometric Design of
Highways and Streets (4),
climbing lanes on two-lane highway upgrades are warranted
when
* The directional flow rate on the upgrade exceeds 200 vehlh,
* The directional flow rate for trucks on the upgrade exceeds 20 v e m , and
Any of the following conditions apply: a speed reduction of 10 m i h for a typical
heavy truck, LOS E or F on the grade, or a reduction of two or more levels of service
from the approach segment to the grade.
The AASHTO policy on climbing lanes directly refers to the LOS determined with
the HCM operational analysis procedures. Operational analysis of climbing lanes on
specific upgrades can be performed with the same procedures for passing lanes in level
and rolling terrain, with two major differences. First, in applying the directional segment
procedure to the roadway without the added lane, the grade adjustment factor, fG, and the
heavy-vehicle adjustment factor, fHV,should be the values for specific upgrades. If the
20-28
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grade on which the lane is added is not sufficiently long or steep to be analyzed as a
specific upgrade, then it should be analyzed as a passing lane rather than a climbing lane.
Second, the values of the adjustment factors for average travel speed and percent timespent-following in Exhibit 20-27 should be used instead of those in Exhibit 20-24.
EXHIBIT 20-27. FACTORS (f,,) FOR ESTIMATION OF AVERAGE TRAVEL SPEED AN11 PERCENT TIMESPENT-FOLLOWING WITHIN A CLIMBING LANE
Directional Flow Rate (pclh)
0-300
> 30@600
> 600

Average Travel Speed

Percent Time-Spent-Following

1.02
1.07
1.14

0.20
0.21
0.23

Because climbing lanes are analyzed as part of a specific upgrade, the lengths L, and
Ld used in Equations 20-19 through 20-22 generally equal zero. The downstream
effective length, Lde, also generally equals zero unless the climbing lane ends before the
top of the grade. In this case, a value of Ld, shorter than the values shown in Exhibit 2023 should be considered.
LOS ASSESSMENT FOR DIRECTIONAL TWO-LANE FACILITIES
A directional two-lane highway facility is a series of contiguous directional two-lane
highway segments. If an operational analysis has been conducted for each segment in the
series, the results can be combined to obtain an operational assessment of the facility as a
whole. The same approach can be used to combine operational results from directional
segments in the opposing directions of travel on a two-lane highway. In either case, the
applicable LOS criteria are shown in Exhibits 20-3 and 20-4 for Class I and I1 highways,
respectively.
The combined percent time-spent-following for several directional segments can be
determined by Equation 20-23.
PTSF, =

nl* PTSFl + TT2 PTSF2 + ... + l7,
n1
+n2
+... +nn

PTSF,

(20-23)

where
PTSF,

'TT,
PTSF,

= percent time-spent-following for all segments combined,

= total travel time (veh-h) for Segment x (determined from Equation
20- 1 l), and
= percent time-spent-following for Segment x.

The combined average travel speed for several directional segments can be
determined using Equation 20-24.
ATS, =

+ ... +VMT,
n,+n2
+...+nn

VMT1 +VMT2

where
ATS,
VMT,

= average travel speed for all segments combined (milh) and
= total travel for Segment x, determined from Equation 20-9 (veh-mi).

LOS ASSESSMENT FOR UNINTERRUPTED-FLOW FACILITIES AND
CORRIDORS WITH TWO-LANE HIGHWAYS
A directional analysis procedure has been provided in this chapter so that operational
analysis results for directional segments on two-lane facilities can be combined readily
with results for interrupted-flow facilities, including multilane highways (see Chapter 21)
and basic freeway segments (see Chapter 23). Operational analysis across different types

Results from individual
segments may be combined
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of uninterrupted-flow facilities should be based solely on average travel speed, because
percent time-spent-following generally is a consideration only for two-lane highways.
Equations 20-20,20-21, and 20-22 can be used to combine estimates of average travel
speed from segments on different types of facilities.

Guidelines on required
inputs and estimated
values are in Chapter 12;
"Highway Concepts"

The methodology of this chapter can be used to analyze the capacity and LOS of
two-lane highways. The analyst must address two fundamental questions. First, what is
the primary output? Primary outputs typically solved for in a variety of applications
include LOS and achievable flow rate (vp). Performance measures related to average
travel speed (ATS) and percent time-spent-following (PTSF) are also achievable but are
secondary.
Second, what are the default values or estimated values for use in the analysis?
Basically, there are three sources of input data:
1. Default values found in this manual,
2. Estimates and locally derived default values developed by the user, and
3. Values derived from field measurements and observation.
For each of the input variables, a value must be supplied to calculate the primary and
secondary outputs.
A common application of the method is to compute the LOS of a current or a
changed facility in the near term or in the future. This type of application is often termed
operational, and its primary output is LOS, with secondary outputs for ATS and PTSF.
The achievable flow rate, v,, can be solved for as the primary output. This analysis
requires a LOS goal and gebmetric data as inputs for estimating when a flow rate will be
exceeded, causing the highway to operate at an unacceptable LOS. Using the
methodology to determine the number of lanes required (known as a design application in
this manual) is of course not necessary for two-lane highways. Modifications to grade,
alignment, and cross section, however, can improve the operational efficiency of a twolane facility. Con~putationalexamples are provided for two design-related applicationsthe addition of a passing or climbing lane to a two-lane highway and the addition of
through lanes to convert a two-lane highway to a four-lane highway. The latter example
involves a comparison of results obtained from this chapter with results obtained from
Chapter 21, "Multilane Highways."
Another general type of analysis is the planning analysis, which uses estimates,
HCM default values, and local default values as inputs. As outputs, LOS or flow rate can
be determined along with the secondary outputs of average travel speed and percent timespent-following. The difference between this type of analysis and operational analysis is
that most or all of the input values come from estimates or default values, while the
operational analyses use field-measured values or known values.

1
Operational (LOS)
analysis
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COMPUTATIONAL STEPS
The worksheet for two-way, two-lane highway se,ment computations is shown in
Exhibit 20-28. The worksheets for directional two-lane highway segments with or
without a passing lane are included in Appendix B. For all applications, the analyst
provides general information and site information.
For operational (LOS) analysis, the analyst inputs all the required data. For
estimating average travel speed, equivalent flow is computed with the aid of exhibits for
passenger-car equivalencies. FFS is estimated by applying adjustments to the base FFS.
Then average travel speed is estimated. Similarly, equivalent flow is estimated by using
passenger-car equivalency exhibits to estimate percent time-spent-following. Percent
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time-spent-following i s estimated by adjusting the base percent time-spent-following
value for the percentage o f no-passing zones. Finally, LOS i s determined by average
travel speed, percent time-spent-following, or both, depending on the highway
classification.

EXHIBIT 20-28. TWO-WAY TWO-LANE HIGHWAY SEGMENT WORKSHEET

1

1

TWO-WAY TWO-LANE HIGHWAY SEGMENT WORKSHEET
H~gllivay
Fromflo
Jurisdiclion
Analps Year

Analysl
Agency or Company
Dale Pcrformcd
Analys~sTime Period
--

Opcralional
(LOS)
--

- -Input
-- Data

Des~gn(vp)

Plannlng (LOS)

-

-

.
.

b

ml

.-Average Travel Speed
--

-- -

--

Plann~ng(vp)

--

ShoNNo rhPrmN

Segment length, L,

0

Class I highway
Class II h~ghway
Terra~n
Level
Roll~ng
Two-way hourly volume
vehh
D~rectionalspl~t
I
Peak-hour factor, PHF
% Trucks and buses, PT
%
% Recreational vehicles, PR
O
h
% No-pass~ngzone
%

-- -T --

Grade adjustment factor, iG
(Exh1bll20-7)
Passenger-car equ~valentsfor trucks, ET (Exhibil20-9)
Passenger-car equivalents for RVs, ER (Exhibit 20-9)

+w-k-T

Heavy-veh~cleadjuslmentfaclor, fHV IHV
=
Two-way flow rate,' vp (pclh)

..

V , = ~ ~ fcJ - ~ H V

v, ' h~ghestdlrecllonal spl~tproportion2 (pclh)
Free-Flow Speed from F~eldMeasurement
Field measured speed, SFM
Observed volume, VI

Est~matedFree-Flow Speed
mllh
Base free-flow speed. BFFS
Adj for lane wldlh and shoulder width, fLs (Exh1b1l20-5) m l l h
Adj for access polnls, fA (Exhibit 20-6)
m~lh
Free-flow speed, FFS
milh
FFS = BFFS-fls-f,,

m~lh
vehlh

Free-flow speed, FFS
FFS SFM+ 0 00776($)

mllh

Adj for no-passing zones, fnp (milh) (Exhib1l20-11)
Average travel speed, ATS (m~lh) ATS =-FFS
~
- - 0 0 0 7 7 6 ~-fop

Percent Time-Spent-Following

--

--

Grade adjuslment factor, fG (Exhiblt20-8)
Passenger-car equivalents for trucks, ET (Exh1b1120-10)
Passenger-car equivalenls for RVs. ER (Exh~b~t
20-10)
Heavy-vehlcle adjustmenl faclor, fHV

I,,

=1+5(~, -

Two-way flow rale.' vp (pclh)

v

- -J-

+

-

-T

PR(ER
-

'-PHF'I~* fmr
vp h~ghestdirectional s p l ~proportlonZ
t
(pclh)
Base percent I~me-spent-following, BPTSF (%)
BPTSF = 100(1 - e4W087av)
Adj for dlrectlonal d~stribut~on
and no-passlng zone, fUnp (%)
(Exhib~t20-12)
Percenl time-spent-follow~ng, PTSF (%) PTSF = BPTSF +fdlnp

Level of Service and Other Periormance ~

e

--

a

a
-

s

G

-

7

Level of servlce, LOS (Exhib~t20-3 for Class I or 20-4 for Class II)
Volume to capacity ratlo, vlc V/C= 3$0
Peak 15-mln vehlcle-miles of travel, VMT15 (veh-mi)
VMT,, = 0 25L,(&)
Peak-hour veh~cle-m~les
of travel, VMT,,

(veh-m~) VMTGO= V ' Lt

(veh-h)
- Peak 15-min
- - lotal
- travel lime. TT15
.
.- - .--Notes
-- - --- -

%@ ----

n ~ =s

.
.

-

1 Ifv 2 3 200 pdh, lermlnale analys~s-lhe LOS 18 F
2 If Zghesl dlrecllonal s p l ~ l v 1,700
~ r pdh, lefmlnale analysis-lhe LOS 18 F

--

-
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Design (vJ analysis

The objective of design (vp) analysis is to estimate the flow rate in passenger cars per
hour given a set of traffic, roadway, and FFS conditions. A desired LOS is stated and
entered in the worksheet. Then a flow rate is assumed and the procedure for operational
(LOS) analysis is performed. This computed LOS is then compared with the desired
LOS. If the desired LOS is not met, another flow rate is assumed. This iteration
continues until the maximum flow rate for the desired LOS is achieved.
PLANNING APPLICATIONS

Planning (LOS) and
planning (v$ analyses

The two planning applications, planning for LOS and for vp, correspond directly to
the procedures for operational and design analyses. The criterion that categorizes these as
planning applications is the use of estimates, HCM default values, and local default
values as inputs. Another characteristic of a planning application is the use of annual
average daily traffic (AADT) to estimate directional design-hour volume (DDHV). For
guidelines in computing DDHV, see Chapter 8. Chapter 12 also lists the required data
and estimated values to perform a planning application.
ANALYSIS TOOLS
Worksheets for two-way, directional, and directional with passing lane segments are
provided in Appendix B. These worksheets can be used to perform operational (LOS),
design (vp), planning (LOS), and planning (vp) analyses.

IV. EXAMPLE PROBLEMS
Problem
No.
1
2
3

4
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Description

Application

Find the two-way LOS of a Class I two-lane highway
Find the two-way LOS of a Class II two-lane highway
Find the directional LOS of a Class I two-lane highway
Find Ihe directional LOS of a Class I two-lane highway including a passing lane

Operational (LOS)
Operational (LOS)
Operational (LOS)
Operational (LOS)
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The Highway

A Class I two-lane highway segment.

The Question

What is the two-way segment LOS for the peak hour?

The Facts
4 1,600 vehlh (two-way volume),
4 14 percent trucks and buses,
4 0.95 PHF,
4 Rolling terrain,
4 4-ft shoulder width,
4 50 percent no-passing zones,

4 50150 directional split,
4 4 percent RVs,
4 60-milh base FFS,
4 I 1-ft lane width,
4 6-mi length, and
4 20 access pointslmi.

Outline of Solution Two-way average travel speed and percent time-spent-following
will be determined, and from these parameters, the LOS.
Steps
1. Determine grade adjustment factor for
average travel speed (use Exhibit
20-7).
2. Compute fHVfor average travel speed
(use Exhibit 20-9 and Equation 20-4).

3.

Compute vp (use Equation 20-3).

fG = 0.99

1
fHv =

,

v

v P-~~~*fG*fHV
vp =

5.

6.
7.
8.

9.

1+ p T ( ~ -T1)+ p R ( ~-R1)

1,600
= 1,827 pclh
(0.95)(0.99)(0.931)

Check the highest directional flow rate 91 4 pclh < 1,700 pclh
and two-way flow rate against capacity 1,827 pc/h < 3,200 pc/h
values of 1,700 pclh and 3,200 pclh,
1
respectively.
Compute the FFS (use Exhibits 20-5
FFS = BFFS - f,, - f,
and 20-6 and Equation 20-2).
FFS = 60 - 1.7 - 5.0 = 53.3 milh
Compute the average travel speed (use ATS = FFS - 0 . 0 0 7 7 6 ~-~fnp
Exhibit 20- 7 I and Equation 20-5).
ATS = 53.3 - 0.00776(1827) - 0.8 = 38.3 milh
Determine grade adjustment factor for
fG = 1.00
percent time-spent-following (use
Exhibit 20-8).
Compute fHVfor time-spent-following
1
I
= 1.000
(use Exhibit 20- 70 and Equation 20-4). 'HV = 1+ 0.14(1.0 - 1)+ 0.04(1.0 - 1)

10. Compute vp (use Equation 20-3).
11. Calculate the highest directional flow
rate.
12. Check the highest directional flow rate
and two-way flow rate against the
capacity values of 1,700 pclh and
3,200 pclh, respectively.

~

vp =

1,600
= 1,684 pclh
(0.95)(1.000)(1.00)

vp '0.50 = 1,684* 0.50 =842 pclh
842 pclh < 1,700 pclh
1,684 pclh < 3,200 pclh
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13. Compute base percent time-spentfollowing (use Equation 20-7).

14. Compute percent time-spent-following
(use Exhibit 20- 12 and Equation 20-6).
15. Determine LOS (use Exhibit 20-3).

1

Results

1

Other Performance Measures

1

VMT60 = V * Lt = (1.600)(6)= 9,600 veh-mi
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1
PTSF = BPTSF + fdlnp

PTSF = 77.2 4.8 = 82,0%
ATS = 38.3 milh and PTSF = 82.0%
LOS E

The two-lane highway operates at LOS E.

VMT15 = 2,526 =66.0 veh-h
TT15 = ATS
38.3
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The Highway

A Class II two-lane highway segment on a scenic and recreational route.

The Question

What is the two-way segment LOS?

The Facts
d 1,050 veh/h (two-way volume),
d 5 percent trucks and buses,
0.85 PHF,
d Rolling terrain,
4 2-ft shoulder width,
4 60 percent no-passing zones,

d
d

4
4
4
4

70130 directional split,
7 percent RVs,
55-mi/h base FFS,
10-ft lane width,
6-mi roadway length, and
10 access pointslmi.

Outline of Solution Two-way average travel speed and percent time-spent-following
will be determined, and with these parameters, the LOS. Since V/PHF = 1,05010.85 =
1,235, select truck equivalencies and grade adjustment factors for flow rates greater than
1,200 pc/h.
Steps
1. Determine grade adjustment factor
for average travel speed (use
Exhibit 20-7).
2. Compute fHVfor average travel
speed (use Exhibit 20-9 and
Equation 20-4).

fG = 0.99

1
"V

= I+PT(ET-l)+PR(ER-1)

f~~

=

I

3.

Compute vp (use Equation 20-3).

5.

6.
7.

v

1,050
= 1,288 pclh
(0.85)(0.99)(0.969)

Calculate the highest directional
flow rate.
Check the highest directional flow
rate and two-way flow rate against
capacity values of 1,700 pc/h and
3,200 pc/h, respectively.
Compute FFS (use Exhibit 20-5 and
20-6 and Equation 20-2).

vp * 0.70 = 1,288 * 0.70 = 902 pc/h

Compute ATS (use Exhibit 20-11
and Equation 20-5).

ATS = FFS - 0.01 25vp - fnp

Determine grade adjustment factor
of percent time-spent-following (use
Exhibit 20-8).
9. Compute fHV for percent time-spentfollowing (use Exhibit 20-10 and
Equation 20-4).
10. Compute vp (use Equation 20-3).

= 0.969

v P-PHF*fGffHv
vp =

4.

1+ 0.05(1.5 - 1) + 0.07(1.1- 1)

902 pclh < 1,700 pc/h
1,288 pclh < 3,200 pc/h
FFS = BFFS - fLs

- ,f

ATS = 48.8 - 0.00776(1,288) - 1.4 = 37.4
milh

8.

1I. Calculate the highest directional
flow rate.

Chapter 20 - Two-Lane Highways
Example Problems

fHv

1
= 1.000
'1 + 0 . 0 5 ( 1 . 0 - 1 ) + r

Vp =

1,050
= 1,235 pc/h
(0.85)(1.000)(1.00)

vp * 0.70 = 1,235 * 0.70 = 865 pc/h

,
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12. Check the highest directional flow
rate and two-way flow rate against
the capacity values of 1,700 pclh
and 3,200 pclh, respectively.
13. Compute base percent time-spentfollowing (use Equation 20-7).

865 pclh < 1,700 pclh
1,235 pc/h < 3,200 pc/h

14. Compute percent time-spentfollowing (use Exhibit 20-12 and
Equation 20-6).
15. Determine LOS (use Exhibit 20-4).

PTSF = BPTSF +
,,,,f

Results

1
PTSF = 66.2

1

+

-

9.0 = 75.2%

PTSF = 75.2%
LOS D

The two-lane highway operates at LOS D.

Other Performance Measures

VMTBo = V * Lt = (1,050)(6)= 6,300 veh-mi

Chapter 20 - Two-Lane Highways
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Example Problem 2

TWO-WAY TWO-LANE
HIGHWAY SEGMENT WORKSHEET
-. ---

- -- -- - - -- --

-

/

5/70/.9.9
I

a Operahonal (LOS)

--

Segment length, LI
-.
-.

mi

6

-

--

Heavy-veh~cleadluslment factor, fw f,,= --

Two-way flow rate.' vp (pdh)
-

v
L

H

I +PI(ET- ')+PF(ER- 1)

,-

0 99
15
II

1

0 969

- ---x i

f

.

_

I
1

%

,I

I ~ I

Free-Flow Speed from Field Measurement
held measured speed, SFld
milh
Observed volume, VI
vehlh
Free-flow speed. FFS
FFS = SFM + 0.00776(2;)

I

Ad]. for no-passlng zones f (m~lh)(Exhibit 20-11)
Average travel speed, ATS (milh) ATS = FFS - 0 . 0 0 7 7 6 ~ ~,,f

I-

P~~~ime-S~ent-Foliowing

1
1
1

--! I

1.4
37.4

.

i

-- -

i
100
10

,

-_____i

10

I

=e7)
1
I

-A

- PHF ' fG ' lHy

1,235

(pclh)

1

Base percent Ilme-spent-follow~ng, BPTSF (Sb)
BPTSF = l W ( 1 - e400m779@)
I Ad] for direct~onaldlstr~bul~on
and no passing zone, dfnIp (%)
(Exhib~t20-12)
I Percent t~me-spent-follow~nqPTSF ($6) PTSF = BPTSF +fat,.
"

I
1

v

'*

-

752

--

-.
.
.
-

-

-

D

I

Peak 15-min veh~cle-m~les
of travel. VMTIS (veh-m~)
1 VMT,5 = 0 25L1(&)

I

9o

--

Level of serv~ce,LOS (Exhibit 20-3 for Class 1 or 20-4 for Class II)
Volume lo capacity rallo, vlc v ~ :
c 5$-o

7

865---66 2

I

Level of Servrce and other
performance Measures
- --

I

0 40
1,853

I
I

-

t ~ e a k - h o u r v e h l c l e - ~ l e sof travel. VMTsa (veh-mt) VMTGo= V ' L,
-I
1 Peak 15-m~ntotal travel time, TT15 (veh-h) n l s

--

milh
milh

2.5
48.8

/ FFS = BFFS - fLs - fA

Grade adluslment factor, fc (Exhib1t20-8)
Passenger car equivalenls for trucks. ET (Exhlb~t20-10)
Passenger-car equivalenb for RVs. ER (Exhibit 20-10)

vp hlghesl d~recl~onal
spllt prop%

!

/ Free-flow speed, FFS

-

v

I

/ Adj. for access points. fA (Exhibit 20-6)

---

Heay-vehcle adjustment factor. fHv

I

1

:

milh

-

Twc-way l o w rateft vp (pdh)

I
4

902
-Est~matedFree-Flow Speed
1
I Base free-flow speed, BFFS
55
milh /
Ad] for lane vrldlh and shoulder w~dth,fl."
9 (Exhibit 20-5) ~ m l l h

'_I

pdh termmale analysis--the LOS IS F
direclional splilv, t 1 700 pclh term~naleanalys~s-llle LOS is F
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%
%

-

- -

iNotes
-

-

1,288

1, ' f,,"

L~
* highest direclional split proportion2
(pclh)
-

11

--

i

- --

Passenger-car equivalents
20-9)
---for -RVs,
- ER (Lxh~bit
-

I

.
-

Travel Speed

Grade adjustmenl faclor, fG (Exh~b~t
20-7)
-Passenger-car
equivalents
- for trucks, Ei (Exhib~t20-9)

;
_-.I1

-- --

SP1lt 2
/
3
0
Peak-hour factor, PHF
0 85
% Trucks and buses. PT
5
% Recrealional vehicles, PN 7
% No-passing zone
60
Access po~ntslmi
10

I
<-- -

I

I

Plannlng (v,)

Class I highway
El Class I1 highway
Terra~n
Level
E
l Rolling
Two-vray hourly volume
1,050 veMh

-P

-average

I
I

1999

- -- -- - -- --- --0 Planning (LOS)
------ -- -

--

I

I

--.___----_______._A

- - -

1

S t a t e H ~ q h # a y34
U 5 24:Creek Rd

Design (v,)

0

.-

Data- input
- --

+

H~ghway
FmmITo
Junsdicl~on
Analysis Year

GEi

_.__-.L

i

Siteinformation
-

-

-_

-.

ME

Analysl
Agency or Company
Dale Performed
Analysis Time Period

I

d

ce?=ra~l"fc2~~*.

-1

6,300

,

49 5

-

1
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The Highway

A Class I two-lane highway segment.

The Question

What is the LOS of the peak direction?

The Facts
v' 1,200 vehlh (analysis direction volume),
d 14 percent trucks and buses,
7/ 4 percent RVs,
v' 60-milh base FFS,
7/ 1 1 -ft lane width,
7/ 5-mi roadway length,
20 access pointslmi,

v'

400 vehlh (opposing direction
volume),
0.95 PHF,
Rolling terrain,
4-ft shoulder width, and
50 percent no-passing zones.

7/
v'

7/
7/

Outline of Solution Analysis direction average travel speed and percent time-spentfollowing will be determined, and with these parameters, the LOS.
steps
1 . Determine the grade adjustment
fG = 0.99
factor, fG, for average travel speed for
the analysis direction (use Exhibit
20-71.
2. Compute fHV and vd for average travel
1
= 0.931
fHv =
speed in the analysis direction (use
1 + 0.14(1.5 - 1) + 0.04(1.1- 1)
Exhibit 20-9 and Equations 20-4 and
20- 72).
v,j =
1,200
= 1,370 pclh
(0.95)(0.99)(0.931)
3. Determine the grade adjustment
fG = 0.93
factor, fG, for average travel speed for
the opposing direction (use Exhibit

'

4.

1

5.
6.
7.

8.

9.

L

Compute fHV and v, for average travel
speed in the opposing direction (use
Exhibit 20-9 and Equations 20-4 and
20-13).

Determine the grade adjustment
factor, fG, for percent time-spentfollowing for the analysis direction
fuse Exhibit 20-8).
Compute fHV and vd for percent timespent-following in the analysis
direction fuse Exhibit 20- 10 and
quat ti on; 20-4 and 20-12).

10. Determine the grade adjustment
factor, fG, for percent time-spentfollowing for the opposing direction
(use Exhibit 20-8).

~

400
v0 = (0.95)(0.93)(0.885)=512 pclh

Check vd and v, with the capacity
value of 1.700 pclh.
Compute FFS (use Exhibits 20-5 and
20-6, and Equation 20-2).
Compute average travel speed (use
Exhibit 20-19 and
20-15).

1
= 0.885
1 + 0.14(1.9 - 1) + 0.04(1.1- 1)

fHv =

1,370 pclh < 1,700 pclh
51 2 pclh < 1,700 pclh
FFS = BFFS - fLs - ,f
FFS = 60 - 1.7 - 5.0 = 53.3 mi/h
ATSd = FFSd - 0.00776(vd + v), - fnp

'

ATSd = 53.3 - 0.00776(1,370 + 51 2 ) - 1.6 =
37.1 milh
,f = 1.00

fHv =

1

1
1+0.14(10-1)+0.04(1.0-1)

= 1.000

. -..

1,200
vd =

= 1,263 pclh

(0.95)(1.00)(1.000)

fG = 0.94

Chapter 20 - Two-Lane Highways
Example Problems

Highway Capacity Manual 2000
1 1 . Compute fHv and v, for percent timespent-following in the opposing
direction (use Exhibit 20-10 and
Equations 20-4 and 20- 14).

12. Check vd and v, against the capacity
value of 1,700 pc/h.
13. Compute base percent time-spentfollowing the analysis direction (use
Exhibit 20-21 and Equation 20- I f ) .

1 + 0.14(1.5 - 1 ) + 0.04(1.0 - 1)
v0

!

= 479

(0.95)(0.94)(0.935)

pc/h

1,263 pc/h < 1,700 pclh
479 pclh < 1,700 pclh

B P T S F ~= 1 00(l - eaV2)

1

B ~ T SdF- 1 00[1- e(4-074)('*263)a453 = 84.7%
L

1

14. Compute percent time-spent-following
for the analysis direction (use Exhibit
20-20 and Eauation 20- 16).
15. Determine LOS (use Exhibit 20-3).

Results

PTSFd = BPTSFd + fnp
PTSFd = 84.7

+

.8 = 96,5%

I ATSd = 37.1 mi/h and PTSFd = 96.5%

The two-lane highway operates at LOS E in the analysis direction.

Other Performance Measures

1

1 200
- = 1,895 veh-mi
VMTI5 = 0 . 2 5 ~ ~PHF
( % ) = 0.25(6) '
0.95

[

VMT6, = Vd * Lt = (1,200)(6)=7,200 veh-mi
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The Highway
A Class I two-lane highway segment described in Example Problem 3.
In this analysis, a I-mi passing lane is to be added beginning at a location 1 mi
downstream from the beginning of the 6-mi two-lane highway in the analysis direction.
The Question

What is the LOS in the peak direction including the passing lane?

The Facts
d All input parameters listed in Example Problem 3,
d I-mi length of two-lane highway upstream of the passing lane, and
I-mi length of passing lane including tapers.
Outline of Solution The length of roadway expected to be affected downstream of the
passing lane will be determined. These lengths will be applied to the average travel speed
and percent time-spent-following without a passing lane to compute the average travel
speed and percent time-spent-following with the passing lane. Using these parameters,
the LOS will be determined.

steps
1. Compute Ld for average travel
speed (use Exhibit 20-23 and
Eauation 20- 18).
2.

3.

Compute average travel speed of
the analysis direction including
passing lane (use Exhibit 20-24
and Equation 20-21).

4

Ld = - (L, + Lpl+ Lde)
Ld = 6 - (1 + 1 + 1.7) = 2.3 mi

ATSpl =

ATSd 'Lt
L,+L,+-+- LPI 2Lde
fpl
l+fPl

Compute Ld for percent timespent-following (use Exhibit 20-23
and Equation 20- 18).

4.

5.

Compute percent time-spentfollowing of the analysis direction
including passing lane (use
Exhibit 20-24 and Equation

Determine LOS (use Exhibit
20-3).

79.4O/o
ATSpl = 38.3 milh and PTSFpl= 79.4%
LOS E

Results
The two-lane highway operates at LOS E in the analysis direction with the
passing lane and without the passing lane (from Example Problem 3).
Other Performance Measures

1 200
VMTI5 = 0.25Lt - = 0.25(6) - = 1,895 veh-mi
(2F)
(0.95)
Chapter 20 - Two-Lane Highways
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APPENDIX A. DESlGN AND OPERATIONAL TREATMENTS
Two-lane highways comprise approximately 80 percent of all paved rural highways
in the United States but carry only about 30 percent of all traffic. For the most part, twolane highways carry light volumes and experience few operational problems. Some twolane highways, however, periodically experience significant operational and safety
problems due to a variety of traffic, geometric, and environment causes. Such highways
may require design or operation improvements to alleviate congestion.
When traffic operational problems occur on a two-lane highway, many highway
agencies consider widening the highway to four lanes. Another effective method for
alleviating operational problems on two-lane highways is to provide passing lanes at
intervals in each direction of travel or to provide climbing lanes on steep upgrades.
Passing and climbing lanes cannot increase the capacity of a two-lane highway but can
improve its level of service. Short sections of four-lane highway can function as a pair of
passing lanes in opposite directions of travel. Operational analysis procedures for passing
and climbing lanes on two-lane highways are included in this chapter.
There are a number of other design and operational treatments that are effective in
alleviating operational congestion on two-lane highways. These include
Turnouts,
* Shoulder use,
* Wide cross sections,
* Intersection turn lanes, and
Two-way left-turn lanes.
No calculation methodologies are provided in this chapter for these treatments; however,
the treatments are discussed below to indicate their potential for improving traffic
operations on two-lane highways.
TURNOUTS
A turnout is a widened, unobstructed shoulder area on a two-lane highway that
allows slow-moving vehicles to pull out of the through lane so that vehicles following
may pass. Turnouts are relatively short, generally less than 625 ft. At a turnout, the
driver of a slow-moving vehicle that is delaying one or more following vehicles is
expected to pull out of the through lane, allowing the vehicles to pass. The driver of the
slow-moving vehicle is expected to remain in the turnout only long enough for the
following vehicles to pass and then should return to the through lane. When there are
only one or two following vehicles, this maneuver usually can be completed smoothly
and there is no need for the vehicle to stop in the turnout. When there are three or more
Chapter 20 - Two-Lane Highways
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following vehicles, however, the vehicle in thc turnout will usually nced to stop so that all
of the following vehiclcs may pass. Signs inform motorists of the turnout's location and
reinforcc the legal requirements concerning turnout use.
Turnouts have been used in several countries to provide additional passing
opportunities on two-lane highways. In the United States, turnouts have been used most
extensively in the western states. Exhibit A20-1 illustrates a typical turnout.
EXHIBIT A20-1. TYPICAL TURNOUT TO IIICREASE PASSIIYG OPPORTUNII'IES ON A TWO-LANE HIGHWAY

Turnouts may be used on nearly any type of two-lane highway that offers limited
passing opportunities. Most often they appear on lower-volume highways in level or
rolling terrain, on which long platoons are rare, and on difficult terrain with steep grades
or with isolated slow-moving vehicles because the construction of a passing or climbing
lane may not be cost-effective. To avoid confusing drivers, turnouts and passing lanes
should not be i n t e ~ n ~ i x eond the same highway.
A single well-designed and well-located turnout can be expected to provide 20 to 50
percent of the number of passes that would occur in a 1.0-mi passing lane in level terrain
(1, 2). Turnouts have been found to operate safely-according to safety researchers
turnout accidents occur at a rate of only 1 per 80,000 to 400,000 users (2-4).

SHOULDER USE
The primary purpose of the shoulder on a two-lane highway is to provide a stopping
and recovery area for disabled or errant vehicles. However, paved shoulders also may be
used to increase passing opportunities on a two-lane highway.
In some parts of the United States and Canada, if the paved shoulders are adequate,
there is a longstanding custom for slower vehicles to move to the shoulder when another
vehicle approaches from the rear and then return to the travel lane once the passing
vehicle has cleared. This custom is regarded as a courtesy and requires little or no
sacrifice in speed by either motorist. In this way, paved shoulders can function as
continuous turnouts. A few highway agencies encourage drivers of slow-moving vehicles
to use the shoulder in this way because it improves the LOS of two-lane highways
without the expense of adding passing lanes or widening the highway. On the other hand,
many highway agencies discourage this practice because their shoulders are not designed
for frequent use by heavy vehicles.
One highway agency in the western United States generally does not permit shoulder
use by slow-moving vehicles but designates specific sections on which the shoulder may
be used by slow-moving vehicles. These shoulder-use sections range in length from 0.2
to 3.0 mi and are identified by traffic signs.
Research has shown that a shoulder-use section is about 20 percent as effective in
reducing platoons as a passing lane of comparable length (1, 2).

WIDE CROSS SECTIONS
Two-lane highways with lanes about 50 percent wider than normal have been used in
several European countries as a less expensive alternative to passing lanes. Sweden, for
example, has built approximately 500 mi of roadways with two 18-ft travel lanes and
relatively narrow 3.3-ft shoulders. The wider lane permits faster vehicles to pass slower
vehicles while encroaching only slightly on the opposing lane of traffic. Opposing
vehicles must move toward the shoulder to permit such maneuvers. Roadway sections
with wider lanes can be provided at intervals, like passing lanes, to increase passing
opportunities on two-lane highways.
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Research has found that speeds at low traffic volumes tend to increase on wider
lanes, but the effect on speeds at higher volumes varies (5). More than 70 percent of
drivers indicated that they appreciate the increased passing opportunities on the wider
lanes. No safety problems have been associated with the wider lanes (5).
Formal procedures have not yet been established for evaluating the traffic operational
effectiveness of wider lanes in increasing the passing opportunities on a two-lane
highway. It is reasonable to estimate the traffic operational performance of a directional
two-lane highway segment containing a section with widened lanes as midway between
the same segment with and without a passing lane of comparable length.

INTERSECTION TURN I-ANES
Intersection turn lanes are desirable at selected locations on two-lane highways to
reduce delays to through vehicles caused by turning vehicles and to reduce accidents
related to turning. Separate right-turn and left-turn lanes may be provided, as appropriate,
to remove turning vehicles from the through-travel lanes. Left-turn lanes, in particular,
provide a protected location for turning vehicles to wait for a gap in opposing traffic.
This reduces the potential for collisions from the rear and also may encourage drivers of
left-turning vehicles to wait for an adequate gap in opposing traffic before turning.
Exhibit A20-2 shows a typical two-lane highway intersection with left-turn lanes.

I
s
EXHIBIT A20-2. TYPICAL TWO-LANE HIGHWAY INTERSECTION WITH LEFT-TURN LANES
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Research recommends specific traffic operational warrants for left-turn lanes at
intersections on two-lane highways based on the directional volumes and the percentage
of left turns (6). Intersection analysis with the methodologies of Chapter 16 for
signalized intersections and Chapter 17 for unsignalized intersections can be used to
quantify the effects of intersection turn lanes on delay at the intersection. There is no
general methodology for estimating the effect of intersection turn lanes in increasing
speed or reducing delay on the two-lane highway downstream. However, modeling of
intersection delays shows the relative magnitude of likely effects of turning delays on
percent time-spent-following (7);the results are shown in Exhibit A20-3. The top line in
the exhibit shows that turning vehicles can increase percent time-spent-following
substantially over a short road section. However, when these effects are averaged over a
longer road section, the increase in percent time-spent-following is greatly reduced, as
indicated by the dashed line in the exhibit. Provision of intersection turn lanes has the
potential to minimize these delays.
Several highway agencies in the United States provide shoulder bypass lanes at
three-leg intersections as a low-cost alternative to a left-turn lane. As shown in Exhibit
A20-4, a portion of the paved shoulder opposite the minor-road leg may be marked as a
lane for through traffic to bypass vehicles that are slowing or stopped to make a left turn.
Shoulder bypass lanes may be appropriate for intersections that do not have volumes high
enough to warrant a left-turn lane.
The delay reduction benefits of shoulder bypass lanes have not been quantified, but
field studies have indicated that 97 percent of drivers who need to avoid delay will make
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use of an available shoulder bypass lane. One state has reported a marked decrease in
rear-end collisions after shoulder bypass lanes were provided (8).
EXHIBIT A20-3. EFFECT OF TIJRNING DELAYS AT INTERSECTIONS 01\1 PERCENT TIME-SPENT-FOLLOWING
IN A TWO-LANE HIGHWAY

Two-Way Flow Rate (vehlh)
Source: Hoban (7).

EXHIBIT A20-4. TYPICAL SHOULDER BYPASS LANE AT A THREE-LEG INTERSECTION ON A TWO-LANE
HIGHWAY

Approach
taper

Approach
lane

Departure
lane

Departure
taper

TWO-WAY LEFT-TURN LANES

A two-way left-turn lane (TWLTL) is a paved area in the highway median that
extends continuously along a roadway section and is marked to provide a deceleration
and storage area, for vehicles traveling in either direction and making left turns at
intersections and driveways. TWLTLs have been used for many years on urban and
suburban streets with high driveway densities and turning demands to improve safety and
reduce delays to through vehicles. TWLTLs also can be used on two-lane highways in
rural and urban fringe areas to obtain these same types of operational and safety benefits.
Exhibit A20-5 illustrates a typical TWLTL on a two-lane highway.
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EXHIBIT A20-5. TYPICAL TWO-WAY LEFT-TURN LANE ON A TWO-LANE HIGHWAY
I
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There is no formal methodology for evaluating the traffic operational effectiveness of
TWLTLs on two-lane highways. Research has found that the delay reduction provided
by a TWLTL depends on both the left-turn demand and the opposing traffic volume (2).
Without a TWLTL or other left-turn treatment, vehicles that are slowing or stopped to
make a left turn may create delays for following through vehicles. A TWLTL minimizes
these delays and makes the roadway section operate more like two-way and directional
segments with 100 percent no-passing zones. These research results apply to sites that do
not have paved shoulders available for following vehicles to bypass turning vehicles.
Paved shoulders may alleviate as much of the delay as a TWLTL.
Research has found little delay reduction at rural TWLTL sites with traffic volumes
below 300 v e h h in one direction of travel (2). At several low-volume sites, no reduction
was observed. The highest delay reduction observed was 3.4 s per left-turning vehicle.
At low-volume rural sites, therefore, TWLTLs generally should be considered for
reducing accidents but should not be expected to increase the operational performance of
the highway.
At higher-volume urban fringe sites, greater delay reduction was found with
TWLTLs on a two-lane highway. Exhibit A20-6 shows the expected delay reduction per
left-turning vehicle as a function of opposing volume. As the delay reduction increases, a
TWLTL can be justified for improving both traffic operation and safety.
EXHIBIT A20-6. ESTIMATED DELAY REDUCTION WITH A TWO-WAY LEFT-TURN LANE ON A TWO-LANE
HIGHWAY WITHOUT PAVED SHOULDERS

/

Upper limit

Opposing Volume, V, (vehlh)
Note:
DR = -6.87 + 0.058V
Source: Harwood andv~t.John (2)
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TWO-WAY
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I.

BNTRODUGTION

The procedures in this chapter are used to analyze the capacity, level of service
(LOS), lane requirements, and impacts of traffic and design features of rural and
suburban multilane highways.
The methodology in this chapter is based on the results of a National Cooperative
Highway Research study ( I ) . The study used additional references in developing the
original methodology (2-6), which subsequently has been updated (7).

For background and concepts,
see Chapter 12, "Highway
Concepts"

BASE CONDITIONS FOR MULTILANE HIGHWAYS
The procedures in this chapter determine the reduction in travel speed that occurs for
less-than-base conditions. Under base conditions, the full speed and capacity of a
multilane highway arc achieved. These conditions include good weather, good visibility,
and no incidents or accidents.
Studies of the flow characteristics of multilane highways have defined base
conditions for developing flow relationships and adjustments to speed. The base
conditions for multilane highways are as follows:
12-ft minimum lane widths;
12-ft minimum total lateral clearance in the direction of travel-this represents the
total lateral clearances from the edge of the traveled lanes to obstructions along the edge
of the road and in the median (in computations, lateral clearances greater than 6 ft are
considered in computations to be equal to 6 ft);
Only passenger cars in the traffic stream;
No direct access points along the roadway;
A divided highway; and
Free-flow speed (FFS) higher than 60 milh.
These base conditions represent the highest operating level of multilane rural and
suburban highways.

LIMITATIONS OF THE METHODOLOGY
The inethodology in this chapter does not take into account the following conditions:
Transitory blockages caused by construction, accidents, or railroad crossings;
a Interference caused by parking on the shoulders (such as in the vicinity of a
country store, flea market, or tourist attraction);
a Three-lane cross sections;
The effect of lane drops and additions at beginning or end of segments;
Possible queuing delays when transitions from a multilane segment into a two-lane
segment are neglected;
a Differences between median barriers and two-way left-turn lanes; and
FFS below 45 milh or above 60 milh.

II.

METHODOLOGY

The methodology described in this chapter is intended for analysis of
unintei~upted-flowhighway segments. Chapter 15 presents the methodology for
analyzing urban streets that have one or more of the following characteristics:
Flow significantly influenced by other signals (i.e., a signal spacing less than or
equal to 2.0 mi),
Significant presence of on-street parking,
Presence of bus stops that have significant use, or
Significant pedestrian activity.

Methodology applies to signal
spacing greater than 2.0 mi

-
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Exhibit 21-1 illustrates the inputs and the basic computational order for the method
described in this chapter. The primary output is LOS.
Uninterrupted-flow facilities that allow access solely through a system of on-ramps
and off-ramps from grade separations or service roads are considered freeways and
should be evaluated using the methodology presented in Chapter 23.
EXHIBIT 21-1. MIJCKILANE HIGHWAY METHODOLOGY
Input
- Geometric data
- Free-flow speed (FFS) field measured, or
base free-flow speed (BFFS)
-Volume

~f BFFS is input
BFFS adjustment
- Lane width
- Median type
-Access point
- Lateral clearance

~

1

p l u m e adjustment
- Peak-hour factor
- Number of lanes
1
- Driver population
( - Heavy vehicles

=I

C
.-a
.V)

2

u

u

P

3

m

V)

E

9
Compute flow rate

J.

Define speed-flow curve

0
Determine speed using speed-flow curve

*

mpute density using flow rate and spe

+
Determine LOS

?

LOS
Although speed is a major concern of drivers, freedom to maneuver within the traffic
stream and the proximity to other vehicles are also important. LOS criteria are listed in
Exhibit 21-2. The criteria are based on the typical speed-flow and density-flow
relationships shown in Exhibits 12-1 and 12-2. Exhibit 21-3 shows LOS boundaries as
sloped lines, each corresponding to a constant value of density.
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EXHIBIT 21-2. LOS CRITERIA FOR MULTILANE HIGHWAYS
LOS
Criteria
Free-Flow Speed
60 milh
Maximum density (pclmilln)
Average speed (milh)

50 milh

45 milh

Average speed (milh)
Maximum vlc
Maximum service flow rate (pclhlln)
Maximum density (pclmilln)
Average speed (milh)
Maximum vlc
Maximum service flow rate (pclhlln)
Maximum density (pclmilln)
1 Average speed (milh)
Maximum vlc
Maximum service flow rate (pclhlln)

(

A

I

B

C

D

11
60.0
0.30

18
60.0
0.49

26
59.4
0.70

35
56.7
0.90

E
40
55.0
1.00

660
11
55.0
0.29
600
11
50.0
0.28
550
11
45.0
0.26
490

1080
18
55.0
0.47
990
18
50.0
0.45
900
18
45.0
0.43
810

1550
26
54.9
0.68
1430
26
50.0
0.65
1300
26
45.0
0.62
1170

1980
35
52.9
0.88
1850
35
48.9
0.86
1710
35
44.4
0.82
1550

2200
41
51.2
1.00
2100
43
47.5
1.00
2000
45
42.2
1.00
1900

Note:
The exact mathematical relationship between density and volume to capacity ratio (vlc) has not always been maintained at LOS
boundaries because of the use of rounded values. Dens~tyis the primary determinant of LOS. LOS F is characterized by highly
unstable and variable traffic flow. Prediction of accurate flow rate, density, and speed at LOS F is difficult

The LOS criteria reflect the shape of the speed-flow and density-flow curves,
particularly as speed remains relatively constant across LOS A to D but is reduced as
capacity is approached. For FFS of 60, 55, 50, and 45 milh, Exhibit 21-2 gives the
average speed, the maximum value of vlc, the maximum density, and the corresponding
maximum service flow rate for each LOS.
As with other LOS criteria, the maximum service flow rates in Exhibit 21-2 are
stated in terms of flow rate based on the peak 15-min volume. Demand or forecast hourly
volumes generally are divided by the peak-hour factor (PHF) to reflect a maximum
hourly flow rate before comparison with the criteria of Exhibit 21-2. Using the basic
speed-flow curves (see Exhibit 21-3), the relationships between LOS, flow, and speed can
be analyzed.

DETERMINING FFS
FFS is measured using the mean speed of passenger cars operating in low-tomoderate flow conditions (up to 1,400 pc/Mn). Mean speed is virtually constant across
this range of flow rates. Field measurement and estimation with guidelines provided in
this chapter are methods that can be used to determine FFS.
The field measurement procedure is for those who prefer to gather data directly or to
incorporate the measurements into a speed-monitoring program. However, field
measurements are not necessary to apply the method.
The FFS of a highway can be determined directly from a speed study conducted in
the field. If field-measured data are used, no adjustments need to be made to FFS. The
speed study should be conducted along a reasonable length of highway within the
segment under evaluation; for example, an upgrade should not be selected within a site
that is generally level. Any speed measurement technique acceptable for other types of
traffic engineering speed studies can be used.
The field study should be conducted in the more stable regime of low-to-moderate
flow conditions (up to 1,400 pc/h/ln). If the speed study must be conducted at a flow rate
of more than 1,400 pc/h/ln, the FFS can be found by using the model speed-flow curve,
assuming that data on traffic volumes are recorded at the same time.

FFS occurs at flow rates I
1,400 pc/h/ln
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EXHIBIT 21-3. SPEED-FLOW CURVES WITH LOS CRITERIA

"0

400

800

1200

1600

2000

2400

Flow Rate (pclhlln)
Note:
Maximum densities for LOS E occur at a vlc ratio of 1.0. They are 40.41,43, and 45 pclrnilln at FFS of 60, 55, 50, and 45
rnilh, respectively. Capacity varies by FFS. Capacity is 2,200, 2,100, 2,000, and 1.900 pclhlln at FFS of 60, 55, 50, and 45
milh, respectively.
For flow rate (v ), v > 1400 and
55 c FFS
!
$0 then

L

For v, > 1.400 and
50 c FFS r 55 then

L

For vp > 1.400 and
45 c FFS r 50 then

L

For v, > 1,400 and
FFS = 45 then

For v, 5 1,400, then
S = FFS

The speed study should measure the speeds of all passenger cars or of a systematic
sampling of passenger cars (e.g., of every 10th passenger car). The speed study not only
should measure speeds for unimpeded vehicles but also should include representative
numbers of impeded vehicles. A sample should obtain at least 100 passenger-car speeds.
Further guidance on the conduct of speed studies is available in standard traffic
engineering publications, such as the Manual of TrafJic Engineering Studies, published
by the Institute of Transportation Engineers (6).
The average passenger-car speed under low-volume conditions can be used as the
free-flow speed if the field measurements were made at flow rates at or below 1,400
pc/h/ln. This FFS reflects the net effects of all conditions at the site that influence speed,
including those identified in this procedure (lane width, lateral clearance, type of median,
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and access points), as well as others, such as speed limit and vertical and horizontal
alignment.
Highway agencies with ongoing speed-monitoring programs or with speed data on
file might prefer to use those data rather than conduct a new speed study or use an
indirect method to estimate speed. The data can be used directly if collected in
accordance with the procedures presented above. Data including both passenger-car and
heavy-vehicle speeds probably can be used for level terrain or moderate downgrades, but
they should not be used for rolling or mountainous terrain.

ESTiMATlNG FFS
The FFS can be estimated indirectly when field data are not available.
FFS = BFFS - fLw- fLc- f M - f,

(21-1)

where
BFFS
FFS

FLw
fLC
fM

FA

= base FFS (milh);
= estimated FFS (mih);

= adjustment for lane width, from Exhibit 21-4 (milh);
= adjustment for lateral clearance, from Exhibit 21-5 (milh);
= adjustment for median type, from Exhibit 21-6 (milh); and
= adjustment for access points, from Exhibit 21-7 (mi/h).

Base FFS
When it is not possible to use data from a similar roadway, an estimate might be
necessary, based on available data, experience, and consideration of the variety of factors
that have an identified effect on FFS. The speed limit is one factor that affects FFS.
Recent research suggests that FFS on multilane highways under base conditions is
approximately 7 m i h higher than the speed limit for 40 and 45 milh speed limits, and it is
5 milh higher for 50 and 55 milh speed limits. Chapter 12 provides default values for
base FFS.

Adjustment for Lane Width
Base conditions for multilane highways require 12-ft lane widths. Exhibit 21-4
presents the adjustment to modify the estimated FFS to account for narrower lanes.
Exhibit 21 -4 shows that 10 ft and 11 ft lanes reduce free-flow speeds by 6.6 m i h and 1.9
m i h , respectively. For Exhibit 21-4, lane widths greater than 12 ft are considered 12 ft.
There are no research data for lane widths less than 10 ft.
EXHIBIT 21-4. ADJUSTMENT FOR LANE WIDTH
Lane Width (ft)
12
11
10

Reduction in FFS (rnilh)
0.0
1.9
6.6

Adjustment for Lateral Clearance
Exhibit 21-5 lists the speed reductions caused by the lateral clearance for fixed
obstructions on the roadside or in the median. Fixed obstructions with lateral clearance
effects include light standards, signs, trees, abutments, bridge rails, traffic barriers, and
retaining walls. Standard raised curbs are not considered obstructions. Exhibit 21-5
shows the appropriate reduction in FFS based on the total lateral clearance, which is
defined as
TLC = LC, + LC,
(21-2)

For undivided highways and
highways with two-wa left
turn lanes (TWLTL), t L left
edge lateral clearance equals
6ft
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where
TLC

= total lateral clearance (ft),

LCR

= lateral clearance (ft) from the right edge of the travel lanes to roadside
obstructions (if greater than 6 ft, use 6 ft), and
= lateral clearance (ft) from the left edge of the travel lanes to
obstructions in the roadway median (if the lateral clearance is greater
than 6 ft, use 6 ft). For undivided roadways, there is no adjustment for
left-side lateral clearance. The undivided design is taken into account
by the median adjustment. To use Exhibit 21-5 for undivided
highways, the lateral clearance on the left edge is always 6 ft. Lateral
clearance in the median of roadways with two-way left-turn lanes
(TWLTLs) is considered to be 6 ft.

LCL

EXHIBIT 21-5. ADJUSTMENT FOR LATERAL CLEARANCE
Four-Lane Highways
Total Lateral Clearancea Reduction in FFS (rnith)
(it)
12
0.0
10
0.4
8
0.9
1.3
6
1.8
4
2
3.6
0
5.4

Six-Lane Highways
Total Lateral Clearancea Reduction in FFS (rnith)
(ft
12
0.0
0.4
10
8
0.9
1.3
6
1.7
4
2
2.8
0
3.9

Note:
a. Total lateral clearance is the sum of the lateral clearances of the median (if greater than 6 ft, use 6 fl) and shoulder (if greater
than 6 ft, use 6 ft). Therefore, for purposes of analysis, total lateral clearance cannot exceed 12 fi.

Thus, a total lateral clearance of 12 ft is used for a completely unobstructed roadside
and median; however, the actual value is used when obstructions are located closer to the
roadway. The adjustment for lateral clearance on six-lane highways is slightly less than
for four-lane highways because lateral obstructions have a minimal effect on traffic
operations in the center lane of a three-lane roadway.

Median Type
The values in Exhibit 21-6 indicate that the average FFS should be decreased by 1.6
mi/h for undivided highways to account for the friction caused by opposing traffic in an
adjacent lane.
EXHIBIT 21-6. ADJUSTMENT FOR MEDIAN TYPE
Median Type
Undivided highways
Divided highways (including TWLTLs)

Reduction in FFS (rnith)
1.6
0.0

Adjustment for Access-Point Density
Exhibit 21-7 presents the adjustment to FFS for various levels of access-point
density. The data indicate that for each access point per mile the estimated FFS decreases
by approximately 0.25 mi/h, regardless of the type of median. The access-point density
on a divided roadway is determined by dividing the total number of access points ( i.e.,
intersections and driveways) on the right side of the roadway in the direction of travel by
the segment's total length in miles. An intersection or driveway should only be included
if it influences traffic flow. Access points unnoticed by the driver or with little activity
should not be included in determining access-point density.
Chapter 21 - Multilane Highways
Methodology

Highway Capacify Manual 2000
EXHIBIT 21-7. ACCESS-POINT DENSITY ADJUSTMENT
Reduction ~n FFS (rnilh)

Access PointsIM~le

0
10
20
30
140

0.0
2.5
5.0
7.5
10.0

Although the access-point adjustments do not include data for one-way multilane
highways, it might be appropriate to include intersections and driveways on both sides of
a one-way roadway to determine the total number of access points per mile.

Guidelines for one-way
highways

DETERMINING FLOW RATE
Two adjustments must be made to hourly volume counts or estimates to arrive at the
equivalent passenger-car flow rate used in LOS analyses. These adjustments are the PHF
and the heavy-vehicle adjustment factor. The number of lanes also is used so that the
flow rate can be expressed on a per-lane basis. These adjustments are applied in the
following manner using Equation 21-3.
vP = PHF * N * fHV * fp

where
vp

V
PHF

N
fHV
fp

= 15-min passenger-car equivalent flow rate (pclhlln),
= hourly volume (vehth),
= peak-hour factor,
= number of lanes,
= heavy-vehicle adjustment factor, and
= driver population factor.

PHF
PHF represents the variation in traffic flow within an hour. Observations of traffic
flow consistently indicate that the flow rates found in the peak 15-min period within an
hour are not sustained throughout the entire hour. The application of PHF in Equation
2 1-3 accounts for this phenomenon.

Heavy-Vehicle Adjustments
The presence of heavy vehicles in the traffic stream decreases the FFS because base
conditions allow a traffic stream of passenger cars only. Therefore, traffic volumes must
be adjusted to reflect an equivalent flow rate expressed in passenger cars per hour per
lane (pclhlln). This is accomplished by applying the heavy-vehicle factor (fHV). Once
values for ET and ER have been determined, the adjustment factor for heavy vehicles may
be computed as shown in Equation 2 1-4.

where
E , ER
P , PR

fHV

= passenger-car equivalents for trucks and buses and for recreational
vehicles (RVs), respectively;
= proportion of trucks and buses, and RVs, respectively, in the traffic
stream (expressed as a decimal fraction); and
= adjustment factor for heavy vehicles.
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Adjustmellt for heavy vehicles in the traffic stream applies to three types of vehicles:
trucks, RVs, and buses. No evidence indicates any distinct differences in the
performance characteristics of trucks and buses on multilane highways; therefore, buses
are considered trucks in this method. Finding the heavy-vehicle adjustment factor
requires two steps. First, find an equivalent truck factor (ET) and RV factor (ER) for
prevailing operating conditions. Second, using ET and ER,compute an adjustment factor
for all heavy vehicles in the traffic stream.
Extended General Highway Segments
Passenger-car equivalents can be selected for two conditions: extended general
highway segments and specific grades. Values of passenger-car equivalents are selected
from Exhibits 21-8 through 21-11. For long segments of highway in which no single
grade has a significant impact on operations, Exhibit 21-8 is used to select passenger-car
equivalents for trucks and buses (ET) and for RVs (ER).
EXHIBIT 21-8. PASSENGER-CAR EQUIVALENTS ON EXTENDED GENERAL HIGHWAY SEGMENTS
II
Tvoe of Terrain
Factor
ET (trucks and buses)

Level
1.5

Rolling
2.5

Mountainous
4.5

A long multilane highway segment can be classified as an extended general highway
segment if no grade exceeding 3 percent is longer than 0.5 mi and if grades of 3 percent
or less do not exceed 1 mi.
Specific Grade
Any grade of 3 percent or less that is longer than 1 mi or a grade greater than 3
percent that is longer than 0.5 mi should be treated as an isolated, specific grade. In
addition, the upgrade and downgrade must be treated separately, because the impact of
heavy vehicles differs substantially in each.
Equivalents for Extended General Highway Segments
For an extended general segment analysis, the terrain of the highway must be
classified as level, rolling, or mountainous. These three classifications are discussed
below.
Level Terrain
Level terrain is any combination of horizontal and vertical alignment that permits
heavy vehicles to maintain approximately the same speed as passenger cars. This type of
terrain generally includes short grades of no more than 1 to 2 percent.
Rolling Terrain
Rolling terrain is any combination of horizontal and vertical alignment that causes
heavy vehicles to reduce their speeds substantially below those of passenger cars.
However, the terrain does not cause heavy vehicles to operate at crawl speeds for any
significant length of time or at frequent intervals.
Mountainous Terrain
Mountainous terrain is any combination of horizontal and vertical alignment that
causes heavy vehicles to operate at crawl speeds for significant distances or at frequent
intervals. For these general highway segments, values of ET and ER are selected from
Exhibit 21-8.
Chapter 21 - Multilane Highways
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Equivalents for Specific Grades
Any highway grade of more than 1 mi for grades less than 3 percent or of 0.5 mi for
grades of 3 percent or more should be considered a separate segment. Analysis of such
segments must consider the upgrade and downgrade conditions and whether the grade is
single and isolated, with a constant percentage of change, or part of a series forming a
composite grade.

Specific Upgrades
Exhibits 21 -9 and 21-10 give passenger-car equivalents for trucks and buses (ET) and
for RVs (ER), respectively, on uniform upgrades on four- and six-lane highways. Exhibit
21-9 is based on an average weight-to-power ratio of 167 lbhp, which is typical of trucks
on multilane highways in the United States.

Weight-to-power ratio for
trucks

Specific Downgrades
Downgrade conditions for trucks and buses on four- or six-lane highways are
analyzed using equivalents from Exhibit 21-1 1. For all downgrades less than 4 percent
and for steeper downgrades less than or equal to 2 mi long, use the passenger-car
equivalents for trucks and buses in level terrain, given in Exhibit 21-8. For grades of at
least 4 percent and longer than 2 mi, use the specific values shown in Exhibit 21-1 1. For
all cases of RVs on downgrades, use the passenger-car equivalents for level terrain, given
in Exhibit 21-8.

Composite Grades
When several consecutive grades of different steepness form a composite grade, an
average, uniform grade is computed and used in analysis. The average grade is
commonly computed as the total rise from the beginning of the grade divided by the total
horizontal distance over which the rise occurs.
The composite grade technique is reasonably accurate for segment lengths of 4,000 ft
or less, or for grades of 4 percent or less. For steeper grades and longer segment lengths,
a more exact technique is described in Appendix A of Chapter 23. If a large change in
grade occurs for a significant length, the analyst should consider segmenting the roadway
to apply the composite grade technique.
Sometimes a single, steep grade creates a critical effect that might not be identified in
a length of highway to be analyzed; in this case, the composite grade technique can be
supplemented by a specific grade analysis.

Generally, an average grade
can be used to represent
consecutive grades, but for a
more detailed method, see
Appendix A of Chapter 23
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EXHIBIT 2 1 -9. PASSENGER-CAR EQUIVALENTS FOR TRUCKS AND BUSES ON UNIFORM UPGRADES
Upgrade

Length

(%
<2

(mi)
All

Percentaae of Trucks and Buses

EXHIBIT 21-10. PASSENGER-CAR EQUIVALENTS FOR RVS ON UNIFORM UPGRADES
I

Em
n

I
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Grade

Length

(%
22
>2-3

(mi)
AII
0.004.501

1

1

2 !
1.2
1.2

1

4 !
1.2
1.2

5

(

1.2
1.2

6

1
1

!

Percentage of RVs
8 1 0 1 5
1.2
1.2
1.2
1.2
1.2
1.2

1

1

1

1

2
1.2
1.2

0

j

1

1
1.2
1.2

2

1
1

5
1.2
1.2
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EXHIBIT 21-1 I . PASSENGER-CAR EQUIVALENTS FOR TRUCKS ON DOWNGWDES

Downgrade

Length

(X)

(mi)
All
<4
>4
<4
>4
14
>4

<4

4-5
4-5
> 5-6
> 5-6
>6
>6

I

5
1.5
1.5
2.0
1.5
5.5
1.5
7.5

ET
Percentage of Trucks
15
10
1.5
1.5
1.5
1.5
2.0
2.0
1.5
1.5
4.0
4.0
1.5
1.5
5.5
6.0

20
1.5
1.5
1.5
1.5
3.0
1.5
4.5

Driver Population Factor
The adjustment factor fp reflects the effect weekend recreational and perhaps even
midday drivers have on the facility. The values for fp range from 0.85 to 1.00. Typically,
the analyst should select 1.00, which reflects weekday commuter traffic (i.e., users
familiar with the highway), unless there is sufficient evidence that a lesser value,
reflecting more recreational or weekend traffic characteristics, should be applied. When
greater accuracy is needed, comparative field studies of weekday and weekend traffic
flow and speeds are recommended.
DETERMINIRIG LOS
The LOS on a multilane highway can be determined directly from Exhibit 21-3 on
the basis of the FFS and the service flow rate (vp) in pcklln. The procedure is as follows:
Step 1. Define and segment the highway as appropriate.
Step 2. On the basis of the measured or estimated FFS, construct an appropriate
speed-flow curve of the same shape as the typical curves shown in Exhibit 21-3. The
curve should intercept the y-axis at the FFS.
Step 3. Based on the flow rate vp, read up to the FFS curve identified in Step 2
and determine the average passenger-car speed and LOS corresponding to that point.
Step 4. Determine the density of flow according to Equation 21-5.

where
D
v,rS

= density (pclmilln),
= flow rate (pchlln), and
= average passenger-car travel speed (mih).

The LOS also can be determined by comparing the computed density with the
density ranges provided in Exhibit 21-2.

SENSITIVITY OF RESULTS TO INPUT VARIABLES
Exhibit 21-12 shows the impact of v/c ratios on passenger-car speed for multilane
highways. Note that speed is insensitive to demand until demand is at least 70 percent of
capacity; also note that the mean speed on lower-speed segments is not sensitive to
demand until the demand reaches at least 90 percent of capacity.
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EXHIBIT 21-12, EFFECT OF V/C R4TIO ON MEAN SPEED

70

g =
(

-

Free-Flow Speed = 60 milh

'22

-4

V/C

Ratio

Ill. APPLICATIONS
For guidelines on
required inputs and
estimated values, see
Chapter 12, "Highway
Concepts"
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The methodology of this chapter can be used to analyze the capacity and LOS of
multilane highways. The analyst must adgress two fundamental questions. First, the
primary output must be identified. Primary outputs typically solved for in a variety of
applications include LOS, number of lanes required (N), and flow rate achievable (vp).
Performance measures related to density (D) and speed (S) are also achievable but are
considered secondary outputs.
Second, the analyst must identify the default values or estimated values for use in the
analysis. Basically, the analyst has three sources of input data:
1. Default values found in this manual;
2. Estimates and locally derived default values developed by the user; and
3. Values derived from field measurements and observation.
For each of the input variables, a value must be supplied to calculate the outputs, both
primary and secondary.
A common application of the method is to compute the LOS of an existing segment
or of a changed segment in the near term or distant future. This type of application is
often termed operational, and its primary output is LOS, with secondary outputs for
density and speed. Another application is to check the adequacy or to recommend the
required number of lanes for a multilane highway given the volume or flow rate and LOS
goal. This is termed a design application since its primary output is the number of lanes
required to serve the assumed conditions. Other outputs from this application include
speed and density. Finally, the achievable flow rate vp can be calculated as a primary
output. This analysis requires stating the LOS goal and a number of lanes as inputs. This
analysis typically estimates the point at which a flow rate will cause the highway to
operate at an unacceptable LOS.
Another general type of analysis can be termed planning. These analyses use
estimates, Highway Capacity Manual (HCM) default values, and local default values as
inputs in the calculation. As outputs, LOS, number of lanes, or flow rate can be
determined, along with the secondary outputs of density and speed. The difference
between planning analysis and operational or design analysis is that most or all of the
input values in planning come from estimates or default values, but the operational and

-
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design analyses tend to use field measurements or known values for most or all of the
input variables. Note that for each of the analyses, FFS, either measured or estimated, is
required as an input for the computation.

SEGMENTING THE HIGHWAY
The procedures described in this chapter are best applied to homogeneous segments
of roadway, for which the variables affecting travel speeds are constant. Therefore, it is
often necessary for the analyst to divide a section of highway into separate segments for
analysis. The following conditions generally necessitate segmenting the highway:
A change in the basic number of travel lanes along the highway,
A change in the median treatment along the highway,
A change of grade of 2 percent or more or a constant upgrade over 4,000 ft,
The presence of a traffic signal or a stop sign along the multilane highway,
A significant change in the density of access points,
A change in speed limits, and
The presence of a bottleneck condition.
In general, when segmenting a highway for analysis, the minimum length of a study
segment should be 2,500 ft. Also, the limits of study segments should be no closer than
0.25 mi to a signalized intersection. The procedures in this chapter are based on average
conditions observed over an extended highway segment with generally consistent
physical characteristics.

Study segments should be at
least 2,500 ft long and 0.25 mi
from a signal

COMPUTATIONAL STEPS
The multilane highways worksheet for computations is shown in Exhibit 21-13. For
all applications, the analyst provides general information and site information.
For operational (LOS) analysis, all speed and flow data are entered as inputs.
Equivalent flow is then computed with the aid of the exhibits for passenger-car
equivalencies. FFS is estimated by adjusting a base FFS. Finally, LOS is determined by
entering (with vp) the speed-flow graph at the top of the worksheet and intersecting the
specific curve that has been selected or constructed for the highway segment.
This point of intersection identifies the LOS and, on the vertical axis of the graph, the
estimated speed S. If the analyst requires a value for density D, it is calculated as vp/S.
The key to design analysis for number of lanes N is establishing an hourly volume.
All information, with the exception of number of lanes, can be entered in the flow input
and speed input portion of the worksheet (see Exhibit 21-13). An FFS, either computed
or measured directly, is entered on the worksheet. The appropriate curve representing the
FFS is established on the graph. The required or desired LOS is also entered. Then the
analyst assumes N and computes flow v, with the aid of the exhibits for passenger-car
equivalencies. LOS is determined by entering the speed-flow graph with vp at the top of
the worksheet. The derived LOS is compared with the desired LOS. This process is then
repeated, adding one lane to the previously assumed number of lanes, until the
determined LOS matches or is better than the desired LOS. Density is calculated using
vp and S.
The objective of design analysis for flow rate vp is to estimate the flow rate in pc/h/ln
given a set of traffic, roadway, and FFS conditions. A desired LOS is entered on the
worksheet. Then the FFS of the segment is established using either the base FFS and the
four adjustment factors or an FFS measured in the field. Once this segment speed-flow
curve is established, the analyst can determine what flow rate is achievable with the given
LOS. This would be considered the maximum flow rate achievable or allowable for the
given level. Also directly available from the graph is the average passenger-car speed.
Finally, if required, a value for density can be calculated using vp and S.

I

Operational (LOS) analysis
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characterizes a planning application. (For guidelines on computing DDHV, refer to
Chapter 8.)
To perform planning applications, the analyst typically has few, if any, of the
required input values. Chapter 12 contains more information on the use of default values.

ANALYSIS TOOLS
The multilane highways worksheet shown in Exhibit 21-13 and provided in
Appendix A can be used to perfonn all applications, including operational for LOS;
design for flow rate vp and number of lanes N; and planning for LOS, vp, and N.

I\(.
Problem No.
1
2

1

I

I

EXAMPLE PROBLEMS

Description
Find LOS on an undivided four-lane highway
Find LOS on a five-lane highway with TWLTL
Find the cross section required within a right-of-way to achieve desired
LOS
Find how much additional traffic can be accommodated by grade
separation of a signallzed intersection on a highway segment
Find opening-day volume and number of lanes on a new suburban
hiahwav facilitv

I

Application
Operational (LOS)
Operational (LOS)
Planning jN)
Planning (v,)
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The Highway
A 3.25-mi undivided four-lane highway on level terrain. A 3,200-ft
segment with 2.5 percent grade also is included in the study.
The Question What are the peak-hour LOS, speed, and density for the level terrain
portion of the highway?
The Facts
7/ Level terrain,
7/ 46.0-milh field-measured FFS,
7/ 1I-ft lane width,
7/ 1,900-vehlh peak-hour volume,
7/ 13 percent trucks and buses,
7/ 2 percent RVs, and
7/ 0.90 PHF.
Outline of Solution All input parameters are known. Demand will be computed in
terms of pclhlln, and the LOS determined from the speed-flow diagram. An estimate of
passenger-car speed is determined from the graph, and a value of density is calculated
using speed and flow rate.
Steps
I. Find fHv (use Exhibit 21-8and Equation
f

21-4).

1
~ 1 +~ PT(ET=
I)+ PR(ER- 1)

2. Find vp (use Equation 27-31.

1 3.

Determine LOS (use Exhibit 21-3).

The Results
LOS C,
Speed = 46.0 milh, and
Density = 24.5 pclmilln.
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I LOS C

1
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MULTILANE HIGHWAYS WORKSHEET
Applicalior,
Operalional (LOS)
Design (N)
Design (vp)
Planning (LOS)
Planning (N)
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,

.....

.

...-

General Information

Analysis T ~ m ePerlod
- --

-

Operalional (LOS)

Flow Inputs

.

.

AM

0
Plann~ng(LOS)

0
Des~gn(vP)

MP 17 - MP20
M. County

1999

0
Plann~ng(N)

-- -0
P l a a )

.
-

-

1.900

Annual avg dally lraff~c,PADT
Peak-hour proporllon of PADT, K
Peak-hour d~reclionproporllon, D
DDHV-AADT'K'D

a

1

--

Volume, V

Driver lype
Commuler/Wsekday
.
-

.

US 80 (East)

Higl~wayIDirecliono l Travel
Fromno
Jurisdiclion
Analysis Year

-

0
Des~gn(N)

El

4

....

JMYE
Eli1
5/16/99

Analysl
Agency or Company
Dale Performed

!?!!.PI
LOS, S, D
N, S, D
v, S, D
LOS, S, D
N, S. D

FFS, N, vp
FFS, LOS, v,
FFS, LOS, N
FFS. N, PADT
FFS, LOS. M O T
FFS, LOS, N

-

information
.- , I _ - _ _ - - . - . - _ -Site
_ _ . - . - 1

-

.lnpul
......

vehlh

Peak-hour laclor, PHF
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Rolllng
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--V.O!DDHV

pdhiln

46.0

milh

D vP/S
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10s

C

S

-
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Design (v,) or Planning (v,)

milh
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F F S = BFFS-fLw-I,,-f,-fM

m~lh
-

Design, Planning (N)
N
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V or DOHV
v~ = pHF.N.lWT
10s

pclhlln

Design (N) or Planning (N) 2nd lleralion

LOS

N

,,,=

assumed
.

. B H L
PHF ' N 'I,,' I,

pdhlln
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pdhlln
vehlh

S

milh

S
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D = VJS

pdmilln
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pdmilln
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N - Number of lanes
V - Hourly volume
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D l g r (N) or Planning (N) Is-
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fI
Tolal laleral clearance, TLC
fI
Access po~nls,A
Nmi
hledian lype, M
Undivided
0 Divided
FFS (measured)
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milh
Base free-flow speed, BFFS
milh
-operational,-planning
.
.
.
.
.
.
.-(LOS); Design,
-- Planning
.
.
(vp)

,

.

-.

10s

Factor Location
S
D FFS BFFS-

Speed
Dens~ly
Free-llow speed
Base free-llow speed

E, - Exhibil 21-8, 21-9. 21-11
ER - Exhibil 21-8,21-10
fp - Page 21-11
LOS, S, FFS, vp - Exhibil21-2, 21-3
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I

EXAMPLEPROBLEM1 (PART II)
A 3.25-mi undivided four-lane highway on level terrain. A 3,200-ft
The Highway
segment with 2.5 percent grade also is included in the study.

The Question What are peak-hour LOS, speed, and density of traffic on the 2.5
percent grade? Does this operation still meet the minimum required LOS D?
The Facts
d 2.5 percent grade (upgrade and downgrade),
d 46.0-milh field-measured FFS,
d II-ft lane width,
d 1,900-vehlh peak-hour volume,
d 13 percent trucks and buses,
d 2 percent RVs, and
4 0.90 PHF.
Comments
d For the 2.5 percent downgrade, trucks, buses, and RVs all operate as though on
level terrain. Therefore, results obtained in Part 1 are applicable for downgrade
results of the 2.5 percent grade segment.
d Assume FFS of 46.0 milh applies to both upgrade and downgrade segments.
Outline of Solution All input parameters are known. Demand will be computed in
terms of pclhlln, and the LOS determined from the speed-flow diagram. An estimate of
passenger-car speed is determined from the graph, and a value of density is calculated
using speed and flow rate.

I.FindfHV(use Exhibits21-9andlI-lo).

1

f~~

II
I1 I1

I---
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= 1 + PT(ET- 1) + PR(ER- 1)

2. Find vp.

v,, = 1,166 pclhlln
I

3. Determine LOS (use Exhibitll-3).

LOS C (upgrade)
LOS C (downgrade)

The Results
Downgrade:
LOS C,
Speed = 46.0 milh, and
Density = 24.5 pclmilln.

Upgrade:
LOS C,
Speed = 46.0 milh, and
Density = 25.3 pclmilln.

I
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The Highway
A 2.1-mi segment of an east-west five-lane highway with two travel
lanes in each direction separated by a two-way left-turn lane (TWLTL). The highway
includes a 4 percent grade, 6,000 ft in length, followed by level terrain of 5,000 ft.
The Question

What is the LOS of the highway on level terrain during the peak hour?

The Facts
.\I Level terrain,
.\I 12-ft lane width,
.\I 6 percent trucks and buses,
.\I 10 access pointslmi (eastbound),
.\I 12-ft and greater lateral clearance for
westbound and eastbound,

.\I 52-milh 85th-percentile speed,
.\I 1,500-vehlh peak-hour volume,
.\I 13 access pointslmi (westbound),
and

.\I 0.90 PHF.

Comments
.\I Assume base FFS to be 2 milh less than 85th-percentile speed.
BFFS = 52 - 2 = 50 milh
.\I Assume no RVs, since none is indicated.
Outline of Solution All input parameters are known. Demand will be computed in
terms of pclhlln, an FFS estimate, and the LOS determined from the speed-flow diagram.
An estimate of passenger-car speed is determined from the graph, and a value of density
is calculated using speed and flow rate.
Steps
1. Find fHv (EB and WB) (use Exhibit21-8).

1

'HV

2. Find vp (EB and WB) (use Equation
21-3).

P

=I

=

+ PT(ET- I ) + P,

(E,-

I)

v
PHF*N*fHVtfp

vp = 858 pclhlln
FFS = BFFS - fLw - fLc - ,f - ,f
3. Compute EB and WB free-flow speeds
(use Exhibits 21-4, 21-5, 21-6, 21-7, and FFS = 50 - 0.0 - 0.0 - 2.5 - 0.0
Equation 2 1-1).
FFS = 47.5 milh (EB)
FFS = 50 - 0.0 - 0.0 - 3.3 - 0.0
FFS = 46.7 milh (WB)

1 4.

Determine LOS I use Exhibit 21-3).

The Results
Eastbound:
* LOS C,
Speed = 47.5 milh, and
Density = 18.1 pclmilln.

Chapter 21 - Multilane Highways
Example Problems

LOS C (EB and WB)

Westbound:
* LOS C,
Speed = 46.7 milh, and
Density = 18.4 pclmilln.
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EXAMPLEPROBLEM2 (PARTII)
The Highway
A 2.1-mi segment of an east-west five-lane highway with two travel
lanes in each direction separated by a TWLTL. The highway characteristics include a 4
percent grade, 6,000 ft in length, followed by level terrain of 5,000 ft.
The Question

What is the LOS of the 4 percent grade segment during the peak hour?

Additional Facts
4 4.0 percent grade (EB downgrade, WB upgrade),
4 54-mi/h eastbound 85th-percentile speed,
4 48-mi/h westbound 85th-percentile speed,
4 11.5-ft lane width,
4 10 access pointstmi (EB), and
4 0 access points (WB).
Comments
4 Assume base FFS to be 2 mi/h less than 85th-percentile speed.
BFFS (EB) = 54 - 2 = 52 mi/h
4 BFFS (WB) = 48 - 2 = 46 mi/h
4 Assume no RVs, since none indicated.
Outline of Solution All input parameters are known. Demand will be computed in
terms of pc/h/ln, an FFS estimate, and the LOS determined from the speed-flow diagram.
An estimate of passenger-car speed is determined from the graph, and a value of density
is calculated using speed and flow rate.
Steps
1. Find f HV (EB and WB) (use Exhibits
21-9 and21-11).

1

'Hv=l

+ PT(ET-l)+PR(ER-1)
I

f ~ +0.06(1.5-1)+0=
~ " l

0.971 (EB)

I

f~~

=1

+ O.OB(3.0 - 1) + 0= 0.893 (WB)

2. Find vp (EB and WB).
1,500
= 858 pc/h/ln (EB)
0.90*2*0.971*1.00
1,500
= 933 pc/h/ln (WB)
vp =
0.90*2*0.893*1.00
FFS = BFFS -fLw -fLc - f A - f M
vp =

3. Compute EB and WB FFS (use
Exhibits 21-4, 21-5, 21-6, and21-7).

4. Determine LOS (use Exhibit 21-3).

The Results
Eastbound:
LOS B,
0 Speed = 49.5 mi/h, and
Density = 17.3 pc/mi/ln.
Chapter 21 - Multilane Highways
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FFS = 52.0 - 0.0 - 0.0 - 2.5 - 0.0 = 49.5 mi/h
(EB)
FFS = 46.0 - 0.0 - 0.0 - 0.0 - 0.0 = 46.0 mi/h
(WB)
LOS B (EB)
LOS C (WB)

Westbound:
LOS C,
0 Speed = 46.0 mi/h, and
Density = 20.3 pc/mi/ln.

Highway Capacity Manual 2000
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The Highway
90 ft.

A new 2-mi segment of multilane highway with right-of-way width of

The Question What is the cross section required to meet the design criterion of LOS
D? What is the expected travel speed for passenger cars?
The Facts

4 60,000 annual average daily traffic,
4 50-milh speed limit,
4 Peak-hour volume is 10 percent of daily traffic,
4 Peak-hour traffic has 55/45 directional split,

4 Rolling terrain,
4 5 percent trucks,
4 10 access pointslmi, and
4 0.90 peak-hour factor.

Comments
4 This solution assumes that the given AADT is for the design year and that the
other factors, although current, are accepted as representative of expected design
year conditions.
4 Assume base FFS to be 5.0 milh greater than the posted speed.
BFFS = 50.0 + 5.0 = 55.0 milh
Steps
Convert AADT to design-hour volume.

I 1.

(

2. Find fHV (use Exhibit 21-8 ).
1
f~"
+P
=
T (l
ET-l)+PR(ER-1)

FFS= BFFS-fLw-fL,-f,-f,

3. Compute free-flow speed (use
Exhibits 21-4, 21-5, 21-6, and21-7).

I

I

DDHV = AADT ' K * D
DDHV = 60,000 * 0.1 0 * 0.55 = 3,300 vehlh
1
0.930
'HV =I + 0.05(2.5 - I ) + 0
.

FFS = 55.0 - 0.0 - 0.0 - 2.5 - 0.0 = 52.5 milh
vp = 1,780 pclhlln

4. Determine maximum vp (use Exhibit
21-3).
5. Determine minimum N required.

V
PHF*vp *fHv *f,
3,300
0.90'1.780'0.930'1.00

6. Compute vp using minimum N
required.
7. Determine if base conditions will fit
within available right-of-way with a 12ft median to accommodate left-turn
bays in the future.

right-of-way. Use 6-ft median and do
not use shoulder at median.

9. Compute FFS (use Exhibits 2 1-4,
21-5, 21-6, and21-7).
10. Determine LOS (use Exhibit 21-3).

1

3,300
vp = 0.90*3*0.930'100
..-.
~

-

-

= 2.2 (use 3)

= 1,314 pclhlln

~

Median width = 12 ft
Lane width = 12 ft
(shoulder) = 6 ft
Total required width = 12 + 6 ' 12 + 2 ' 6 = 96 ft

clearance

Lane width = 12 ft
Lateral clearance (shoulder) = 6 ft
Total required width = 6 + 72 + 2 * 6 = 90 ft (fits
within available 90 ft)

LOS C

The Results A six-lane highway with lane widths bf 12 ft, a 6-ft median, and lateral
clearances of 6 ft on the right will meet the operational objective of LOS D during the
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The Highway
improved.

A 2.5-mi segment of a six-lane highway in a growing urban area to be

The Question
What is the estimated LOS for the existing and improved roadway?
How much additional traffic can be added and still maintain the improved LOS?
The Facts
4 1,400 pclhlln flow rate,
4 Free-flow travel time is 180 s, and
4 lmproved free-flow travel time is 150 s.
Comments
This problem involves upgrading the design of a substandard section of multilane
highway. The substandard highway has a measured FFS of 50.0 milh. It is proposed to
upgrade the design to a 60.0-milh FFS through wider shoulders, widening the lanes to
current standards, straightening the alignment on a few critical curves, restricting access
to fronting properties and constructing a median.
Outline of Solution Using given peak-hour volume and FFS, determine LOS for
improved and for current conditions. Determine additional volume that can be
accommodated while still maintaining the improved LOS.
Steps

1. Determine LOS and speed of

vp = 1,400 pclhlln, S = 50.0 milh, LOS D

existing highway (use Exhibit
21-3).
2. Determine maximum allowable flow vp = 1,400 pclhlln, FFS = 60.0 milh, LOS C
at improved LOS and FFS (use
Speed = 60.0 milh
Exhibit 2 1-3).
3. Compute additional volume.

Additional volume = 1,544 - 1,400 = 144 pclhlln

The Results

*
*
*
*

Chapter 21 - Multilane Highways
Example Problems

Currently LOS D,
lmproved ILOS C,
Additional volume = 144 pclhlln,
Speed = 60.0 milh, and
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Example Problem 4

2400

Flow Rate (pwivln)

-

General information

--

Site Information

JMYE
EHI
5/16/99
PM

Analyst
Agency or Company
Dale Perlormed
Analysis T~mePeriod
Operat~onal(LOS)

From/To
Jur~sd~clion
Analysis Year

u
Design (vp)

Design (N)

Geonjia Dr
Meno t o Woodstock
M. Count
1999

H~ghway/D~rection
of Travel

u
Planning (LOS)

u
Planning (N)

u
Planning (vp)

----

1

Volume, V
veMh
vetdday
Annual avg. daily traffic, M O T
Peak-hour proportion of MOT. K
Peak-hour direction proportion. D
DDHV=AADT'K'D
vetd11
Driver type
0 ComrnuterNeekday
U Recreal~onalNeekend
.--

Calculate FlowAdjustments

....

--

.-.
.........

,.. . Speed 1"P"fS

Peak-hour faclor, PHF
% Truck and buses. PT
% RVs, P,
General terrain

La Lwel
Rolling
Grade:
Lenglh m
i
Number of lanes

-..........

--

-..-

.

.
'

\-.

'3

, ,\-n
.-

.,

I

Calculate
Speed Adjustments and FFS
.

............................

Operational, Planning (LOS); Design, Planning
(vp)
. . .

Design, Planning (N)

Operational (LOS) or Planning (LOS)
_ YWODHV..-.

Design (N) or Planning (N) 1st lleralion
pdMln

N

S

milh

vp

0 =v,/S

pdmilln

milh
milh
milh

--

.-

P+ ' N ' lw
' fp

,,

milh

FFS = BFFS -fLw-lLC-fA-I,

V :

%

--

Lane width, LW
11
Total la'eral clearance. TLC
fl
Access poinls. A
Nmi
Median type, M
0 Undivided
L%l DNided
FFS (measured)
50.0/60.0
milh
Base free-flw speed. BFFS
milh
-

-

U Mountainous
Up'Dwn

=
LOS

milh

assumed
V or DDHV
PHF ' N ' 1, 'I,

pdhlln

LOS
Design (N) or Planning (N) 2nd lleralion

Design (vp) or Planning (v,)
LOS

N

assumed

1,544- 1,400= 144 p d M l n
vp

,,.

V=vp'PHF'N'IHv'lp
S

60.0
23.3

veMh

LOS

milh
pdmllin

S

-N - Number of lanes
V - Hourly volume
vp - Flow rate
LOS - Lwei of service
DDHV - Directional design-hour volume

S
D FFS BFFS-

Speed
Density
Free-flav speed
Base free-llw speed

"
milh

Factor Location

- Exhibil21-8, 21-9,21-11
ER - Exhibit 21-8, 21-10
1, - Page 21-11
LOS, S, FFS, vp - Exhibil21-2, 21-3
E,

2 1-27

fLw - Exhibit 21-4
fLc - Exhibit 21-5
,f - Exhibit 21-6
- Exhibil21-7

t
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The Highway
New suburban facility under planning with an opening-day AADT
forecast of 42,000 vehlday.
For opening-day volumes, how many lanes will be needed to provide
The Question
LOS C during the peak hour?

The Facts
4 42,000 vehlday,
4 Rolling terrain, and
4 10 percent trucks.
Comments
4 Several input variables are not given. Reasonable default values based on the
traffic engineer's knowledge of local conditions are selected as 10 percent trucks, 0
percent RVs, lane width of 12 ft, undivided highway, K = 0.10, directional split of
60140, BFFS = 55.0 milh, access-point density of 6 access pointslmi, PHF = 0.90, and
shoulder width of 6 ft.
.\I Assume commuter traffic (fp = 1.00).
Outline of Solution Using the multilane highways worksheet (Appendix A), determine
required lane configuration.
Steps
DDHV = AADT ' K ' D

1. Convert AADT to directional designhour volume (DDHV).

2. Find f

DDHV = 42,000 * 0.10 * 0.60
DDHV = 2,520 vehlh

,,(use Exhibit 21-8).

FFS = BFFS - f ~ wf LC - f A - f M

3. Compute free-flow speed (use Exhibits
21-4, 21-5, 21-6, and21-7).

FFS = 55.0 - 0.0 - 0.0 - 1.5 - 1.6 =
51.9 mi/h

4. Assume four-lane highway and compute
vp (use Equation 21-3).

1

vp =

5. Determine LOS Iuse Exhibit 21-3).

1

6. Assume six-lane highway and compute
v, (use Equation 21-3).

1

1 7.

Determine LOS (use Exhibit 219).

Chapter 21 - Multilane Highways
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I

LOS D
2,520
vp = 0.90'0.870'3*1.00

I LOS C

The Results

*
*
*
*

2,520
= 1,609 pclhlln
0.90*0.870*2*1.00

A 6-lane freeway is needed,
LOS C,
Speed = 51.9 milh, and
D = 20.7 pclmilln.

= 1,073 pclhlln

1
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Example Problem 5

I

Applicalion
Operational (LOS)
D s i g n IN)
Design (vp)
Planning (LOS)
Planning (N)

.

I

Flw! Pate fodhnnl
.,
-

I

-- . . . . . .

~ e n e ~ ~ f o r m a tion
..........

--

JMYE

H~ghwaylDirectionof Travel

Agency orcompany

EHf

Froflo

Date Pedormed

5/16/99

Jurisdiclion

Analpis Time Period

PM

Analpis Year

0
Design (vp)

Des~gn(N)

Flow lnputs

-

...

Peak-hour direclion proportion, D
0DHV.MDT'K.D

. I

a

Plann~ng(N)

Planning (vp)

-

% RVs, P,
General lerrain
vehlh

Recreat~onal/Weekend

Length m

Rolling

Mountainous
i

%

UpIDovtn

Number of lanes

Calculate FlowAdjustrnents

-100
25

El

m

Level
Grade:

P'

0.90
10
0

Peak-hour faclor, PHF
Z Trucks and b u s s , P,

Driver type

a Commuler/Weekday

.

_ _M. County
1999

Planning (LOS)

vehlh
vehlday

42,000
0.10
0.60
2,520

Peak-hour proportion of M O T , K

A

En
'"v )'1 -

.--

Speed Inputs

0 870

-

--Calculate-Speed Adjustments and FFS

Lane w~dlh,LW
Tolal laleral clearance, TLC
Access polnls, A
Median type, M
Undrv~ded
FFS (measured)
Base free-flow speed. BFFS

a

12
12
6

55 0

fI
It
A1m1
D~lded
-m~lh
milh

Operational,
Planning (LOS); Design, Planning (vp)
Operational (LOS) or Planning (LOS)
A

.

-

Volume, V
Annual avg. daily trallic, M D T

vp:

LOS, S, D
N. S, D
.v, S, D
10s. S. D
N. S, D

--.-.
-

-.

Site Information
.

Analyst

Operat~onal(LOS)

FFS, N, v.
FFS. LOS:~,
FFS. LOS, N
FFS. N, M D T
FFS, LOS, AADT

D

% PHF ' N ' IHv
' lp

fwd

0.0

mlh

c,f

00

m1h

fn
f~

15
16

mlh

FFS = BFFS -f,,-fLc-fA-

519

,f
Design, PIanning (N)

mlh

-

-

m ~ h

-

Design (N) or Planning (N) Is1 lleralion
pdhlln

S

milh

N
v = --

D =vp/S

pdmilln

LOS

P

2
VorDDHV PHF ' N ' ' lp

assumed
pdhlln

D

LOS
Design (vp) or Planning (vp)

D s i q n (N) or Planninq (N) 2nd lleralion

3

assumed
pdhlln

LOS

1,073
C

milh

S

51.9

milh

pdmilln

D =v,/S

20.7

pdrni/tn

N

LOS
pdhlln

V ~ '

vehlh

S
D = vJS

v~
V=vp'PHF*N'IHv'fp

N
V

- Number of lanes
Hourlyvolurne
Flow rate
Lwel of service
DDHV - Directional design-hour volume

LOS -

PHF ' N ' fw ' tp

Ip E,
En

FFS - Free-flow speed
BFFS- Base free-flow speed

Exhibit 21-8, 21-9.21-11
Exhibit 21-8, 21-10
Page 21-11
LOS, S. FFS. vp - Exhibit 21-2. 21-3

fLw fLc f, fA -

Exhibit 21-4
Exhibit 21-5
Exhibit 21-6
Exhibit 21-7
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Background and concepts for
this chapter are in Chapter 13

Freeway facilities are composed of connected segments consisting of basic freeway
segments, ramp segments, and weaving segments. When several of these segments occur
in sequence, they form a freeway facility. A freeway facility is the fundamental unit of
analysis in this chapter. A freeway facility is analyzed by direction, and the independent
analysis of both directions constitutes the analysis of a two-direction freeway facility.
The reader is referred to Chapter 13 for discussion of freeway concepts.

SCOPE OF THE METHODOLOGY

I

In Chapters 23,24, and 25, freeway components are addressed as isolated segments
that are assumed to have no significant interaction. A procedure that integrates the
methodologies of Chapters 23, 24, and 25 is provided in this chapter, subject to several
limitations. The freeway facility has spatial and time dimensions subject to defined
limits. The spatial dimension consists of continuous connected segments of defined
length, type, and width. The segments could include basic freeway segments, on-ramp
junction segments, off-ramp junction segments, or weaving area segments. Free-flow
conditions must exist at the upstream and downstream ends of the freeway facility. The
maximum length of a freeway facility that should be considered is on the order of 9 to
12 mi, so that traffic enters and leaves the freeway in the same time interval.
The temporal dimension consists of connected time intervals. Undersaturated
conditions must occur in the first and last time interval. The analysis period to be
considered is divided into 15-min time intervals. The material developed for this chapter
resulted from research sponsored by the Federal Highway Administration ( I ) .

LIMITATIONS OF THE METHODOLOGY
A complete discussion of freeway control systems or even the analysis of the
performance alternatives is beyond the scope of this chapter. The reader should consult
references identified in a later section of this chapter. The methodology does not account
for delays caused by vehicles using alternate routes or vehicles leaving before or after the
study time duration.
Certain freeway traffic conditions cannot easily be analyzed by the methodology.
Multiple overlapping bottlenecks are an example. Therefore, other tools may be more
appropriate for specific applications beyond the capabilities of the methodology. Refer to
Part V of this manual for a discussion of simulation and other models.
User demand responses such as spatial, temporal, modal, or total demand responses
caused by traffic management strategies are not automatically incorporated within the
methodology. On viewing the facility traffic performance results, the analyst can modify
the demand input manually to analyze the effect of user demand responses or traffic
growth. The accuracy of the results depends on the accuracy of the estimation of the user
demand responses.
The freeway facility methodology is limited to the extent that it can accommodate
demand in excess of capacity. The procedures address only local oversaturated flow
situations, not systemwide oversaturated flow conditions.
The completeness of the analysis will be limited if freeway segments in the first time
interval, the last time interval, and the first freeway segment do not all have demand-tocapacity ratios less than 1.00. The rationale for these limitations is discussed in the
section on demand-capacity ratio.
The analyst can, given enough time, analyze a completely undersaturated time-space
domain manually, although this is difficult. It is not expected that analysts will ever
manually analyze a time-space domain that includes oversaturation. For heavily
congested freeway facilities with interacting bottleneck queues, the analyst may wish to
review Part V of this manual before undertaking this methodology.
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11.

METHODOLOGY

Exhibit 22-1 summarizes the methodology for analyzing freeway facilities. The
methodology integrates the basic freeway segment, ramp segment, and weaving segment
procedures into a freeway facility analysis. The methodology adjusts vehicle speeds
appropriately to account for effects in adjacent segments. The methodology can analyze
freeway traffic management strategies only in cases for which 15-min time intervals are
appropriate and for which reliable data for capacity and demand estimates exist.
EXHIBIT 22-1. FREEWAY FACILITY METHODOLOGY
- (

I

1

Input Data
- Demand
- Geometric data
- Time-space domain

Adjust demand according to spatial
and time units established

Compute segment capacities
according to Chapters 23, 24,
and 25 methodologies

Adjust segment capacities

r----7
Compute demand-capacity ratios

Undersaturated

Oversaturated

Compute oversaturated
segment service measures and
measures of effectiveness

Compute segment service
measures and measures
of effectiveness

Compute freeway facility
measures of effectiveness by
time interval
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The effect of various demand management techniques can be assessed by varying the
demand associated with the technique. The methodology is limited to applications for
which data are available to quantify the effects of demand management and whose
complexity does not exceed the capabilities of the methodology. This is especially true
when periods of oversaturation occur. The analysis should begin and end with no portion
of the freeway having oversaturation.
Freeway control is frequently motivated by operational problems such as one or
more bottlenecks with significant mainline congestion. Ramp metering is a strategy to
reduce the amount of congestion by limiting demand. The effectiveness of a particular
ramp-metering strategy in improving freeway performance can be analyzed by the
methodology. The ability of the methodology to assess the total effects of the strategy
depends on assumptions related to where excess demand would relocate. If the demand
is diverted to another time or location within the analysis period, effects can be accounted
for.
The use of high-occupancy vehicle (HOV) lanes on freeways raises the issues of the
operating characteristics of such lanes and the effects on the remainder of the freeway.
The issues are complex because HOV lanes come in many forms including separated
facilities, reserved freeway lanes (concurrent flow and contraflow lanes), and priority
access (ramp meter bypass lanes). The methodology addresses separated facilities but not
the interactions between the HOV lane and the mixed-flow lanes.
There are a number of data requirements for conducting an analysis, and some
applications are beyond the capabilities of the methodology. The issue of capacity must
be addressed first. This is a difficult issue because data are limited and by design most
HOV freeway facilities operate below capacity to maintain a high level of service.
Single-lane HOV facilities generally have different speed characteristics because of the
lack of passing opportunities. Therefore, it is recommended that single-lane analyses be
conducted only when HOV lane demand is less than 1,600 veh/h/ln.
The methodology for analyzing freeway facilities is comprehensive in that it interacts
with three other chapters of this manual and incorporates both undersaturated and
oversaturated flow analysis capabilities. In this portion of the chapter an overview of the
methodology is given. The time-space domain of a freeway facility is described with
particular attention to facility geometrics, facility traffic demands, demand-capacity
analysis, and optional traffic management strategies. Service measures, levels of service
(LOS), and performance measures are also discussed.
The purpose of this section is to describe the computational modules of the
methodology. To simplify the presentation, the focus is on the function of and rationale
for each module. An expanded version of this section containing all the supporting
analytical models and equations is presented in Appendix A.

Single-lane HOV facilities can
be analyzed only when flow
rates are less than 1,600
veh/h/ln

PERFORMANCE MEASURES
Facilitywide service measures and LOS designations are not incorporated in this
chapter, as they are in other chapters in Part I11 of this manual. This is due to the
complexity of assessing freeway facilities when oversaturated flow conditions are
encountered. A freeway facility may contain both uncongested and heavily congested
segments, and any average service measure for the entire length is likely to be misleading
and difficult to classify by LOS.
The methodology provides estimates of speed, travel time, density, flow rate (vehicle
and person), volume-to-capacity ratio, and congestion status for each cell in the timespace domain. From these estimates, vehicle hours (person hours) of travel as well as
vehicle miles (person miles) of travel for each cell can be determined.
The previously discussed traffic performance measures can be aggregated by the
analyst over the length of the freeway facility, over the study time duration, and over the
entire time-space domain.

Systemwide measures can be
generated, but no LOS
guidelines are given
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SEGMENTING FREEWAY FACII-ITIES
The time-space domain of a freeway facility is used to provide an overview of the
methodology. A typical time-space domain is shown in Exhibit 22-2.
EXHIBIT 22-2. TIME-SPACE DOMAIN OF A FREEWAY FACILITY

Direction of Travel

Freeway facilities up to
12 mi long can be
analyzed with the
methodology

Chapter 22 - Freeway Facilities
Methodology

+

The horizontal scale indicates the distance along the freeway facility. Traffic moves
from left to right, and the scale is divided into freeway sections. A freeway section
boundary occurs wherever there is a change in traffic demand (i.e., on-ramp or off-ramp)
or a change in segment capacity (i.e., lane drop or lane addition). Freeway facilities up to
9 to 12 mi long can be analyzed by this methodology. Estimates of traffic demand on
longer freeway facilities cannot be reliably developed with the methodology, because the
travel time between some origins and destinations will exceed the standard time interval
(15 min).
The vertical scale indicates the study time duration. Time extends down the timespace domain, and the scale is divided into 15-min intervals. The study time duration can
include any number of contiguous 15-min intervals. The number of section-based cells in
the time-space domain is the product of the number of sections and the number of 15-min
intervals. In Exhibit 22-2 there are 64 section-based cells.
The boundary conditions of the time-space domain are extremely important since the
time-space domain will be analyzed as an independent freeway facility having no
interactions with the upstream or downstream portions of any connecting facilities
(including freeways and surface streets) or with time periods before or after the study
time duration. This means that no congestion should occur along the four boundaries of
the time-space domain. The cells located along the four boundaries should all have
demands less than capacities and should contain undersaturated flow conditions.
Exhibit 22-2 shows the division of the freeway facility into connected freeway
sections. However, to use the predictions of capacity and performance measures from the
basic freeway, ramp, and weaving segment chapters, the sections must be further divided
into segments. Each section contains one or more segments depending on the freeway
geometries.
First, any weaving segment, as defined in Chapter 24, Freeway Weaving, is labeled
as a weaving segment. Next, any on-ramp or off-ramp segment, as defined in Chapter 25,
Ramps and Ramp Junctions, is labeled as an on-ramp or off-ramp segment. The
remaining portions of the freeway facility are labeled as basic freeway segments (Chapter
23).
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Special labeling of segments may be required under certain circumstances. For
example, a !ong freeway section between an on-ramp and an off-ramp can be subdivided
into three segments: on-ramp, basic freeway, and off-ramp. A complication may occur
when a short freeway section contains an on-ramp followed by an off-ramp without an
auxiliary lane between the two ramps. The problem arises if the length of the freeway
section is insufficient to meet the requirements of the sum of the lengths of the on-ramp
segment and the off-ramp segment as stated in Chapter 25. In that case, the overlapping
freeway segment is analyzed both as an on-ramp segment and as an off-ramp segment,
and the more restrictive option is selected. Similarly, weaving sections with lengths
exceeding 2,500 ft can be analyzed as basic segments with the added auxiliary lane and
ramp demands. Other special types of freeway sections requiring special attention may
be encountered. In those cases, Chapters 23,24, and 25 should be consulted. The
transformation of freeway sections into freeway segments for the freeway facility of
Exhibit 22-2 is shown in Exhibit 22-3. The estimated segment capacities and traffic
performance algorithms filter down through the time-space domain so that each cell has
an estimated capacity and an algorithm for predicting traffic performance measures.

Guidelines for handling long
and short sections

EXHIBIT 22-3. CONVERSION OF FREEWAY SECTIONS INTO FREEWAY SEGMENTS
Freeway Facility

Freeway Sections along Freeway Facility

Freeway Segments along Freeway Facility

FREEWAY FACILITY DEMANDS AND ESTIMATION OF TRAFFIC DEMAND
Traffic counts at each entrance to and exit from the freeway facility (including the
mainline entrance and the mainline exit) for each time interval serve as input to the
methodology. Whereas entrance counts are considered to represent the current entrance
demands for the freeway facility (provided that there is not a queue on the freeway
entrance), the exit counts may not represent the current exit demands for the freeway
facility because of freeway congestion.
Chapter 22 - Freeway Facilities
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Estimation of traffic
demand requires careful
differentiation of volume,
as counted, and demand

Time interval scale factor
defined

For planning applications, estimated traffic demands at each entrance to and exit
from the freeway facility for each time interval serve as input to the methodology. The
sum of the input demands must be equal to the sum of the output demands in every time
interval.
Once the entrance and exit demands are calculated, the demands for each cell in
every time interval can be estimated. The segment demands can be thought of as filtering
across the time-space domain and filling each cell in the time-space matrix.
Demand estimation is required if the methodology uses actual freeway counts. If
demand flows are known or can be projected, they are used directly, The demand
estimation module converts the input set of freeway exit 15-min traffic counts into a set
of freeway exit 15-min traffic demands. Freeway exit demand is defined as the number
of vehicles that desire to exit the freeway in a given 15-min time interval. This demand
may not be represented by the 15-min exit count because of upstream freeway congestion
within the facility.
The procedure followed is to sum the freeway entrance demands along the entire
freeway facility (including the freeway mainline entrance) and to compare it with the sum
of the freeway exit counts along the entire directional freeway facility (including the
freeway mainline exit) for each time interval. The ratio of the total freeway entrance
demands to the freeway exit counts in each time interval is called the time interval scale
factor. Theoretically, the scale factor should approach 1.00 when the freeway exit counts
are, in fact, freeway exit demands.
Scale factors greater than 1.OO indicate increasing levels of congestion within the
freeway facility, with exit traffic counts underestimating actual freeway exit demands.
Scale factors less than 1.OO indicate decreasing levels of congestion, with exit traffic
counts exceeding actual freeway exit demands. To provide an estimate of freeway exit
demand, each freeway exit count is multiplied by the time interval scale factor.
Once the entrance and exit demands are determined, the traffic demands for each
freeway section in each time interval can be calculated. On the time-space domain
diagram, the section demands can be viewed as projecting horizontally across the
diagram with each cell containing an estimate of its 15-min demand.

ADJUSTMENTS OF SEGMENT CAPACI'W

In this chapter, capacity
computations are on a
veh/h basis

Capacities can be
selected to reflect a
variety of controls or
conditions
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Segment capacity estimates are determined directly from Chapters 23,24, and 25 for
basic, weaving, and ramp segments, respectively. A11 estimates of segment capacity
should be carefully reviewed and compared with local knowledge and available traffic
information for the study site, particularly for known bottleneck segments.
On-ramp and off-ramp roadway capacities are also determined in this module.
On-ramp demands may exceed on-ramp capacities and limit the traffic demand entering
the facility. Off-ramp demands may exceed off-ramp capacities and cause congestion on
the freeway, although that effect is not accounted for in the methodology. Unlike the
computations performed in the basic freeway, weaving, and ramp chapters, all capacity
computations performed in this chapter are on the basis of vehicles per hour and not
passenger cars.
The effect of a predetermined ramp-metering plan can be evaluated in this
methodology by overriding the computed ramp roadway capacities. The capacity of each
entrance ramp in each time interval is changed to the specified metering rate. This
feature not only permits the evaluation of a prespecified ramp-metering plan, but also
permits the user to improve the ramp-metering plan by experimentation.
Freeway design improvements can be evaluated within this methodology by
modifying the design features of any portion or portions of the freeway facility. For
example, the effect of adding auxiliary lanes at critical locations and full lanes over
multiple segments can be assessed.
Reduced-capacity situations can also be investigated. The capacity in any cell of the
time-space domain can be reduced to represent incident situations such as construction
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and maintenance activities, adverse weather. and traffic accidents/vehicular breakdowns.
Conversely, capacity can be increased to match field measurements. In analyzing
adjusted capacity, use of an alternative speed-flow relationship is important. The
computational details for this case are provided later in this chapter.

Permanent Capacity Reduction

A lane drop is in many ways the simplest capacity-reducing situation to deal with.
Capacity in both segments, that with the smaller number of lanes and that with the larger
number, can be calculated using Chapter 23, 24, or 25 methodologies. So long as the
arriving demand is less than the lower capacity, no queue will form upstream of the lane
drop. If the arriving demand begins to exceed the reduced capacity, a queue will begin to
form immediately upstream of the reduced-capacity section, which will have become a
bottleneck. Some results suggest that a poorly designed merge at the lane drop can
negatively affect the capacity of the segment with the smaller number of lanes because of
the increase in friction and turbulence, but this effect has not yet been quantified.
Construction Activities Capacity Reduction
Capacity reductions due to construction activities can be divided into short-term
maintenance work zone lane closures and long-term construction zone closures. One of
the primary distinctions between short-term work zones and long-term construction zones
is the nature of the barriers used to demarcate the work area. Long-term construction
zones generally have portable concrete barriers; short-term work zones use standard
channeling devices (traffic cones, drums) in accordance with the Matlual on Uniform
Traffic Control Devices ( 2 ) . Generally, reduction of capacity brought about by
reconstruction or major maintenance activities will last for several weeks or even months,
although some short-term maintenance activities last only a few hours.

Short-Term Work Zones
Research (3) suggests that a capacity of 1,600 pc/h/ln be used for short-term freeway
work zones, regardless of the lane closure configurations. For some types of closures,
capacity may be higher (3).
The base value should be adjusted for other conditions, as follows.
* Intensity of work activity: The intensity of work activity refers to the number of
workers on site, the number and size of work vehicles in use, and the proximity of work
to the travel lanes in use. Unusual types of work also contribute to the apparent intensity,
simply in terms of the rubbernecking factor. Research data did not result in explicit
quantification of these effects, but it is suggested that the capacity of 1,600 pclh/ln be
adjusted by up to +-lopercent for work activity that is more or less intense than normal
(3). The research did not define what constitutes normal intensity. Hence, this factor
should be applied on the basis of professional judgment, recognizing that 1,600 p c M n is
an average over a variety of conditions.
Effects of heavy vehicles: It is recommended that the heavy-vehicle adjustment
factor, fHV,found elsewhere in the manual be used to account for the effect of heavy
vehicles in the traffic stream moving through the work zone, as shown in Equation 22-1.

I

I

I
Intensity of work will affect
capacity

Heavy vehicles should be
accounted for

where
fHV = heavy-vehicle adjustment factor,
P,
= proportion of heavy vehicles, and
E,
= passenger-car equivalent for heavy vehicles.

The value of ET can be taken from Chapter 23, Basic Freeway Segments.
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Entrance ramps within
500 ft of a lane closure
will affect capacity

Presence of ramps: If there is an entrance ramp within the taper area approaching
the lane closure or within 500 ft downstream of the beginning of the full lane closure, the
ramp will have a noticeable effect on the capacity of the work zone for handling mainline
traffic. This arises in two ways. First, the ramp traffic will generally force its way in, so
it will directly reduce the amount of mainline traffic that can be handled. Second, the
added turbulence in the merging area due to the entrance ramp may itself reduce the
capacity slightly. If at all possible, ramps should be located at least 1,500 ft upstream
from the beginning of the full closure to maximize the total work zone throughput. If that
cannot be done, then either the ramp volume should be added to the mainline volume to
be served or the capacity of the work zone should be decreased by the ramp volume (up
to a maximum of half of the capacity of one lane, on the assumption that at very high
volumes mainline and ramp vehicles will alternate). Equation 22-2 is used to compute
the resulting reduced capacity.
where
= adjusted mainline capacity (vehh);
fHV = adjustment for heavy vehicles as defined in Equation 22-1;
I = adjustment factor for type, intensity, and location of the work activity,
c,

as discussed above (ranges from -160 to +I60 pc/Mn);
R
N

= adjustment for ramps, as described in the preceding paragraph; and
= number of lanes open through the short-term work zone.

Long-Term Construction Zones
For long-term construction zones, capacity values are given in Exhibit 22-4. If
traffic crosses over to lanes that are normally used by the opposite direction of travel, the
capacity is close to the 1,550 vehklln value in Exhibit 22-4 (5). If no crossover is
needed, but only a merge down to a single lane, the value is typically higher and may
average about 1,750 vehklln (6).
EXHIBIT 22-4. SUMMARY OF CAPACITY VALUES FOR LONG-TERM CONSTRUCTION ZONES
No. of Normal
Lanes

Lanes Open

Number of Studies

Range of Values
iveh/h/ln\

Average per Lane
Ivehlhlln)

Source: Dudek (4).

Lane Width Consideration
An additional adjustment factor can be added to the long-term and short-term
reduction model for the effect of lane width (7). For traffic with passenger cars only,
headways increase by about 10 percent in going from 11-ft widths to 10.5- or 10-ft widths
and by an additional 6 percent in going to 9-ft widths. These increases in headways
translate to 9 and 14 percent drops in capacity for the narrower lane widths within
construction zones.

Adverse Weather Capacity Reduction
There have been several research studies on the effect of rain, snow, and fog. It has
become clear that adverse weather can significantly reduce not only capacity but also
operating speeds. The following sections discuss the effects of each of these weather
conditions and address the issue of when and how to take these effects into account in
applying the methodology.

Chapter 22 - Freeway Facili
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Rain
Research found that speeds are not particularly affected by wet pavement until
visibility is also affected (8). This result suggests that light rain will not have much effect
on speeds (and presumably not on capacities) unless it is of such extended duration that
there is considerable water on the pavement. Heavy rain, on the other hand, affects
visibility immedia~elyand can be expected to have a noticeable effect on traffic flow.
This expectation is borne out by s~udiesof freeway traffic. Research found minimal
reductions in maximum observed flows for light rain but significant reductions for heavy
rain (9). Likewise, the research found a small effect on operating speeds for light rain
and larger effects for heavy rain. These changes in operating speeds are important
because they directly affect traffic performance.
For light rain, a reduction in free-flow speeds of 1.2 milh was observed (9). At a
flow rate of 2,400 veh/h, the effect of light rain was to reduce speeds to about 51 milh,
compared with speeds of 55 to 59 mi/h under clear and dry conditions. Under light rain
conditions, little if any effect was observed on flow or capacity.
For heavy rain, the drop in free-flow speeds was 3 and 4 milh. The result of heavy
rain is to reduce speeds at 2,400 vehlh to 47 and 49 milh from, respectively, 55 and 59
milh. These are reductions of 8 and 10 milh. Maximum flow rates can also be affected
and might be 14 to 15 percent lower than those observed under clear and dry conditions.

Snow
For snow, major differences were found depending on the quantity or rate of
snowfall, with light snow having minimal effects and heavy snow having potentially very
large effects (9). If snow-clearing operations cannot keep the road relatively clear during
a heavy snowfall, the snow accumulation on the highway obscures the lane markings.
Observation suggests that under these circumstances, drivers often seek not only longer
headways, but also greater lateral clearance. As a result, a three-lane freeway segment is
used as if it had only two widely separated lanes. This alone has a considerable effect on
capacity.
Light snow was associated with a statistically significant drop of 0.6 mi/h in freeflow speeds. The effect on maximum observed flows was midway between the effects of
light and heavy rain or between a 5 and 10 percent reduction.
Heavy snow significantly influences the speed-flow curve. Free-flow speeds were
reduced by 23 and 26 milh at the two stations from what they were under clear and dry
conditions (63 and 66 milh, respectively). Maximum observed flows dropped from 2,160
to 1,200 veh/h/ln at the station upstream of the queue. At the station that might be a
bottleneck itself for part of the peak period, the maximum observed flows dropped from
2,400 to 1,680 vehlwln. This suggests a 30 percent drop in capacity due to heavy snow in
an urban area where traffic will generally keep moving to some extent.

Fog
Although no studies have quantified the effects of fog on capacity, work has been
done in Europe on fog warning systems, which use variable speed limit signs to reduce
speeds during foggy conditions. Those studies tend to report on the effectiveness of the
speed warning signs in reducing mean speeds, not on what speeds (or capacities) are due
to the fog alone. For example, they report effectiveness of fog warning devices of 5 to 6
milh in reducing speed but provide no information on capacity effects (10, 11).
Environmental Capacity Reduction
Research in Germany used speed-flow-density relationships to fit speed-flow curves
to the field observations (12). The capacity of each study site under a variety of
conditions was estimated from these curves. The results are useful not only in extending
the research results cited on rain and wet pavement but also in identifying some other
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causes of temporary capacity reduction that have not generally been discussed (e.g., the
difference between daylight and darkness and between weekdays and weekends).
A set of relationships for 10 to 15 percent heavy vehicles has been used for
comparison in Exhibit 22-5. Although this exhibit shows the per lane capacities found in
Germany, the numbers clearly do not translate directly to North American conditions.
The most obvious difference is that capacity per lane is lower than would be found in
North America. In addition, the capacity per lane for a six-lane freeway is lower than that
of a four-lane freeway for all but one of the conditions. These results are no doubt a
consequence of the function the researchers were fitting, together with the fact that there
were few data near capacity because hourly data were analyzed. What is important in the
exhibit is the percentage reduction in capacity under each of the sets of conditions, which
is shown on the second line for each type of freeway and type of day (weekday or
weekend).
EXHIBIT 22-5. CAPACITIES ON GERMAN AUTOBAHNS UNDERVARYING CONDITIONS (vehlhlln)
Freeway Type
Six-lane freeway
Six-lane freeway
Four-lane
freeway
Four-lane
freeway

Weekday or
Weekend
Weekday
Changea (%)
Weekend
Changea (%)
Weekday
Changea (%)
Weekend
Changea (%)

Daylight and Dry

Dark and Dry

Daylight and Wet

Dark and Wet

1489

1299
13
1084
21
1415
19
1158
25

1310
12
1014
27
1421
18
1104
29

923
38

1380
1739
1551

I

913
47

Note:
a. The percentage reduction from daylight and dry conditions for the same day of the week.
Source: Brilon and Ponzlet (12).

The estimates for weekdays and daylight for the reduction due to wet pavement, 12
and 18 percent, are consistent with the estimates discussed above for the effects of rain.
The reductions in capacity due to darkness are of the same order as those due to rain: 13
and 19 percent for six- and four-lane facilities, respectively. Since winter peak-period
commuter traffic occurs in darkness in many locations, these capacity reductions are
important to recognize.
The capacity of a freeway on weekends or holidays can be substantially less than
when it carries commuter traffic. Although the percentage change is not shown in the
exhibit, it amounts to a 7 to 10 percent reduction during dry daylight conditions.

Capacity Reductions Due to Traffic Accidents or Vehicular Breakdowns
Mean duration of an
incident was 37 min but
was highly variable
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Capacity reductions due to traffic accidents or vehicular breakdowns are generally
short-lived, ranging from less than 1 h before they can be cleared (for a minor fenderbender involving only passenger vehicles) to as long as 12 h (for a major accident
involving fully loaded tractor-trailer rigs). For example, on the basis of research, the
mean duration of a traffic incident was 37 min, with just over half of the incidents lasting
30 min or less and 82 percent of the incidents lasting 1 h or less (13). When trucks were
involved, however, the duration was longer; accidents involving trucks lasted 63 min on
the average.
The effect of an incident on capacity depends on the proportion of the traveled
roadway that is blocked by the stopped vehicles, as well as on the number of lanes on the
roadway at that point. Exhibit 22-6 gives information on these effects (14, 15).
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EXHIBIT 22-6. PROPORTION OF FREEWAY SEGMENT CAPACITY AVAILABLE UNDER
IIlCIDENT CONDITIOIYS
Number of Freeway
Lanes by Direction

Shoulder
Disablement

Shoulder
Accident

One Lane
Blocked

Two Lanes
Blocked

2
3
4

0.95
0.99
0.99

0.81
0.83
0.85

0.35
0.49
0.58

0.00
0.17
0.25

Three Lanes
Blocked
NIA

0.00
0.13

NIA - not applicable.
Source: Reiss and Dunn ( 1 4 ) and Gordon et al. (15).

Note that in the case of a blocked lane, the loss of capacity is likely to be greater than
simply the proportion of original capacity that is physically blocked. For example, a
four-lane (in one direction) freeway with two lanes blocked retains only 25 percent of its
original capacity (Exhibit 22-6). The added loss of capacity arises because drivers slow
to look at the incident while they are abreast of it and are slow to react to the possibility
of speeding up to move through the incident area.
The rubbernecking factor is also responsible for a reduction in capacity in the
direction of travel opposite to that in which the accident occurred. No quantitative
studies of this effect have been published, but experience suggests that it depends on the
magnitude of the incident (including the number of emergency vehicles present). The
reduction may range from 5 percent for a single-car accident and one emergency vehicle
to 25 percent for a multivehicle accident with several emergency vehicles.

Applying Capacity Reductions
There are several ways to use the information on reduced capacities contained in the
preceding material, ranging from quick approximations, through the application of the
methodology described in this chapter, to other quantitative approaches involving
queuing analysis or shock wave analysis. The quick approximations simply require
reviewing the expected traffic demands and comparing them with the applicable capacity
reduction. If the demands do not exceed the reduced capacity, there will not be any major
difficulties in handling the traffic. A more detailed analysis may be desired to estimate
the expected traffic performance, in which case use of the methodology would be
appropriate.
The methodology works with the full speed-flow curve (for the undersaturated part
of the relationship), but in many of the cases described above, only the effect on capacity
has been identified by research reported to date. The literature does not describe the
effect of the factor (incident, construction) on speeds and hence on the speed-flow curve.
Without a full speed-flow curve, the analyst is forced to use other methods or to work
around this limitation of the model. Consider each of the capacity reductions in turn,
from the simplest to the most difficult to deal with.
Adverse weather is the easiest to deal with, because the results cited above indicate
effects on both speeds and capacity. Consequently, the analyst can simply use a speedflow curve for a lower free-flow speed (FFS) to model the effects of inclement weather.
Neither of the research studies reported a method that would equate to a reduction in FFS,
but their results can be reasonably well approximated that way (9, 12). For light rain or
snow. for example, speeds at capacity drop by 4 to 8 milh, which can be approximated by
a reduction in FFS of 6 milh. For heavy rain, the approximation would be a reduction in
FFS of 12 inilh. For heavy snow, the reduction would be 31 milh. Exhibit 22-7 shows
the approximate curves for these conditions, using a constant density to determine the
capacity for each curve.

Assumptions regarding effects
on speeds
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EXHIBIT 22-7. SPEED-FLOW CURVES FOR DIFFERENT WEATHER CONDITIONS

Flow Rate (pclhlln)
Note:
FFS = 75 milh (base conditions)

For the other temporary capacity reductions, the research findings deal only with the
change in capacity. In most of these cases, reasonable estimates of speed conditions can
be made. For example, in construction zones, a reduced speed is usually posted, and
lower speeds usually do occur, particularly where actual construction operations are
taking place. Likewise, for incidents, traffic naturally slows as drivers pass the incidents
and try to get a look at what happened. Thus, one can attempt to model these situations
on the basis of a downward-shifted speed-flow curve, like those shown in Exhibit 22-8.
If the analyst were not interested in the speeds, the capacity reduction could be
modeled by using a fractional number of lanes that would reflect the new capacity of the
roadway, rather than the real number of lanes. For example, in the case of a four-lane (in
one direction) freeway facility with two lanes blocked, Exhibit 22-6 shows that only 25
percent of the original capacity is available. To reflect this, the analyst could show only a
single lane through the area of the incident, even though it is in fact a four-lane segment.
However, since most of the performance measures rely on or are based on speed, this
simplified approach will not permit a complete analysis. Consequently, use of a speedflow curve from the family shown in Exhibit 22-7 or 22-8 is recommended.
The methodology and other methods have a role in analyzing the effect of incidents,
even when they are of short duration, by assisting in the planning of responses to various
types and locations of incidents before they occur. The advantage of planning is that it
can minimize the need for improvising decisions about diversion plans and other methods
of responding to incidents.
DEMAND-CAPACITY RATIO
Each cell in the time-space domain now contains an estimate of demand and capacity
as well as an algorithm for calculating traffic performance measures. A demand-tocapacity ratio can be calculated for each cell, and the cell values should be reviewed to
see whether in fact the time-space domain is free of congestion on its boundary and
whether oversaturated flow conditions will occur anywhere in the time-space domain.
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EXHIBIT 22-8. ADJUSTED SPEED-FLOW CURVES FOR INDICATED CAPACITY ADJUSTMENTS
(SEE FOOTNOTE FOR ASSUMED VALUES)
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Note:
Assumptions: FFS = 75 rnilh, capacity adjustment factor (CAF) of 1.0, 0.95, 0.90, and 0.85.

The demand-to-capacity ratio values should be less than 1.0 for all cells along the
four boundaries of the time-space domain. If they are not, further analysis may be flawed
and in some cases should not be undertaken. For example, if any cell in the first time
interval has a demand-to-capacity ratio value greater than 1.0, there may have been
oversaturated conditions in earlier time intervals without transfer of unsatisfied demand
into the time-space domain. If any cell in the last time interval has a demand-to-capacity
ratio greater than 1.O, the analysis will not be complete, since the unsatisfied demand
within the time-space domain cannot be transferred to later time intervals. If any cell in
the last downstream segment has a demand-to-capacity ratio greater than 1.0, there may
be downstream bottlenecks that should be checked before proceeding with the analysis.
Finally, if any cell in the first upstream segment has a demand-to-capacity ratio greater
than 1.0, then oversaturation will be extended upstream of the freeway facility, but its
effect will not be analyzed within the time-space domain.
These checks do not assure the analyst that the boundaries may not be violated later
as the result of the more detailed analysis. If the initial checks indicate that demands
exceed capacities at the boundary segments, the problem analysis domain should be
adjusted. As the analysis is undertaken, the problem of demand exceeding capacity may
occur again at the time-space domain boundaries, requiring that the problem be
reformulated or that other techniques as described in Part V of this manual be considered.
For example, oversaturated conditions at a downstream bottleneck may be so severe as to
extend upstream into or beyond the first freeway segment or beyond the last time interval.
Another important check is to observe whether any cell in the entire time-space
domain has a demand-to-capacity ratio value greater than 1.0. If all cells have demandto-capacity ratio values less than 1.O, then the entire time-space domain contains
undersaturated flow conditions, and the analysis is greatly simplified.
If any cell in the time-space domain has a demand-to-capacity ratio value greater
than 1.0, then the time-space domain will contain both undersaturated and oversaturated
flow conditions. Analysis of oversaturated flow conditions is much more complex
because of the interactions between freeway segments.
The analysis begins in the first cell in the upper left-hand corner of the time-space
domain (first segment in first time interval) and continues downstream along the freeway
facility for each segment in the first time interval. The analysis then returns to the first
upstream segment in the second time interval and continues downstream along the

Demand/capacity should be
less than 1.0 for all cells along
the four boundaries of the
time-space domain
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Four-step process to
analyze bottlenecks:
I . Bottleneck cell
analysis
2. Downstream demand
modifications
3. Upstream flow
modifications
4. Demand transfer to
next time interval

Shock wave analysis is
used to analyze queue
backup

freeway for each segment in the second time interval. This process is continued until all
cells in the time-space domain have been analyzed.
As each cell is analyzed, the question is asked, Is the cell demand-capacity ratio less
than or equal to 1 .O? If the answer is yes, then the cell is not a bottleneck and is assumed
to be able to handle all traffic that wants to enter. This process is continued in the
sequence order described in the preccding paragraph until an answer of no is
encountered, indicating that the demand-capacity ratio in this cell is greater than 1.0.
This cell is identified as a bottleneck, and the traffic that wishes to enter cannot do so.
The following four-step process is required to analyze each cell identified as a bottleneck:
bottleneck cell analysis, downstream demand modifications, upstream flow
modifications, and demand transfer to next time interval.
Since the demand in the bottleneck cell exceeds the bottleneck cell capacity, the flow
in the cell will be equal to capacity, not demand. Each bottleneck cell will have a
volume-capacity ratio of exactly 1 .O. On the basis of this volume-capacity ratio, traffic
performance measures can be estimated.
Since the bottleneck cell can only pass a flow equal to capacity (not demand) to the
downstream segments in this time interval, the demands for all downstream cells must be
modified in accordance with the destinations of the unsatisfied demand at the bottleneck.
The unsatisfied demand at the bottleneck cell must be stored in the upstream
segment(s), and flow conditions and traffic performance measures in the upstream
segments must be modified. This is accomplished through shock wave analysis.
The unsatisfied demand stored upstream of the bottleneck cell must be transferred to
the next time interval. This is accomplished by adding the unsatisfied demand by desired
destination to the origin-destination table of the next time interval.
This four-step process is implemented for each bottleneck encountered following the
specified sequence of analyzing cells. If no bottleneck cells are encountered, then the
entire time-space domain will have undersaturated conditions, and the sequence of
analysis for oversaturation is not used. If major bottlenecks are encountered, the storage
of unsatisfied demand may extend beyond the upstream boundary of the freeway facility
or beyond the last time interval of the time-space domain. In such cases, the analysis will
be flawed, and the time-space domain should be reformulated.
Once traffic performance measures have been estimated for each cell in the timespace domain, they can be aggregated for the entire freeway facility for each time interval
and for the entire study time duration. The methodology for calculating these freeway
traffic performance measures is described in the following section.

UNDERSATURATED CONDITIONS
The analysis begins by examining the demand-to-capacity ratios for all segments
during the first time interval. If all segments have a demand-to-capacity ratio less than
1 .O, then this time interval is completely undersaturated. The flow (or volume) is equal to
demand for each cell, and undersaturated flow conditions occur. Performance measures
for the first segment during the first time interval are calculated by using the methodology
for the corresponding segment type in Chapters 23, 24, and 25.
The analysis continues to the next downstream freeway segment in the same time
interval, and the performance measures are calculated for all subsequent downstream
segments. The analysis then resumes in the second time interval from the furthest
upstream segment and moves downstream until all freeway segments in that time interval
have been analyzed. This pattern continues until the methodology encounters a time
interval having one or more segments with a demand-to-capacity ratio greater than 1.0. If
this occurs, the oversaturated analysis module is executed.
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Additional system
considerations:
* Speed on a segment may
be constrained by a slower
speed on an upstream
segment
Speed estimate is made for
the full roadway width in a
ramp influence area

When the analysis moves from isolated segments to a system, additional constraints
may be necessary. A maximum achievable speed constraint is imposed to limit the
predicted speed downstream of a segment experiencing low speeds. This process
prevents large speed fluctuations that can be predicted when applying the segment-based
methods in Chapters 23, 24, and 25.

OVERSATURATED CONDlTlOMS
Once oversaturation is encountered, the methodology changes its temporal and
spatial units of analysis. The spatial units become nodes and segments, and the temporal
unit moves from a time interval of 15 min to smaller time steps as recommended in
Appendix A. A node is defined as the junction of two segments. There is always one
more node than se,ment, with a node analyzed at the beginning and end of the freeway
facility as shown in Exhibit 22-9. The numbering of nodes and segments begins at the
upstream end and moves to the downstream end, with the segment upstream of Node (i)
numbered (i - 1 ) and the downstream segment numbered (i), as shown in Exhibit 22-10.
The oversaturated analysis moves from the first node to each downstream node for a time
step. After the completion of a time step, the same nodal analysis is performed for the
following time steps. Many flow variables are computed in this analysis, with the most
prominent described in the next section.

Node defined

EXHIBIT 22-9. NODE-SEGMENT REPRESENTATION OF A FREEWAY FACILITY
Seg 6

/

"4

Ramp 1

Ramp 2

EXHIBIT 22-10. MAINLINE AND SEGMENT FLOW AT ON- AND OFF-RAMPS
Seg (i - I )
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Node
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Seg (i)

3,k
SF (i - 1) = M F (i) + OFRF (i)

Flow Fundamentals

Segment flow rates are calculated in each time step and are used to calculate the
number of vehicles on each segment at the end of every time step. The number of
vehicles on each segment is used to track queue accumulation and discharge and to
calculate the average segment density.
The conversion from time intervals to time steps occurs during the first oversaturated
time interval, and time steps continue in use until the end of the analysis. The transition
to time steps is essential because at certain points in the methodology future performance
is estimated from past performance of an individual variable. Use of time steps also
allows more accurate tracking of queues.
Freeway analysis depends on the relationships between speed, flow, and density.
Chapters 23, 24, and 25 define a relationship between these variables and the calculation
of performance measures in the undersaturated regime. The methodology uses this
relationship in the calculations for undersaturated segments. Calculations for segments

Time steps of less than 15 min
are used
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performing in the oversaturated regime use a simplified linear flow-density relationship
in the congested region, as detailed in Appendix A.

Segment initialization
For the number of vehicles on each segment at the various time steps to be
calculated, the segments must contain the proper number of vehicles before the queuing
analysis places unserved vehicles on segments. The initialization of each segment is
described below.
A simplified queuing analysis is initially performed to account for the effects of
upstream bottlenecks. These bottlenecks meter traffic downstream. To obtain the proper
number of vehicles on each segment, the segment's expected demand is calculated. The
expected demand is based on demands for and capacities of the segment including the
effects of all upstream segments. Expected demand represents the flow of traffic that
would be expected to arrive at each segment if all queues were stacked vertically (is., if
queues had no upstream effects). Thus, all segments upstream of a bottleneck have
expected demands equal to actual demands. For the bottleneck and all further
downstream segments, a capacity constraint at the bottleneck (which meters traffic to
downstream segments) is applied in the computation of expected demand. From the
expected segment demand, the background density can be obtained for each segment
using the appropriate segment density estimation procedures from Chapters 23, 24, and
25.

Mainline Flow Calculation
Flows analyzed in oversaturated conditions are calculated for every time step and are
expressed in vehicles per time step. They are analyzed separately on the basis of the
origin and destination of the flow across the node. The flow from the mainline upstream
Segment (i - 1) to mainline downstream Segment (i) is the mainline flow (MF). The flow
from the mainline to an off-ramp is the off-ramp flow (OFRF). The flow from an onramp to the mainline is the on-ramp flow (ONRF). Each of these flows is shown in
Exhibit 22-10 with its origin and destination and relationship to Segment (i) and Node (i).
The segment flow is the total output of a segment, as shown in Exhibit 22- 10. The
mainline flow is calculated as the minimum of six values. These constraints are the
mainline input, Mainline Output 1, Mainline Output 2, Mainline Output 3, the upstream
Segment (i - 1) capacity, and the downstream Segment (i) capacity.

Mainline Input
The mainline input is the number of vehicles that wish to travel through a node
during the time step. The calculation includes the effects of bottlenecks upstream of the
subject node. The effects include the metering of traffic during queue accumulation and
the presence of additional traffic during queue discharge.
The mainline input is calculated by taking the number of vehicles entering the node
upstream of the analysis node, adding on-ramp flows or subtracting off-ramp flows, if
needed, and adding to it the number of unserved vehicles on the upstream segment. This
is the maximum number of vehicles that desire to enter a node during a time step.

Mainline Output
The mainline output is the maximum number of vehicles that can exit a node,
constrained by downstream bottlenecks or by merging traffic. Different constraints on
the output of a node result in three separate types of mainline outputs (M01, M 0 2 , and
M03).

Mainline Output from Ramps
Mainline Output 1 (M01) is the constraint caused by the flow of vehicles from an
on-ramp. The capacity of an on-ramp segment is shared by two competing flows. This
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on-ramp flow limits the flow from the mainline at this node. The total flow that can pass
the node is estimated as the minimum of the Segment (i) capacity and the mainline
outputs ( M 0 2 and M 0 3 below) calculated in the preceding time step.

Mainline Output from Segment Storage
The output of mainline flow through a node is also constrained by the growth of
queues on the downstream segment. The presence of a queue limits the flow into the
segment once the queue reaches its upstream end. The queue position is calculated from
shock wave analysis.
The M 0 2 limitation is determined first by calculating the maximum number of
vehicles allowed on a se,gnent at a given queue density. The maximum flow that can
enter a queued segment is the number of vehicles leaving the segment plus the difference
between the maximum number of vehicles allowed on a segment and the number of
vehicles already on the segment. The queue density is determined from the linear,
congested portion of the density-flow relationship shown in Appendix A.

Mainline Output from Front-Clearing Queue
The final limitation on exiting mainline flows at a node is caused by front-clearing
downstream queues or M 0 3 . These queues typically occur when temporary incidents
clear. Two conditions must be satisfied. First, the segment capacity (minus the on-ramp
demand if present) for the current time interval must be greater than the segment capacity
(minus on-ramp demand) in the preceding time interval. The second condition is that the
segment capacity minus the ramp demand for the current time interval be greater than the
segment demand in the same interval.
Front-clearing queues do not affect the segment throughput (which is limited by the
queue throughput) until the recovery wave has reached the upstream end of the segment.
The shock wave speed is estimated from the slope of the line connecting the bottleneck
throughput and the segment capacity points.

Mainline Flow
The mainline flow across Node (i) is the minimum of the following variables: Node
(i) mainline input, Node (i) Mainline Output 1, Node (i) Mainline Output 2, Node (i)
Mainline Output 3, Segment (i - I ) capacity, and downstream Segment (i) capacity.

Determining On-Ramp Flow
The on-ramp flow is the minimum of the on-ramp input and output. Ramp input in a
time interval is the ramp demand plus any unserviced ramp vehicles from a previous time
interval.
On-ramp output is limited by the ramp roadway capacity and the ramp-metering rate.
It is also affected by the volumes on the mainline segments. The latter is a very complex
process that depends on the various flow combinations on the segment, the segment
capacity, and the ramp roadway volumes. Details of the calculations are presented in
Appendix A.

Determining Off-Ramp Flow
The off-ramp flow is determined by calculating a diverge percentage based on the
segment and off-ramp demands. The diverge percentage varies only by time interval and
remains constant for vehicles that are associated with a particular time interval. If there is
an upstream queue, then there may be metering of traffic to this off-ramp. This will cause
a decrease in the off-ramp flow. When the vehicles that were metered arrive in the next
time interval, they use the diverge percentage associated with the preceding time interval.
The inethodology ensures that all off-ramp vehicles prevented from exiting during the
presence of a bottleneck are appropriately discharged in later time intervals.

Ramp diverge percentages
may vary by time interval, and
this will be affected by
queuing at bottlenecks

-
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Determining Segment Flow
The segment flow is the number of vehicles that flow out of a segment during the
current time step. These vehicles enter the current segment either to the mainline or to an
off-ramp at the current node as shown in Exhibit 22-9. The number of vehicles on each
segment is calculated on the basis of the following: the number of vehicles that were on
the segment in the previous time step, the number of vehicles that have entered the
segment in the current time step, and the number of vehicles that can leave the segment in
the current time step. Because the number of vehicles that leave a segment must be
known, the number of vehicles on the current segment cannot be determined until the
upstream segment is analyzed.
The number of unserved vehicles stored on a segment is calculated as the difference
between the number of vehicles on the segment and the number of vehicles that would be
on the segment at the background density.

Determining Segment Service Measures

Three-step procedure

Queues on ramps

In the last time step of a time interval, the segment flows in each time step are
averaged over the time interval, and the measures of effectiveness for each segment are
calculated. If there were no queues on a particular segment during the entire time
interval, then the performance measures are calculated from Chapters 23,24, and 25 as
appropriate.
If there was a queue on the current segment during the time interval, then the
performance measures are calculated in three steps. First, the average number of vehicles
over a time interval is calculated for each segment. Next, the average segment density is
calculated by taking the average number of vehicles in all time steps in the time interval
and dividing it by the segment length. Finally, the average speed on the current segment
during the current time interval is calculated as the ratio of se,gnent flow to density. The
final segment performance measure is the length of the queue at the end of the time
interval (if it exists), which is calculated from shock wave theory.
Queue length on on-ramps can also be calculated. A queue will form on the on-ramp
roadway only if the flow is limited by a meter or by freeway traffic in the gore area. If
the flow is limited by the ramp roadway capacity, unserved vehicles will be stored on a
facility upstream of the ramp roadway, most likely a surface street. The methodology
does not account for this delay. If the queue is on the ramp roadway, the queue length is
calculated by using the difference in background and queue densities.

DETERMINING FREEWAY FACILITY PERFORMANCE MEASURES

Facilitywide measures:
* Trip time
a Vehicle and person
distance of travel
Vehicle and person
hours of travel
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The previously discussed traffic performance measures can be aggregated over the
length of the freeway facility, over the time duration of the study interval, or over the
entire time-space domain.
Aggregating the estimated traffic performance measures over the entire length of the
freeway facility provides facilitywide estimates for each time interval. Averages and
cumulative distributions of speed and density for each time interval can be determined,
and patterns of their variation over the connected time intervals can be assessed. Trip
times, vehicle (and person) distance of travel, and vehicle (and person) hours of travel can
be computed and patterns of their variation over the connected time intervals can be
assessed.
Aggregating the estimated traffic performance measures over the time duration of the
study interval provides an assessment of the performance of each segment along the
freeway facility. Average and cumulative distributions of speed and density for each
segment can be determined, and patterns of the variation over connected freeway
segments can be compared. Average trip times, vehicle (and person) distance of travel,
and vehicle (and person) hours of travel are easily assessed for each segment and
compared.
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III. APPLICATIONS
The methodology is applied in the sequence indicated in Exhibit 22-1 1. The process
consists of nine steps and is based on the methodology described in the preceding section.
A detailed flowchart that processes the oversaturation portion of the analysis is provided
in Appendix A.

Guidelines on required inputs
and estimated values are
given in Chapter 13

EXHIBI'T 22-11. IMPLEMENTATlOhl OF FREEWAY FACILITY METHODOLOGY
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1. Collect input data
(Exhibit 22-12)

1

2. Demand estimation needed.

3 Establish spatial and time units

~

4 Demand adjustments?

5. HCM segment capacity

~

I
6. Adjusted d/c matrix

I

4
7. Undersaturated segment SM
and MOEs

All segment
d/c's 1 1.O?

8. Oversaturated segment SM
and MOEs

Iy
9. Directional facility MOE
estimation by time interval

Feasible?

Notes:
d/c = demand-to-capacity ratio.
SM =sewice measure.
MOE = measure of effectiveness.

COMPUTATIONAL STEPS
1. Collect input data for the directional facility. Provide guidance on limits of
congestion in time and space. Document any demand and capacity adjustments that
should be considered in the analysis. The input data define the time-space domain of the
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freeway facility. The data include the specification of the facility in terms of length,
number of sections, and geometric attributes. Exhibit 22-12 summarizes the inputs
required to perform an analysis.
EXHIBIT 22-12. REQUIRED INPUT DATA FOR FREEWAY FACII-II'Y ANALYSIS

*

*

Time steps can range
from 15 to 60 s
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Geometric Data for Each Section
Section length (ft)
Mainline number of lanes
Mainline average lane width (ft)
Mainline lateral clearance (ft)
Terrain (level, rolling, or mountainous)
Ramp number of lanes
Ramp acceleration or deceleration lane length (ft)
Traffic Characteristics Data
Mainline free-flow speed (milh) (optional)
Vehicle occupancy (passengerslveh)
Percent trucks and buses (%)
Percent recreational vehicles (%)
Driver population (commuter or recreational)
Ramp free-flow speeds (milh)
Demand Data
Mainline entry demand for each time interval
On-ramp demands for each time interval
Off-ramp demands for each time interval
Weaving demand on weaving segments

2. Check whether adjustments from counts to estimate demands are needed. If the
demands represent actual counts from a freeway facility (for example, from a freeway
management system) and the system is experiencing oversaturation, an adjustment from
counts to demands may be carried out in this step.
3. Establish spatial and time analysis units. Convert sections to segments as
described, calculate time step for oversaturation, and establish other time units such as
time intervals and analysis duration.
Spatially, the HCM analysis unit is a segment. On the basis of the definitions of ramp
influence areas (1,500 ft upstream of off-ramps and downstream of on-ramps as indicated
in Chapter 25), sections are subdivided into segments. Similarly, weaving sections are
defined as having a maximum length of 2,500 ft. The analysis duration can vary from
one to twelve 15-min intervals. Demand and capacity rates are fixed during an interval.
The time step for oversaturation analysis depends on the length of the shortest segment on
the facility and can vary from 15 to 60 s.
4. The procedure permits manual adjustments of segment demands. This may
encompass the application of overall growth factors to test the adequacy of the facility to
meet projected demands or simulate the effect of demand diversion onto adjacent
facilities. The factors can be applied to individual origin and destination points.
5. Calculate segment capacity using HCM methods and adjust capacity as needed.
Using the segment analysis methodologies of Chapters 23 through 25, segmentwide
capacities in vehicles per hour are computed. These values are assumed to reflect normal
capacity conditions. If the user is interested in adjusting capacities to reflect field
measurements or to simulate a capacity reduction occurrence such as an incident or a
work zone, a capacity adjustment factor is introduced. This factor changes both the
capacity value and the speed-flow relationship for the affected segment during the
affected time intervals.
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6. Generate an adjusted demand-to-capacity (d/c) matrix by segment and time
interval. Identify whether this facility is completely undersaturated or has some
oversaturated time intervals.
Each segment demand is divided by its corresponding capacity in each time interval.
The resulting d/c matrix is then used to evaluate the feasibility of the analysis and to
identify which intervals have oversaturated segments.
The segment procedures are applied to undersaturated time intervals. The analyst is
referred to the speed, density, and LOS estimation methods for basic, weaving, and ramp
segments in Chapters 23.24, and 25, respectively.
7. For the first time interval with d/c > 1.0 for some segment, begin using the
reduced time step to carry out all computations. Calculate the position of bottlenecks and
queues in each time step. Use appropriate flow regimes (undersaturated for segments with
no queues and oversaturated for segments with queues) to estimate speeds and densities
on each segment. Aggregate measures of effectiveness (MOEs) for each segment by time
interval. Proceed to the next time interval until all time intervals in the period are
analyzed.
The purpose of the oversaturated analysis is to calculate the actual flows on and the
number of vehicles occupying each se-ment. By comparing the current number of
vehicles on a segment with the number of vehicles that would be expected on it at the
background density, segment queues can be identified and tracked each minute. The
smaller time step is necessary to ensure that fast-growing queues do not jump over a short
segment if not updated frequently.
8. The bottleneck analysis begins by setting the flow-to-capacity ratio on that
segment to 1.O. The unmet demand is transferred to the next time interval, and the
reduced flow rate through the bottleneck is propagated upstream in the form of a queue
whose density depends on the severity of the bottleneck. When an upstream on-ramp is
encountered, its flow rate is calculated on the basis of the level of congestion on the
segment immediately downstream of the on-ramp and the magnitude of mainline and onramp flows at that node. Downstream of the bottleneck, flows are metered at the
bottleneck capacity rate, which may result in starving subsequent mainline segments and
off-ramp flows. Only when the bottleneck effects clear (when demands drop or capacity
increases) do the flows on downstream segments increase to serve the unmet demand
from the preceding time interval. Given adequate time, the flows will catch up with
demand, and undersaturated operations will resume.
9. Aggregate individual segment MOEs into a directional facility MOE for each
time interval. Examples include average speed, density, vehicle miles of travel (VMT),
vehicle hours of travel (VHT), vehicle hours of delay (VHD), and travel time.
Facilitywide performance measure calculations by time interval are detailed in
Appendix A.
TRAFFIC MANAGEMENT STRATEGIES
The methodology for freeway facilities has incorporated procedures for the
assessment of a variety of traffic management strategies. The methodology permits the
modification of previously calculated cell demands or capacities (or both) within the
time-space domain to assess a traffic management strategy or a combination of strategies,
as described below.
1. A growth factor parameter has been incorporated to evaluate traffic performance
when traffic demands are higher or lower than the demand calculated from the traffic
counts. This parameter would be used to undertake a sensitivity analysis of the effect of
demand on freeway performance and to evaluate future scenarios. In these cases, all cell
demand estimates are multiplied by the growth factor parameter.
2. The effect of a predetermined ramp-metering plan can be evaluated by modifying
the ramp roadway capacities. The capacity of each entrance ramp in each time interval is
changed to the desired metering rate. This feature permits both evaluation of a
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predetermined ramp-metering plan and experimentation to obtain an improved rampmetering plan.
3. Freeway design improvements can be evaluated within this methodology by
modifying the design features of any portion or portions of the freeway facility. For
example, the effect of adding an auxiliary lane at a critical location can be assessed. The
effect of adding merging or diverging lanes can also be assessed.
4. Reduced-capacity situations can be investigated. The capacity in any cell or cells
of the time-space domain can be reduced to represent situations such as construction and
maintenance activities, adverse weather, and traffic accidents and vehicle breakdowns.
5. An independent HOV facility can be evaluated with this methodology. The
analysis is similar to that of a freeway facility without an HOV lane. The methodology
does not permit the analysis of concurrent HOV lanes.
User demand responses such as spatial, temporal, modal, or total demand responses
caused by a traffic management strategy are not automatically incorporated into the
methodology. On viewing the new freeway traffic performance results, the user can
modify the demand input manually to evaluate the effect of anticipated demand
responses.
As stated earlier, these traffic management strategies can be evaluated individually or
in combinations. For more complex traffic management strategies for which the chapter
methodology is not appropriate (such as concurrent HOV-lane freeways or significant
demand responses), refer to Part V of this manual.

I
Chapter 22 - Freeway Facilities
Applications

22-22

Highway Capacify Manual 2000

IV. EXAMPLE PROBLEMS
Problem No.
1

2
3
4

5
6

1
1

Description
Fully undersaturated directional freeway facility with 6 sections and 11 segments
Application of demand growth factors resulting in recurring oversaturation
Treatment of oversaturation by means of geometric improvements of the facility
Effect of temporary capacity reduction due to incident
Effect of reduced incident response time on freeway facility operation
Effect of ramp metering on freeway facility operation
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The Facility
The freeway facility is operating under capacity, and traffic is expected
to grow in the near future.
The Question What is the capacity and level-of-service profile for the given directional
freeway facility under existing conditions?
The Facts
The facts known about this freeway facility are shown in the exhibits below.
Acceleration and deceleration lanes are 328 ft long.
Each time interval is 15 min, and all demands are expressed as hourly flow rates during
each time interval.

1/
1/
1/

SYSTEMWIDE INPUT DATA REQUIREMENTS

1
Section Characteristics
Length (ft)
Number of lanes
Mainline FFS (mi/h)
Vehicle occupancy (passtveh)
Lane width (ft)
Lateral clearance (ft)
Trucks (%)
RVs (%)
Terrain
Driver aoaulation

1,000

Level
Commuter

2
7,200
3
68
1.20
N/A
N/A
3
0
Level
Commuter

Freewav Section
4
2,600
2,300
1,150
3
68
1.20
N/A
N/A
3
0
0
Level
Level
Level
Commuter Commuter Commuter

6
3,750
3
68
1.20
N/A
N/A
3
0
Level
Commuter

Note:
Each ramp has one lane.
NIA - not available.

INPUT DEMANDS
Time
Interval

Entry Mainline
(0)

01

On-Ramp
02

Off-Ramp
03

Dl

D2

Exit Mainline
(Dl

Outline of Solution
The facility is analyzed assuming undersaturated conditions.
First, the facility is divided into segments to enable the application of the segment analysis
methods in Chapters 23 through 25. The performance results are summarized by each
time interval and across time intervals using appropriate tables and charts. The steps
Chapter 22 - Freeway Facilities
Example Problems

22-24

High way Capacity Manual 2000
below follow Exhibit 22-1 1. Note that speed and density values are soft converted from
metric values.

Steps
1. Collection of input data: The input data are summarized in the tables. Note the
heavy ramp demand volumes for On-Ramp 02, which exceed 1,700 veh/h in Time Interval
3. These demands are still below the ramp roadway capacity, estimated at about 2,000
veh/h for the ramp FFS of 44 rnilh. Thus, whereas there may be no capacity problem on
the ramp roadway proper, these demands may cause a merge problem on the segment
immediately downstream of that ramp.
2. Demand estimation: No adjustments are necessary at this stage since the facility
has been observed to operate under capacity.
3. Establishment of spatial and time units: Using the definition of ramp influence area,
the original 6 sections are further subdivided Into 11 analysis segments. The conversion
is shown graphically in the exhibit below. Section 4, with no auxiliary lanes and less than
900 m long, contains an overlap segment (7) that is labeled R. This segment's
performance is calculated as the worse of Segments 6 and 8. The time intervals have
been set at 15 min. Furthermore, since the shortest segment length is 820 ft, a time step
of 1 min is sufficient to carry out the oversaturated analysis.
4. Demand adjustments: The values in the Input Demands table are used directly to
calculate segment demands by adding or subtracting ramp demands at each section.
CONVERSION OF FACILITY SECTIONS INTO SEGMENTS

5. HCM segment capacity estimation and adjustment: The facility has five basic
freeway segments (numbered I , 3, 5, 9, and 1I ) , three on-ramp segments (2, 6, and lo),
two off-ramp segments (4 and 8), and the overlap segment (7). For each segment type,
the appropriate HCM chapter (23 or 25) is consulted and the segment capacity computed.
The major difference in this chapter is that all segment capacities are expressed in units of
vehicles per hour. No adjustments of the estimated capacities are needed.
6. Adjusted d/c matrix: After capacities are computed, the d/c matrix is generated for
each segment and time interval. Both segment capacity and d/c ratios are shown in the
exhibit below. As suspected, all segments have d/c ratios less than 1.O, and therefore a
complete undersaturated analysis can be carried out. A review of the matrix indicates that
Time Intervals 1 through 3 are critical and that Segments 6 through 8, 10, and 11 have d/c
ratios above 0.90 during those three intervals. Traffic demands subside considerably in
Time Intervals 4 and 5, with a maximum d/c ratio of 0.83 on Segment 8 in Time Interval 4.

Chapter 22 - Freeway Facilities
Example Problems

Highway Capacity Manual 2000
ESTIMATED CAPACITY AND dlc RATIO MATRIX

1

Seament Number and Tvae

Time
Interval

5
Capacity

0.54
6946

2

4

8

10

ONR

OFR

OFR

ONR

0.69
6946

0.93
0.93
0.95
0.82
0.69
6946

0.61
6946

0.61
6946

0.52
0.61
6 9 4 6 6946

0.69
6946

0.69
6946

0.62
6946

0.69
6946

Note: Capacity values are taken from metric version of HCM 2000.

7. Undersaturated segment service measure and MOEs: The methods in Chapters
23 through 25 are applied to estimate individual segment speeds, densities, and travel
times. The two exhibits below summarize the results for segment speed, density (the
service measure), and LOS for the entire time-space domain.
ESTIMATED SEGMENT SPEEDS (milh)
T~me
Interval
1
2
3
4
5

1
B
68.1
68.1
68.2
68.3
68.3

2

3

ONR

B

58.7
58.0
58.0
60.2
60.9

66.0
64.9
65.1
68.2
68.2

4
OFR
59.9
60.0
59.9
60.3
60.1

Segment Number and Type
5
7
6
B
ONR
R
67.9
54.0
54.0
67.4
55.4
55.4
67.6
48.3
48.3
56.1
68.0
56.1
59.5
58.2
68.0

8
OFR
51.7
58.9
56.7
57.2
58.2

9
B
64.6
64.3
63.3
66.0
66.3

10
ONR
56.6
56.4
55.9
58.6
60.1

11
B
58.9
58.5
57.4
65.1
67.9

9
B

10

ONR

Note: Values are soft converled from metric values.

ESTIMATED SEGMENT DENSITIES (vehlrnilln) AND LOS
Time
Interval
1

1
B
23.5
C

2

ONR

3
B

4

OFR

30.9
D

28.0

D

30.8
D

31.6

29.1

31.6

Segment Number and Type
7
5
6
B
ONR
R
24.0
34.8
36.1
D
E
C

25.0

36.9

38.8

8
OFR
36.1
E

30.0
D

36.1

11
B
36.4

E

E

29.3

38.8

D D D C D E E
4
5

20.3
C
18.2
C

26.6
C
23.8
C

23.0
C
20.6
C

26.2
C
26.7
C

20.6
C
17.6
B

31.6
D
26.4
C

33.0

33.0

25.9

32.0

D

D

D

D

D

21.7
C

27.1
C

23.5
C

27.2
C

27.2
C

Note: Values are soft converled from metric values.

8. Oversaturated segment service measure and MOEs: Does not apply in this case
since the facility is fully undersaturated.
9. Directional facility MOE estimation: The individual segment performance measures
are aggregated for each time interval. The exhibit below summarizes these results. Note
that the average speed is defined as the ratio of vehicle miles to vehicle hours of travel in
each time interval and therefore does not consider the effect of any on-ramp delays. On
the other hand, vehicle hours of delay is the sum of mainline delays and ramp delays.
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Mainline delays are computed as the difference between total mainline travel time and
free-flow travel time.
SUMMARY OF FACILITWIDE PERFORMANCE MEASURES

I
Time
Interval
1

Vehicle-mi of
Travel
4,873

Vehicle-h of
Travel
79.8

5
Overall

3,658
22,771

56.8
368.5

Performance Measures
Vehicle-h of
Average
Delay
Speed (milh)
61.1
8.1

3.0
33.6

I

64.4
61.8

Average Density
(vehlmilln)
30.5

Facility Travel
Time (min)
3.34

22.6

3.17
3.29

It is evident from the results that the facility provides free-flow conditions.
Results
Time Intervals 1 through 3 are fairly similar, with average speeds varying within a 1.5-milh
range and densities slightly below 32 vehlmilln. Time Intervals 4 and 5 have higher
average speeds exceeding 63 milh and average densities equal to and under 26
vehlmilln.
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EXAMPLE PROBLEM2
The Facility
In this example, the facility described in Example Problem 1 is
evaluated under revised traffic demands.
The Question
What is the capacity and level-of-service profile for a directional
freeway facility using the revised demands?
The Facts

-\i The facts shown in Example Problem 1 apply.
-\i Demand is adjusted upward by 6 percent uniformly. The new demand rates are shown
in the exhibit below.
REVISED INPUT DEMANDS
On-Ramp
Time
Interval
1
2
3
4
5

Entry Mainline
(0)
5084
5058
4982
4414
3951

Off-Ramp

01

02

03

Dl

D2

801
1031
1062
588
514

1543
1234
1815
1641
1251

689
674
632
615
513

695
623
674
551
670

594
506
850
644
4 75

Exit Mainline
( D)
6826
6869
6966
6062
5084

Outline of Solution Since the base demands and capacities have not changed, Steps 1
to 3 of Example Problem 1 are skipped. The analysis begins by adjusting demands and
then proceeds to determine whether oversaturated conditions will prevail. If they do, a
shorter time step will be used to track the position of the queues, the location of the
bottlenecks, and their effect on both mainline and ramp flows, speeds, and densities.
Note that speeds, densities, and queue lengths are soft converted from metric values.
Steps
1. Demand adjustments: The input demands shown in the exhibit above represent
increases of 6 percent compared with Example Problem 1.
2. HCM capacity estimation and adjustment: Normally, no adjustments of the
capacities computed in Example Problem 1 are needed since the facility geometries are
fixed. There is evidence, however, that when queuing occurs on a segment, the discharge
flow rate in the queue may be less than the HCM-estimated capacity (by 3 to 5 percent).
The HCM capacities assume undersaturated flow conditions. To implement a variable
segment capacity under queuing, the analyst must first identify which, if any, segments
have a queue and then make a second run with a reduced capacity for those segments
using the capacity adjustment factor. For simplicity, in this example the HCM capacity is
assumed to apply to queued segments as well.
3. Adjusted d/c matrix: Using the adjusted demands, a revised dlc matrix, shown in
the exhibit below, is generated. Cells having d/c > 1.0 are underlined.
ESTIMATED CAPACITY AND d l c RATIO MATRIX
Time
Interval
1
2
3
4
5
Capacity

1
B
0.73
0.73
0.72
0.64
0.57
6946

2
ONR
0.85
0.88
0.87
0.72
0.64
6946

3
B
0.85
0.88
0.87
0.72
0.64
6946

4
OFR
0.85
0.88
0.87
0.72
0.64
6946

Segment Number and Type
5
6
7
8
B
OFR
ONR
B
0.97
0.75
0.97
0.97
0.96
0.79
0.96
0.96
0.77
1.03 1.03 1.03
0.88
0.64
0.88
0.88
0.55
0.73
0.73
0.73
6946 6946 6946 6946

Note: Capacity values are taken from metric version of HCM 2000.
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0.88
0.89
0.91
0.78
0.66
6946

10
ONR
0.98
0.99
1.003
0.87
0.73
6946

11
B
0.98
0.99
1.003
0.87
0.73
6946
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The dlc matrix indicates that fully undersaturated conditions prevail in the first two and
the last two time intervals. Two sets of bottlenecks occur in Time Interval 3. The first and
more severe bottleneck is on Segments 6 through 8 with a dlc of 1.03. The second and
less severe bottleneck is on Segments 10 and 11 with a d c of 1.003. It is likely that the
second bottleneck will be hidden as a result of the metering effect of the first one.
Whether the two queues from the bottlenecks will overlap, thus violating an important
constraint of the methodology, remains to be seen.
4. Undersaturated segment service measure and MOEs: The first two time intervals
are undersaturated, and therefore all MOEs are derived directly from the procedures in
Chapters 23, 24, and 25.
5. Oversaturated segment service measure and MOEs: Starting with Time lnterval 3,
the analysis is performed in I -min increments, and a set of nodes is defined at each ramp
terminal. First, flow rates are determined in each time step. Starting from the furthest
upstream segment in Time lnterval 3, flows across nodes are calculated until the
bottleneck Segment 6 is reached. On Segment 6, flow is equated to capacity, and the
residual demand is applied at that bottleneck in Time lnterval 4. Upstream of Segment 6,
the queue density is calculated, and queue length is tracked on Segments 5, 4, and so
forth. Downstream of Segment 6, flows are metered at the segment capacity rate. The
same process is applied to the bottlenecks on Segments 10 and 1 1. Since the demands
in Time Intervals 4 and 5 drop significantly, queues will begin to clear and dissipate by the
end of the analysis period. The exhibit below shows the actual volume-to-capacity ratios
estimated on each segment and time interval. Note that volumes are averaged over the 15
time steps per interval and reflect the output flow for a segment. By definition no vlc ratio
can exceed 1.00.
As anticipated, the bottleneck Segments 6 through 8 are operating at capacity in Time
lnterval 3. The metering effect of this bottleneck hides the second bottleneck on
Segments 10 and 11, which have a vlc c 1.0 in Time lnterval 3. A comparison of the dlc
and vlc matrices indicates that flows exceed demands in Time lnterval 4, which indicates
that the unserved demand in Time lnterval 3 is now being served in Time lnterval 4.
There are no differences in demand and flows in the last time interval, suggesting that the
facility performance has fully recovered by the end of the analysis period.
ESTIMATED CAPACITY AND vlc R4TlO MATRIX
Segment Number and Type

1
2
3
4
5
Capacity

2

3

4

5

6

B

ONR

B

OFR

B

ONR

0.73
0.73
0.72
0.64
10.57
6946

0.85
0.88
0.87
0.72
0.64
6946

0.85
0.88
0.87
0.72
0.64
6946

0.85
0.88
0.87
0.72
0.64
6946

7

0.75 0.97
0.79 0.96
0.77 1.00
0.64 0.91
0.550.73
6946 6946

8

9

B

OFR

0.97
0.96
1.00
0.91
0.73
6946

0.97
0.96
1.00
0.91
0.73
6946

1

0

B

1
ONR

1
B

0.88 0.98 0.98
0.89 0.99 0.99
0.88 0.97 0.97
0.81 0.90 0.90
0.66 0.73 0.73
6946 6946 6946

Note: Capacity values are taken from metric version of HCM 2000.

The next performance measure investigated is the queue lengths observed on the
mainline segments and on the ramps. These values represent instantaneous
observations at the end of each time interval. The results are shown in the exhibit below,
by segment and time interval. Blank entries indicate no queuing. The vlc matrix above
indicates that a queue develops on the on-ramp roadway on Segment 6 in Time lnterval 3.
This queue is caused by the heavy on-ramp demand of 1,815vehlh in that time interval.
Since the mainline entering demand is under 1,800vehlhlln, no queuing occurs on the
freeway mainline. The actual on-ramp flow is estimated at 1,576vehlh, and the difference
(1,815- 1,576)causes a queue to develop and reach a length of 3,901 ft at the end of
lnterval 3. That queue is fully dissipated by the end of Time lnterval 4. While there are no
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queues in Time Interval 5, the excess flows withheld in the previous intervals are served
fully, and all vehicles are discharged at the end of the analysis period.

ESTIMATED QUEUE LENGTH (ft) Oh1 MAINI-INE AhlD RAMPS (R) AT END OF EACH TIME INTERVAL
Time
Interval

1
B

2
ONR

3
8

4
OFR

1
2
3
4
5

Segment Number and Type
6
5
7
B
ONR
R

8
OFR

9
B

10
ONR

11
B

3,901 (R)

Note: Value is soft converted from metric values.

To complete the oversaturated segment analysis, a summary of the resulting segment
speeds, segment densities, and segment LOS for each time interval is given in the two
exhibits below.
ESTIMATED SEGMENT SPEEDS (milh)
Time
Interval
1
2
3
4
5

1
B
67.6
67.7
67.8
68.3
68.3

2
ONR
57.9
56.9
57.0
59.8
60.5

3
B
64.0
62.4
63.2
67.8
68.2

4
OFR
59.7
59.8
59.7
60.2
60.0

Segment Number and Type
5
6
7
B
ONR
R
67.3
51.2 51.2
66.3
53.3 53.3
66.8
47.0
47.0
68.0
52.0
52.0
68.0
58.9
58.1

8
OFR
57.8
58.7
57.1
56.3
58.1

9
B
62.0
61.5
62.1
65.4
66.3

10
ONR
54.3
54.0
54.8
57.3
60.1

11
B
54.0
53.3
55.0
60.7
67.6

Note: Values are soft converted from metric values.

ESTIMATED SEGMENT DENSITIES (vehlmilln) AND LOS
Time
Interval
1
2
3
4
5

1
B
25.1
C
25.0
C
24.5
C
21.6
C
19.3
C

2
ONR
32.7
D
33.8
D
33.5
D
28.0
D
25.1
C

3
B
30.6
D
32.5
D
32.0
D
24.6
C
21.7
C

4

OFR
32.7
D
33.8
D
33.5
D
27.7
D
24.8
C

Segment Number and Type
5
6
7
8
B
R
ONR
25.8
36.9 38.3
E
E
, D
27.5
36.9
37.7
D
E
E
26.9
37.8
39.5
E
D
E
21.7
34.5
36.7
E
C
D
28.8
18.7
27.9
C
D
D

9
1
0
1
B
OFR
ONR
33.0
38.0
38.3
E
E
D
38.3
33.7
37.7
E
E
D
37.7
39.5
32.9
E
E
D
35.3
3 6 . 7 28.8
E
D
D
23.0
28.5
28.8
D
D
C

1
B
42.2
E
43.0
E
40.9
E
34.5
D
25.1
C

Note: Values are soft converted from metric values.

6. Directional facility MOE estimation: The individual segment performance measures
are aggregated for each time interval. An important addition in this example is the
inclusion of two VMT measures, the first based on demands, VMT(D), and the second
based on actual flow rates, VMT(F). These values are used to detect whether vehicle
storage [when VMT(D) > VMT(F)] or queue release [VMT(D) < VMT(F)] is occurring in
each interval. Appendix A provides details of the computations needed to obtain the
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facilitywide measures. The exhibit below summarizes the facilitywide results by time
interval.
SUMMARY OF FAClLlTYWlDE PERFORMANCE MEASURES
Time
Interval

5
Overall

1

1

Vehicle-mi
of Travel
(Demand)

Vehicle-mi
of Travel
(Flow Rate)

3,878
24,140

3,878
24,139

Performance Measures
Vehicle-h of Vehicle-h of
Average
Travel
Delay
Speed
(milh)

60.3
400.2

3.3
57.3

64.3
60.3

Average

Density

I

Facility

(vehlm~lln) Tra~;~;me

23.6

3.17
3.37

Note:
a. Vehicle-h of delay values are taken from metric version of HCM 2000.

It is instructive to compare the above results with those obtained in Example
Result
Problem 1. Whereas the total VMT between the two problems increased only by 6
percent, the total vehicle hours of travel on the mainline increased by 8.6 percent. The
total vehicle delay on the system, which includes estimated delay on the on-ramps, went
up by 70 percent. If one compares the performance in the third time interval, the
difference is even greater, with delays increasing by more than 102 percent. On average,
the system density appears to have increased by 10 percent. Interestingly, the average
speeds do not vary substantially. This may be due to boundary segments, which
contribute significantly to the overall speed value by virtue of their length but typically
experience little congestion.
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The Facility
In this example, the facility analyzed in Example Problem 2 is evaluated
with revised geometry.
The Question What is the capacity and level-of-service profile for the directional
freeway facility using the revised geometry?
The Facts

4 The facts from Example Problem 2 apply.
4 Recurring congestion is observed during the first hour downstream of on-ramp Segment
6 to the end of the study section. An auxiliary lane on the freeway mainline between
Segments 6 and 8 over a distance of 2,300 ft is proposed.

Outline of Solution The capacity of the upgraded segment (which is now a Type A
weave) is first estimated. Its effects on the segment and facility performance measures are
shown. For ease of reference, this segment is labeled "678." The total number of
segments on the facility is reduced from 11 to 9. Note that speeds, densities, and queue
lengths are soft converted from metric values.
Steps
1. The analysis of Weaving Segment 678 requires knowledge of weaving and
nonweaving demand volume. In this example, weaving demands of 1,868, 1,340, 2,065,
1,925, and 1,326 vehlh are assumed to occur in Time Intervals 1 through 5, respectively.
2. HCM capacity estimation and adjustments: The number of lanes on Segments 6
through 11 is now adjusted to four. No changes in segment types or other geometric data
are made.
3. Adjusted dlc matrix: The application of the methodology yields the revised dlc
matrix and segment capacities indicated in the exhibit below. The auxiliary lane addition
to Segment 678 was sufficient to restore undersaturated conditions on that segment.
However, the second bottleneck on Segments 10 and 11 still exists. This implies that the
improved facility can, for the most part, absorb the additional growth rate in traffic
demands and still operate at an acceptable level.
ESTIMATED CAPACITY (vehlh) AhlD dlc RATIO MATRIX
Time Interval

Capacity

1
B
0.73

2
ONR
0.85

0.73

0.88

0.72

0.87

6946

6946

Segment Number and Type
4
678
5
B
OFR
W
0.75
0.85
0.80
(8410)
0.88
0.79
0.75
0.88
(8946)
0.87
0.87
0.77
0.87
(8272)
0.72
0.72
0.76
0.64
(8055)
0.60
0 . 6 4 , 0.64
0.55
(8469)
6946
6946
(capacity)
6946
3
B
0.85

9
B
0.88

10
ONR
0.98

11
B
0.98

0.89

0.99

0.99

0.91

1.003

1.003

0.78

0.87

0.87

0.66

0.73

0.73

6946

6946

6946

Nole: Capacity values are taken from metric version of HCM 2000.

4. Undersaturated segment service measure and MOEs: The segment speeds,
densities, and level of service for the upgraded facility are summarized in the exhibits
below. In Time Interval 3, the oversaturated analysis is initiated.
5. Oversaturated segment service measures and MOEs: The now-active bottleneck
on Segments 10 and 11 yields a queue 400 ft long on Segment 9 in Time Interval 3. Note
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that this value is soft converted from the metric value. The queue is dissipated at the start
of Time lnterval 4. More important, however, is that the geometric improvement on
Segment 678 has eliminated the 3,901-ft queue that was observed on the ramp roadway
in the preceding example.
6. Directional facility MOE estimation: The individual segment performance measures
are aggregated for each time interval. The results are shown in the three exhibits below.
Resoits
The upgraded facility performance is compared with that given in Example
Problem 2. The mainline travel time has increased slightly (by 0.7 percent) because of the
now-active bottleneck on Segments 10 and 11 in Time lnterval 3. However, the overall
system delay, including on-ramp delays, dropped by 15 percent. There were minor
changes in overall facility speeds, densities, and travel times.

ESTIMATED SEGMENT SPEEDS (rnilh)

1

Time
Interval

B

1
2
3
4
5

67.6
67.7
67.8
68.3
68.3

Segment Number and Type
678
4
5
OFR
B
W
59.7
52.2
67.3
66.3
59.8
56.6
66.8
59.7
50.2
68.0
60.2
50.9
68.0
60.0
56.3

3
B
64.0
62.4
62.8
67.8
68.2

2
ONR
57.9
56.9
57.0
59.8
60.5

10
ONR
54.2
53.9
53.3
57.6
59.6

9
B
62.0
61.5
53.5
66.7
67.6

11
B

54.0
53.3
52.1
62.5
67.6

ESTIMATED SEGMENT DENSITIES (vehlrnilln) AND LOS
Time
Interval

B

1

25.1

1

1

2
3
ONR
B
32.7 3 0 . 6

Seornent Number and T v ~ e
678
5
4
OFR
B
W
32.7
2 5 . 8 32.2

'

9
B

33.0

10
ONR
38.0

11
B

42.2

SUMMARY OF FACILITWIIIE PERFORMANCE MEASURES
Time
lnterval

1
3
4
5
Overall

Vehicle-mi
of Travel
(Demand)
5,166
5,275
5,322
4,499
3,878
24.140

Vehicle-mi of
Travel (Flow
Rate)
5,166
5,275
5,318
4,503
3,878
24,140

Performance Measures
Vehicle-h Vehicle-h
Average
of Delay Speed (mi/h)
of Travel
I

87.4
89.1
92.8
73.0
60.7
402.9

11.4

59.1

7.1a
3.7
48.6

61.7
63.9
59.9

Average
Density
(veh/mi/ln)
32.4
33.1
34.1
27.2
22.8

Facility
Travel Time
(min)
3.46
3.46
3.57
3.32
3.20
3.40

Note:
a. Vehicle-h of delay values are taken from metric version of HCM 2000.
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The Facility In this example, the facility analyzed in Example Problem 1 is evaluated
with reduction of capacity on Segment 9 in the first four time intervals due to an accident
on the shoulder (nonrecurring congestion).
The Question What is the capacity and level-of-service profile for a directional freeway
facility with nonrecurring congestion on Segment 9?
The Facts
The facts shown in Example Problem 1 apply.

d

Outline of Solution The segment capacity adjustment factor is used. This factor
reduces the subject segment capacity for a limited number of time intervals. A revised
speed-flow curve is also used in this case. Because of space limitations, the results that
follow are confined to the effect of the incident on segment and facility performance. The
results are compared with those obtained in Example Problem 1. Note that speeds,
densities, and queue lengths are soft converted from metric values.
Steps
1. Adjustment of HCM capacities: in this example, the previously computed capacity
for Segment 9 (6,946 vehlh) is multiplied by the capacity adjustment factor for shoulder
accidents. This value is taken from Exhibit 22-6 and is estimated at 0.83. It yields a
revised segment capacity of 5,765 vehlh. The revised capacity is applied in Time Intervals
1 through 4 only.
2. Adjusted dlc matrix: The matrix is shown in the exhibit below. As suspected, a
single bottleneck on Segment 9 appears and is active during the first three time intervals.
As stated in Example Problem 2, the incident causes oversaturation in the first time
interval, and therefore it may be desirable for the user to begin the analysis one time
interval earlier. However, because the level of oversaturation is very light (Segment 9 dlc
is 1.005), the methodology will still produce correct estimates of performance in this case.
Note that demand drops significantly in Time Interval 4 and demand flows can still pass
through the reduced segment capacity.
ESTIMATED CAPACITY (vehlh) AND dlc RATIO MATRIX
Time
Interval
1

2
~
3
~
B
OFR
ONR
'0.69
0.80
0.80
0.80
0 . 6 9 , 0.83
0.83
0.83

I

1
B

Segment Number and Type
4
~
5
~
6
B
ONR
R
OFR
0.70
0.91
0.91
0.91
0.74
0.91
0.91
0.91

~
B

1.005

7
~
8
B
ONR
0.93
0.93
0.93
0.93

Note:
a. Capacity values are taken from metric version of HCM 2000
b. Applies to Time Intervals 1 through 4 only.

3. Oversaturated segment service measures and LOS: The results of the
oversaturated analysis are shown in the exhibit below for queue length position at the end
of each interval.
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ESTllWATED QUEUE LENGTH (ft)
. , AT END OF EACH TIME INTERVAL
Segment Number and Type
Time
Interval

2
ONR

1

B

3

4

5

6

B

OFR

B

ONR

7
R

8

9

10

11

OFR

B

ONR

B

1
2
3

328 (R)

656

820

4

4,692 (R)

656

820

594

Note: Values are soft converted from metric values.

I

The exhibits below illustrate segment speeds, densities, and levels of service.
ESTIMATED SEGMENT SPEEDS (milh)
Segment Number and Type
Time
Interval

1
B

1
2
3
4
5

68.1
68.1
68.2
68.3
68.3

2
ONR
58.7
58.0
58.0
60.2
60.9

3

4

5

B

OFR

B

66.0
64.9
65.1
68.2
68.2

59.9
60.0
59.9
60.3
60.1

67.9
67.4
66.9
68.0
68.0

6
ONR
54.0
55.2
49.2
63.6
59.3

7
R
46.7
40.7
46.3
65.0
58.1

8

9

OFR

B

46.7
35.3
40.9
63.0
58.1

43.3
43.3
43.7
48.6
66.2

10
ONR
56.7
56.8
57.0
58.1
60.1

11
B

59.2
59.4
60.1
63.2
67.9

Note. Values are soft converted from metric values.

ESTIMATED SEGMENT DENSITIES (vehlmilln) AND LOS
Segment Number and Type

1
Timelnterval

B

1

23.5
C
23.3

2

C

3
4

23.0
C
20.3
C

5

2
ONR
30.9
D
31.9
D
31.6
D
26.6
C

3

4

B

OFR

B

ONR

28.0
D
29.5

30.8
D
31.9

24.0
C
25.4

34.8
D
34.8

D

D

C

F

29.1
D
23.0

31.6
D
26.2

25.0
C
20.6

36.9

C

C

C

D

23.5

17.6

26.4

C

B

C

20.6
1 : 2 2 i 8 C

5

6

7

F

31.6

8
R
36.1
F
35.6
F
38.8
F
33.0
D
27.2
D

9

1

0

OFR

B

36.1

33.0

30.0
E
30.3
E
31.4
E
25.9

D

E

27.2

21.7

D

C

F

35.6
F

38.8
F

1
ONR
36.1
E
36.2
E
36.7
E
32.0
E
27.1
D

1
B

36.4
E
36.9
E
38.2
D

29.3
D
23.5
C

Note: Values are soft converted from metric values.

The above results indicate that the incident causes queues to develop on both the
freeway mainline and the on-ramp at Segment 6 in Time Intervals 1 through 3. Since
traffic demand drops sharply in lnterval 4, the mainline queues dissipate by the end of that
interval. A residual queue 1,411 ft long remains on the on-ramp roadway proper at the end
of Time lnterval 4. Poor level of service is observed in Segments 6 through 8 upstream of
the bottleneck during the first three time intervals. However, all queues are cleared and
undersaturated operations are restored during Time lnterval 5.
4. Directional facility MOE estimation: The individual segment performance measures
are aggregated for each time interval. Both VMT measures based on demands
[VMT(Demand)] and the actual flow rates [VMT(Flow Rate)] are computed. The following
exhibit summarizes the facilitywide results by time interval.
C h a p t e r 22 - F r e e w a y Facilities
Example Problems

Highway Capacity Manual 2000
SUMMARY OF FACILI'TWIDE PERFORMANCE MEASURES
Time
Interval

Vehicle-mi
of Travel
(Demand)

Overall

22,771

Performance Measures
Vehicle-h Vehicle-h
Average
of Travel
of Delay Speed (milh)

Vehicle-mi
of Travel
(Flow Rate)

1

22,772

1

382.4

1

73.35

1

59.5

Facility
Travel Time
(min)

Average
Density
(vehlmilln)

1

-

1

3.41

Note:
a. Vehicle-h of delay values are taken from metric version of HCM 2000.

Results
It is instructive to compare the results of this example problem with those
obtained in Example Problem 1. While serving the same VMT, the total vehicle hours of
travel on the mainline due to the incident increases by 3.8 percent. The total vehicle delay
on the system, which includes estimated delay on the on-ramps, increases by 118
percent. In the fourth time interval, the differences are even greater, with delays increasing
by 302 percent. On average, the system density under incident conditions appears to have
increased by 10 percent, and the average speed has dropped by about 3.6 percent.
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The Facility In this example problem, the facility analyzed in Example Problem 4 is
evaluated with incident management to mitigate the effect of the incident.
The Question
For normal conditions, a 60-min incident, and a 30-min incident,
compare quality-of-service and performance measures.
The Facts
The facts of Example Problem 1 apply, except that the incident effect on the capacity of
Segment 9 is limited to the first two time intervals.

d

Steps
1. A summary of the results is given in the exhibit below.

EFFECT OF REDUCED INCIDENT DURATION ON SELECTED FACILITY PERFORMANCE MEASURES
Facility Performance Measure
Vehicle-mi mainline travel
Vehicle-h mainline travel
Vehicle-h mainline delay (h)
Vehicle-h on-ramp delay (h)
Vehicle-h total delay (h)
Overall maximum dlc ratio (segment)
Average mainline facility speed (milh)
Average mainline travel time (min)
Maximum mainline queuea(ft)
Time interval with max. mainline queue
Maximum ramp queue (R)
Time interval with max. ramp queue

I

Normal Conditions
Examole 1
22,771
368.5
33.6
0.0
33.6
0.98 (6, 7, 8)
61.8
3.29
0
NIA
0
NIA

I

60-min Incident
Examole 4
22,771
382.4
48.7
24.5
73.2
1.04 (9)
59.5
3.41
2,146
3
4,692
3

30-min lncident
Exam~le5

Note:
a. Measured from the downstream end of Segment 8, just upstream of Segment 9.
N/A - not applicable.
Values are soft converted from metric values.

As expected, the reduced incident duration improves both mainline and ramp
Results
traffic performance. Overall, mainline delays drop by a modest 9.2 percent, while ramp
delays are reduced by 65 percent. Similarly, the maximum queue length on the mainline
drops by 23 percent compared with a 41 percent drop in ramp queues. The maximum onramp demand occurs at the start of Interval 3, by which time the incident has been cleared
under the 30-min incident scenario.
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In this example problem the facility analyzed in Example Problem 5 is
The Facility
evaluated with ramp metering for the on-ramp flow on Segment 6.
The Question What are the performance measures of normal, 60-min incident, and
ramp-metering conditions?
The Facts

.\I The facts shown in Example Problem 4 apply.
.\I Metering rates of 900 vehlh and 1,200 vehlh are selected.
Outline of Solution This strategy is intended to minimize the queues on the freeway at
the expense of ramp queues and delays. The effect on the adjacent surface operation is
not considered in this analysis, and therefore the results should be viewed with caution.
The metering rate selected was 900 vehlh, which is the maximum rate recommended for
single-lane on-ramps (15). Ramp metering is applied only to the first three time intervals,
since the on-ramp demand drops significantly in Time Interval 4. A second metering
strategy is also evaluated. This strategy uses a two-lane ramp-metering rate of 1,200
veh/h, in which vehicle departures alternate at the higher rate. As in Example Problem 5,
only facilitywide measures are reported. Note that speeds, densities, and queue lengths
are soft converted from metric values.
Steps
1. A summary of the facility performance measures is given in the exhibit below. As
expected, the single-lane ramp metering causes severe congestion and queuing on the
on-ramp at Segment 6 while eliminating the mainline queue. In fact, the on-ramp queues
on Segment 6 are not cleared by the end of the analysis period, resulting in fewer vehicle
miles of travel production. However, it is virtually impossible that the observed maximum
ramp queue of 32,113 ft could ever materialize in the field without spilling back onto the
surface street system or causing ramp drivers at Segment 6 to divert elsewhere.

EFFECT OF RAMP-METERINGSTMTEGIES ON SELECTED FACILITY PERFORMANCE MEASURES
Facility Performance Measure

Vehicle-mi mainline travel
Vehicle-h mainline travel
Vehicle-h mainline delay (h)
Vehicle-h on-ramp delay (h)
Vehicle-h total delay (h)
Overall maximum d/c ratio (segment)
Average mainline facility speed (mi/h)
Average mainline travel time (min)
Maximum mainline queuea(ft)
Time interval with max. mainline queue
Maximum ramp queue (ft)
Time interval with max. ramp queue

Metering Rate
900 veh/h
Single Lane
22,720
370.9
37.7
260.5
298.2
1.04 (9)
61.4
3.30

Metering Rate
1200 veh/h
Two Lanes

0
hl/A
32,113
4

Note:
a. Measured from the downstream end of Segment 8.
NIA - nol applicable.
Values are soft converted from metric values.

With two-lane metering, the on-ramp queue is reduced to 9,846 ft, which is still quite
high. Furthermore, there is now queuing on the mainline. Thus, it appears that the two
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ramp-metering strategies presented in this example are not as effective in improving
system performance as the reduction in incident response time performed in Example
Problem 5.
The user may test additional strategies that can be handled by the methodology.
They include, for example, a combination of reduced incident response and ramp metering
and systemwide ramp metering in which metering rates on Segments 3 and 6 are jointly
determined. Diversion strategies in which the excess demand on Segment 6 is rerouted
to the surface street system and back onto the freeway downstream of the incident
location can also be evaluated.
Results An overall comparison of the freeway facility performance measures is shown
in the exhibit below. Scenarios 1 through 5 represent the conditions described in
Examples Problems 1 through 5, respectively. Scenarios 6 and 7 represent the effects of
the two ramp-metering strategies described in Example Problem 6.
The purpose of this chart is to demonstrate the sensitivity of various facility
performance measures to key geometric and traffic management improvement strategies.
The results suggest that mainline speed, total vehicle miles of travel, and total vehicle
hours of travel are not very sensitive to the various strategies. On the other hand, total
system delay (VHD) appears to vary considerably across scenarios. VHD is defined as
the difference between the actual mainline travel time and travel time at the free-flow
speed + the sum of all ramp delays. Since this is the only performance measure that
incorporates ramp delays in its calculations, it should be considered a key measure in
evaluating the operational performance of freeway facilities.
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SUMMARY COMPARISON OF FACILITY PERFORMANCE MEASURES

450.0

1

..................... Speed-Mainline
VMT-Mainline (000's)

Scenario Number
Notes:
Scenario 1: base scenario - Example 1
Scenario 2: base + 6% demand growth
Scenario 3: Scenario 2 + auxiliary lane on Section 4
Scenario 4: base + 60-min incident on Section 5
Scenario 5: base + 30-min incident on Section 5
Scenario 6: base + 60-min incident + 900 vehlh single-lane meter - second on-ramp
Scenario 7: base + 60-min incident + 1,200 vehlh two-lane meter - second on-ramp
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APPENDIX A. DETAII-ED COMPUTATIONAL MODULES FOR FREEWAY
FAClLlTlES
A.1 SCOPE OF APPENDIX MATERIAL
The freeway facility analytical methodology is described in the main body of this
chapter. The computations contained within the methodology are detailed in this
appendix. In Section I1 of the main body, the characteristics of freeway flow that are
computed in the methodology are discussed. The computational steps are given in
Section III. In Section A.l of this appendix, the limitations of the methodology are
outlined, and a glossary of all relevant variables is presented. The overall procedure
presented in Section 111 of the main body is described in more detail in Section A.2. The
computations for the undersaturated portion' of the methodology are detailed in Section
A.3. The oversaturated computations of the methodology are detailed in Section A.4.
Section A.5 contains the directional facility computations.

A.1 .1 Limitations
The procedure described herein becomes extremely complex when the queue from a
downstream bottleneck extends into an upstream bottleneck causing a queue collision.
When such cases arise, the reliability of the methodology is questionable, and the user is
cautioned about the validity of the results. However, noninteracting bottlenecks are
accommodated by the methodology.
The completeness of the analysis will be limited if freeway segment cells in the first
time interval, the last time interval, and the first freeway segment do not all have demandto-capacity ratios less than 1.00. The methodology can handle congestion in the first
interval properly, although it will not quantify any congestion that could have occurred
before the analysis. To ensure complete quantification of the effects of congestion, it is
recommended that the analysis contain an initial undersaturated time interval. If all
freeway segments in the last time interval do not exhibit demand-to-capacity ratios less
than 1.00, congestion continues beyond the last time interval, and additional time
intervals should be added. This fact will be noted as a difference between the vehicle
miles of travel demand desired at the end of the analysis and the corresponding vehicle
miles of travel flow generated. If queues extend upstream of the first segment, the
analysis will not account for the congestion outside the freeway facility but will store the
vehicles vertically until the congestion clears the first segment. The same process is
followed for queues on on-ramp roadways.
The analyst could, given enough time, analyze a completely undersaturated timespace domain manually, although this is highly unlikely. It is not expected that an analyst
will ever manually analyze a time-space domain that includes oversaturation. For heavily
congested directional freeway facilities with interacting bottleneck queues, a simulation
model might be more applicable.

A.1.2 Glossary
In this glossary internal variables used exclusively in the freeway facilities
methodology are defined. The glossary of variables covers six parts: global variables,
segment variables, node variables, on-ramp variables, off-ramp variables, and
facilitywide variables. Segment variables represent conditions on segments. Node
variables denote flows across a node connecting two segments. Facilitywide variables
pertain to aggregate traffic performance over the entire facility. On-ramp and off-ramp
variables are variables that correspond to flow on ramps. In addition to these spatial
categories, there are temporal divisions that represent characteristics over either a time
step or a time interval. The first dimension associated with each variable specifies
whether the variable refers to segment or node characteristics. The labeling scheme for
nodes and segments is such that Segment (i) is immediately downstream of Node (i).
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Thus, there is always one more node than the number of segments on a facility. The
second and third dimensions denote a time step (t) and a time interval (p). Facility
variables are estimates of the average performance over the entire length of the facility.
The units of flow are in vehicles per time step. The selection of the time step size is
discussed later in this appendix.

Global Variables
KC-Density at capacity: the ideal density at capacity (vehlmilln). The density at
capacity is 45 pclmilln, which must be converted to vehlmilln using the heavy-vehicle
factor (fHV)described in Chapter 23.
KJ-Jam density: the facilitywide jam density (vehlmi~ln).
NS-Number of segments: the number of segments on the facility.
i-Index to segment or node number: i = 1 , 2 , . .., NS (for segments) and i = 1,
2, ..., NS + 1 (for nodes).
P-Number of time intervals: number of time intervals in the analysis period.
p-Time interval number: p = 1 , 2 , ..., P.
S-Time steps per interval: number of time steps in a time interval (integer).
t-Number of time steps in a single interval: t = 1 , 2 , ..., S.
T-Time steps per hour: number of time steps in 1 h (integer).

Segment Variables
* ED(i, p)-Expected demand: the demand that would atrive at Segment (i) on the
basis of upstream conditions over Time Interval (p). The upstream queuing effects
include the metering of traffic from an upstream queue, but not the spillback of vehicles
from a downstream queue.
K(i, p)-Average segment density: the average traffic density of Segment (i) over
Time Interval (p), as estimated by the oversaturated procedure.
KB(i, p)-Background density: Segment (i) density (vehlmilln) over Time Interval
(p) assuming there is no queuing on the segment. This density is calculated using the
expected demand on the segment in the corresponding undersaturated procedure in
Chapters 23 through 25.
KQ(i, t, p)-Queue density: vehicle density in the queue on Segment (i) during
Time Step (t) in Time Interval (p). The queue density is calculated on the basis of a
linear density-flow relationship in the congested regime (see Exhibit A22-5).
L(i)-Length: the length of Segment (i) (mi).
N(i, p)-Number of lanes: the number of lanes on Segment (i) in Time Interval
(p). Could vary by time interval if a temporary lane closure is in effect.
NV(i, t, p)-Number of vehicles: the number of vehicles present on Segment (i) at
the end of Time Step (t) during Time Interval (p). The number of vehicles is initially
based on the calculations of Chapters 23 through 25, but as queues grow and dissipate,
input-output analysis updates these values in each time step.
a Q(i, t, p)-Queue
length: total queue length on Segment (i) at the end of Time Step
(t) in Time Interval (p) (ft).
* SC(i, p)-Segment capacity: maximum number of vehicles that can pass through
Segment (i) in Time Interval (p) based strictly on traffic and geometric properties. These
capacities are calculated using Chapters 23 through 25.
SD(i, p)-Segment demand: the desired flow rate through Segment (i) including
on- and off-ramp demands in Time Interval (p) (veh). This segment demand is calculated
without any capacity constraints.
SF(i, t, p)-Segment flow: the segment flow out of Segment (i) during Time Step
(t) in Time Interval (p) (veh).
* WS(i, p)-Wave speed: the speed at which a front-clearing queue shock wave
travels through Segment (i) during Time Interval (p) (ftls).
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WTT(i, p)-Wave travel time: the time taken by the shock wave traveling at the
wave speed (WS) to travel from the downstream end of Segment (i) to the upstream end
of the segment during Time Interval (p), in time steps.
U(i, p)-Average segment speed: the average space-mean speed over the length of
Segment (i) during Time Interval (p) (milh).
* UV(i, t, p)-Unserved vehicles: the additional number of vehicles stored on
Segment (i) at the end of Time Step (t) in Time Interval (p) due to a downstream
bottleneck.

I

Node Variables
MI(i, t, p)-Maximum mainline input: the maximum flow desiring to enter Node
(i) during Time Step (t) in Time Interval (p), based on flows from all upstream segments,
taking into account all geometric and traffic constraints upstream of the node including
queues accumulated from previous time intervals.
MF(i, t, p)-Mainline flow: the actual mainline flow rate that can cross Node (i)
during Time Step (t) in Time Interval (p).
MOl(i. t, p)-Maximum Mainline Output 1: the maximum allowable mainline
flow rate across Node (i) during Time Step (t) in Time Interval (p), limited by the flow
from an on-ramp at Node (i).
M02(i, t, p)-Maximum Mainline Output 2: the maximum allowable mainline
flow rate across Node (i) during Time Step (t) in Time Interval (p), limited by the
available storage on Segment (i) due to a downstream queue.
M03(i, t, p)-Maximum Mainline Output 3: the maximum allowable mainline
flow rate across Node (i) during Time Step (t) in Time Interval (p), limited by the
presence of queued vehicles at the upstream end of Segment (i) while the queue clears
from the dowpstream end of Segment (i).

1

I

On-Ramp Variables
ONRI(i, t, p)-On-ramp input: ramp flow rate desiring to enter the merge point at
On-Ramp (i) during Time Step (t) in Time Interval (p), based on current ramp demand
and ramp queues accumulated from previous time intervals.
ONRD(i, p)-On-ramp demand: desired entry flow rate for on-ramp at Node (i) in
Time Interval (p).
ONRC(i, p)-On-ramp capacity: geometric carrying capacity of on-ramp at Node
(i) roadway during Time Interval (p).
ONRF(i, t, p)-On-ramp flow: actual ramp flow rate that can cross On-Ramp
Node (i) during Time Step (t) in Time Interval (p); takes into account control constraints
(e.g., ramp meters).
ONRQL(i, t, p)-On-ramp queue.length: queue length on On-Ramp (i) at the end
of Time Step (t) in Time Interval (p).
ONRO(i, t, p)-On-ramp output: maximum flow rate that can enter the merge
point from On-Ramp (i) during Time Step (t) in Time Interval (p); constrained by Lane 1
(shoulder lane) flow on Segment (i) and the Segment (i) capacity or by a queue spillback
filling the mainline segment from a bottleneck further downstream, whichever governs.
ONRQ(i, t, p)-On-ramp queue: the unmet demand that is stored on the on-ramp
roadway at Node (i) during Time Step (t) in Time Interval (p) (veh).
RM(i, p)-Ramp-metering rate: the maximum allowable rate of an on-ramp meter
at on-ramp at Node (i) during Time Interval (p) (vehlh).

Off-Ramp Variables
DEF(i, t, p)-Deficit: the unmet demand from a previous Time Interval (p) that
flows past Node (i) during Time Step (t); used in off-ramp flow calculations downstream
of a bottleneck.
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OFRD(i, p)-Off-ramp demand: the desired flow exiting at Off-Ramp (i) during
Time Interval (p).
OFRF(i, t, p)-Off-ramp flow: the actual flow that can exit at Off-Ramp (i) during
Time Step (t) in Time Interval (p).

Facilitywide Variables
SMS(NS, p)-Average time interval facility speed: the average space-mean speed
over the entire facility during Time Interval (p).
K(NS, p)-Average time interval facility density: the average vehicle density over
the entire facility during Time Interval (p).
SMS(NS, P)-Average analysis period facility speed: the average space-mean
speed over the entire facility during the entire analysis period (P).
K(NS, P)-Average analysis period facility density: the average vehicle density
over the entire facility during the entire analysis period (P).

8.2 OVERALL PROCEDURE DESCRIPTION
The procedure is described according to the nine-step process shown in Exhibit
A22-1.

A.2.1 input Module
The first step in the methodology is to gather all geometric and traffic data. The
most basic data are required for sizing the analysis. These basic data are listed below.
Number of time intervals: the number of time intervals is input to size the analysis
with the correct time dimension. There is no practical limit on the number of time
intervals, although the current computer implementation is limited to 12 intervals.
Time interval duration: the time interval duration can vary to allow for finer or
broader analysis of freeway facilities. Caution should be used when using other than the
recommended 15-min time interval. First, the capacities that are calculated are based on
the maximum hourly flow rate that can travel through a segment during a 15-min analysis
interval. As the interval duration decreases, the capacity may actually increase, and vice
versa. The methodologyassumes that there is instantaneous travel time between
segments when demands are computed on segments. In other words, there is no demand
shock wave at any point where the demand changes (i.e., when a new time interval
begins). For this assumption to be reasonable, the uncongested travel time of the freeway
facility being analyzed (which is directly related to its length) should not be longer than
the duration of the time intervals being used.
a Time step duration: once oversaturation begins, the procedure moves to time steps.
The duration of the time steps should be determined on the basis of the segment lengths
as shown later in Exhibit A22-4. There must be an integer number of time steps in a time
interval.
* Number of segments: the number of segments must be determined from the
freeway facility chapter. Refer to Exhibit 22-3 for a suggested process to divide a facility
into sections and segments.
Jam density: the systemwide jam density is required for oversaturated analysis.
The default value is 190 pc/mi/ln.
The geometric, traffic, and demand data required for a freeway facility analysis are
shown in Exhibit 22-12.

A.2.2 Demand Estimation Module
The demand estimation module is invoked when the methodology uses actual
freeway counts. If demand flows are known or can be projected, those values can be used
directly. The demand estimation module is designed to convert the input set of freeway
exit 15-min traffic counts into a set of freeway exit 15-min traffic demands. Freeway exit
demand is defined as the number of vehicles that desire to exit the freeway in a given 15Chapter 22 - Freeway Facilities
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min time interval. This demand may not be represented by the 15-min exit count because
of upstream freeway congestion within the freeway facility.
EXHIBIT

A22-I.

OVER4LL PROCEDURE LAYOUT

(Exhibi122-121~
1. Collect input data
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3. Establish spatial and time units
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I
:
9. Directional facility MOE
estimation by time interval

Notes:

Feasible?

dlc = demand-to-capacity ratio.
SM = service measure.
MOE = measure of effectiveness.

The procedure followed is to sum the freeway entrance demands along the entire
freeway facility (including the freeway mainline entrance) and to compare it with the sum
of the freeway exit counts along the entire freeway facility (including the freeway
mainline exit) for each time interval. The ratio of the freeway entrance demands to the
freeway exit counts is calculated for each time interval and will be referred to as the time
interval scale factor. Theoretically, the scale factor should approach 1.OO when the
freeway exit counts are, in fact, freeway exit demands.
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Scale factors greater than 1.OO indicate increasing levels of congestion within the
freeway facility (and the storing of vehicles on the freeway). Here, the exit traffic counts
underestimate the actual freeway exit demands. Scale factors less than 1 .OO indicatc
decreasing levels of congestion within the freeway facility (and the release of stored
vehicles on the freeway). Here, the exit traffic counts overestimate actual freeway exit
demands. To provide an estimate of freeway exit demand, each freeway exit count in the
time interval is multiplied by the time interval scale factor.
The accuracy of this procedure primarily depends on the quality of the set of freeway
traffic counts and to a lesser extent on the length of the freeway facility. With the use of
15-min time intervals, freeway facility lengths up to 9 to 12 mi should not introduce
significant errors into the procedure. The calculated scale factor pattern over the study
period duration offers a means of checking the quality of the traffic count data. For
example, if there is no congestion over the entire time-space domain, then there should be
no pattern in the calculated 15-min scale factors, and they all should be within the range
of 0.95 to 1.05. If there is congestion within the time-space domain, then there should be
a pattern in the calculated 15-min scale factors. During the early time intervals with no
congestion, the scale factors are expected to approach I .OO and be within the range of
0.95 to 1.05. As congestion begins to occur and increase over time, the scale factors are
expected to increase over 1.OO and be within the range of 1.OO to 1.10. When the extent
of congestion reaches its highest level, the scale factor is expected to approach 1.OO and
be within the range of 0.95 to 1.05. As the level of congestion recedes, the scale factor is
expected to be less than 1.OO and be within the range of 0.90 to 1.00. If the final time
intervals exhibit no congestion over the complete time-space domain, then there should
be no pattern in the calculated 15-min scale factors, and they all should be within the
range of 0.95 to 1.05. Once the freeway entrance and exit demands are estimated using
the scale factors, the traffic demands for each freeway section in each time interval can be
determined.

8.2.3 Establish Spatial and Time Units
The procedure analyzes a freeway in spatial units called segments, which are defined
in Chapters 23 through 25. The division of a freeway facility into segments is described
in Section I1 of this chapter. Time units are described in Section A.2.1.

A.2.4 Demand Adjustment Module
Driver responses such as spatial, temporal, or modal shifts caused by traffic
management strategies are not automatically incorporated in the methodology. On
viewing the facility traffic performance results, the analyst can modify the demand input
manually to simulate the effect of user demand responses or traffic growth effects. The
accuracy of the results depends on the accuracy of the estimation of the user demand
responses. Ramp-metering strategies are evaluated through adjusting the ramp roadway
capacity, and this application is described in the segment capacity adjustment module.

A.2.5 Segment Capacity Estimation and Adjustment Module
Segment capacity estimates are determined from Chapters 23 through 25 for basic
segments, weaving segments, and ramp segments, respectively. All capacities are
expressed in vehicles per hour. All estimates of segment capacity should be carefully
reviewed and compared with local knowledge and available traffic information for the
study site. The capacity value used for bottleneck segments has the greatest effect on the
predicted freeway traffic performance. Actual field-observed capacities at bottlenecks
should be obtained whenever practical and substituted for estimated capacities.
On-ramp and off-ramp roadway capacities are also determined in this capacity
module. On-ramp demands may exceed on-ramp capacities and limit the traffic demand
entering the freeway. Off-ramp demands may exceed off-ramp capacities and cause
congestion on the freeway, although this particular effect is not accounted for in the

I

I

I
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methodology. The relationships of demand and capacity for each on-ramp and off-ramp,
as well as for each freeway segment, will be addressed later in the demand-to-capacity
ratio module.
Again, unlike the analyses in the basic freeway, freeway weaving, and ramp
chapters, all analyses in this chapter are on a vehicle-based capacity and not in passengercar units.
The effect of a predetermined ramp-metering plan can be evaluated in this
methodology by modifying the ramp roadway capacities. The capacity of each entrance
ramp in each time interval is changed to the desired metering rate specified. This feature
not only permits the evaluation of the prespecified ramp-metering plan but also permits
the user to experiment to obtain an improved ramp-metering plan.
Freeway design improvements can be evaluated within this methodology by
modifying the design features of any segment or segments of the freeway facility, as
described in Section II of this chapter.
Reduced-capacity situations can also be investigated. The capacity in any cell of the
time-space domain can be reduced to represent incident situations such as construction
and maintenance activities, adverse weather, and traffic accidents/vehicular breakdowns.
Similarly, capacity can be increased to match field measurements. When analyzing
adjusted capacity situations, it is important to use an alternative speed-flow relationship.
The following relationship assures a constant ideal density of 45 pc/mi/ln at capacity as
indicated in Chapter 23 of the manual. Exhibit A22-2 shows speed-flow plots for
capacity adjustment factors (CAFs) of 100,95,90, and 85 percent of the original
capacity. The predicted speed for the alternative speed-flow model can be computed by
using Equation A22- 1.

where
S
FFS
C
CAF

vp

= segment speed (mik),
= segment free-flow speed (milh),
= original segment capacity (pc/h/ln),
= capacity adjustment factor (CAF = 1.0, use Chapters 23 through 25
speed estimation procedures), and
= segment flow rate (pc/h/ln).

Note that when vp = 0 in Equation A22-1, S approaches FFS. Similarly, when vp = C *
CAF, S approaches speed at capacity.
A.2.6 Demand-to-Capacity Ratio Module
Once all freeway segment cells have been analyzed, demand-to-capacity ratios are
modified into volume-to-capacity ratios for later use in calculating freeway traffic
performance measures. As stated earlier, if all freeway segment cells are undersaturated
(demands less than capacities), the volume-to-capacity ratios are identical to the demandto-capacity ratios, and the analysis is simple. However, if demand is greater than
capacity in one or more of the freeway segment cells, oversaturated flow conditions will
occur, and the time step analysis procedure is invoked.
Until oversaturated conditions are encountered, segments are analyzed using the
undersaturated segment MOE module. All subsequent time intervals, however, are
analyzed using the oversaturated segment MOE module.
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EXHIBIT A22-2. ALTERNATIVE SPEED-FLOW CURVES FOR INDICATED CAPACll-Y ADJUSTMENT FACTORS
(SEE FOOTNOTE FOR ASSUMED VALUES)
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Notes:
Assumptions: FFS = 75 milh, capacity adjustment factor (CAF) of 1.0, 0.95, 0.90, and 0.85.

A.3 UNDERSATURATED SEGWIENT MOE MODULE
This module begins with the first segment in the first time interval. For each cell the
flow (or volume) is equal to demand, the volume-to-capacity ratio is equal to the demandto-capacity ratio, and undersaturated flow conditions prevail. Performance measures for
the first segment during the first time interval are calculated using the procedures for the
corresponding segment type in Chapters 23 through 25.
The analysis continues to the next downstream freeway segment in the same time
interval, and the performance measures are calculated. The process is continued until the
last downstream freeway segment cell in this time interval has been analyzed. For each
cell, the volume-to-capacity ratio and performance measures are calculated for each
freeway segment in the first time interval. The analysis continues in the second time
interval beginning at the furthest upstream freeway segment and moving downstream
until all freeway segments in that time interval have been analyzed. This pattern
continues for the third time interval, fourth time interval, and so on until the methodology
encounters a time interval that contains one or more segments with a demand-to-capacity
ratio greater than 1.OO or when the last segment in the last time interval is analyzed. If
none is encountered, the segment performance measures are taken directly from Chapters
23 through 25, and the facility performance measures are calculated as in Section A.4.
When the analysis moves from isolated segments to a facility, an additional
constraint is necessary. To limit the speeds downstream of a segment experiencing a low
average speed, a maximum achievable speed is imposed on each segment average speed.
This maximum speed is based on acceleration characteristics reported by the American
Association of State Highway and Transportation Officials and is shown in Equation
A22-2 (1).
Vmax= FFS - (FFS - ~

~

~

~

~

)

e (A22-2)
~

.

~

~

~

~

where
= maximum achievable segment speed (mih),
= segment free-flow speed (mih),
Vprev = average speed on immediate upstream segment (milh), and
L = distance from midpoints of the upstream segment and the subject

V,

FFS

segment (ft).
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A.4 OVERSATURATED SEGMENT MOE MODULE
Oversaturated flow conditions occur when the demand on one or more freeway
scgment cells exceeds its capacity. Once oversaturation is encountered, the methodology
changes its temporal and spatial units of analysis. The spatial units become nodes and
segments, and the temporal unit moves from a time interval to smaller time steps. A node
is defined as the junction of two segments. There is always one more node than segment,
with nodes added at the beginning and end of each segment. The numbering of nodes
and segments begins at the upstream end and moves to the downstream end, with the
segment upstrcam of Node (i) numbered Segment (i - 1 ) and the downstream segment
numbered (i), as shown in Exhibit A22-3. The intermediate segments and node numbers
represent the division of the section between Ramps 1 and 2 into three segments
numbered 2 (ONR), 3 (BASIC), and 4 (OFR). The oversaturated analysis moves from
the first node to each downstream node in the same time step. After the completion of a
time step, the same nodal analysis is performed for the subsequent time steps.

l~,++@m@

EXHIBIT A22-3. NODE-SEGMENT REPRESENTATION OF A DIRECTIONAL FREEWAY FACILITY
Seg 4
Seg 5

@ seg

1

a'

Ramp 1

Ramp 2

The oversaturated analysis focuses on the computation of segment average flows and
densities in each time interval. These parameters are later aggregated to produce
facilitywide estimates. Two key inputs into the flow estimation procedures are the time
step duration for flow updates and a flow-density function. They are described in the
next sections.

A.4.1 Procedure Parameters
Segment flows are calculated in each time step and are used to calculate the number
of vehicles on each segment at the end of every time step. The number of vehicles on
each segment is used to track queue accumulation and discharge and to calculate the
average segment density.
To provide accurate estimates of flows in oversaturated conditions, the time intervals
are divided into smaller time steps. The conversion from time intervals to time steps
occurs during the first oversaturated time interval and remains until the end of the
analysis. The transition to time steps is essential because at certain points in the
methodology future performance estimates are made on the basis of the past value of a
variable. The time steps correspond to the following lengths in Exhibit A22-4. These
values are vital in two major situations.

EXHIBIT A22-4. RECOMMENDED TIME STEP DURATION FOR OVERSATURATED ANALYSIS
Shortest segment length (ft)
Time step duration (s)

5 300

15

600
25

1,000
40

1,300
60

2 1,500

60

The first situation is when segments are short and the rate of queue growth is rapid.
Under these conditions, a short segment may be completely undersaturated in one time
step and completely queued in another. The methodology may store more vehicles in this
segment during a time step than there is allowable space. Fortunately, this error is
compensated for in the next time step, and the procedure continues to accurately track
queues and store vehicles after this correction.
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The second situation in which small time steps are important is when two queues
intcract. There is a temporary inaccuracy due to the maximum output of a segment
changing, thus causing the estimation of available storage to be slightly in error. This
results in the storage of too many vehicles on a particular segment. This supersaturation
is temporary and is compensated for in the next time step. Inadequate time step size will
result in erroneous estimation of queue lengths and may affect other performance
measures as well. Regardless, if interacting queues occur, the results should be viewed
with extreme caution.
Analysis of freeway segments depends on the relationships between segment speed,
flow, and density. Chapter 23 of this manual defines a relationship between these
variables and the calculation of performance measures in the undersaturated regime. The
methodology presented here uses the same relationships for undersaturated segments.
Calculations for oversaturated segments use a simplified linear flow-density diagram in
the congested region. Exhibit A22-5 shows this flow-density diagram for a segment
having a free-flow speed of 75 mi/h. For other free-flow speeds, the corresponding
capacities in Chapters 23 through 25 should be used.
EXHIBIT A22-5.SEGMENT FLOW-DENSITY FUNCTION
(SEE FOOTNOTE FOR ASSUMED VALUE)

1/

Undersaturated
Regime

I
I
I

Oversaturated
Regime

Density (pc/rni/ln)
Note:
Assumption: FFS = 75 rni/h

A.4.2 Flow Estimation
The oversaturated portion of the methodology is detailed in a flowchart as Exhibit
A22-6. The flowchart is divided into nine parts, which are discussed in this section.
Within each subsection, computations are detailed and labeled according to each step of
the flowchart.
The procedure first calculates a number of flow variables starting at the first node
during the first time step of oversaturation, followed by each downstream node and
segment in that same time step. After all computations in the first time step are
completed, calculations are performed at each node and segment during subsequent time
steps for all remaining time intervals until the analysis is completed.
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EXHIBIT A22-6. OVERSATURATED ANALYSIS PROCEDURE
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Exhibit A22-6 is
continued on next page
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EXHIBIT A22-6 (CONTINUED). OVERSATURATED ANALYSIS PROCEDURE
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Exhibit A22-6 is continued on
next page
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EXHIBIT A22-6 (CONTINUED). OVERSATURATED ANALYSIS PROCEDURE
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A.4.2.1 Segment Initialization (Exhibit A22-6, Steps 1 Through 4)

Steps 1 through 4 of the oversaturated procedure prepare the flow calculations for the
first time step and specify return points for subsequent time steps. To calculate the
number of vehicles on each segment at the various time steps, the segments must contain
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thc proper number of vehicles before the queuing analysis places unserved vehicles on
segments. The initialization of each segment is described below.
A simplified queuing analysis is initially performed to account for the effects of
upstream bottlenecks. These bottlenecks meter traffic downstream of their location. The
storage of unserved vehicles (those unable to enter the bottleneck) on upstream segments
is performed in a later module. To obtain the proper number of vehicles on each
segment, the expected demand (ED) is calculated. ED is based on demands for and
capacities of the segment and includes the effects of all upstream segments. The
expected demand is the flow of traffic expected to arrive at each segment if all queues
were stacked vertically (i.e., no upstream effects of queues). In other words, all segments
upstream of a bottleneck have expected demands equal to their actual demand. The
expected demand of the bottleneck segment and all further downstream segments are
calculated assuming a capacity constraint at the bottleneck, which meters traffic to
downstream segments. The expected demand is calculated for each segment using
Equation A22-3.
ED(i,p)=min[SC(i,p),ED(i-l,p)+ONRD(i,p)-OFRD(i,p)]

(A22-3)

Note that the segment capacity (SC) applies to the entire length of the segment. With
the expected demand calculated, the background density (KB) can be obtained for each
segment using the appropriate segment density estimation procedures in Chapters 23
through 25. The background density is used to calculate the number of vehicles on each
segment (NV) using Equation A22-4. If there are unserved vehicles at the end of the
preceding time interval, the unserved vehicles (W)are transferred to the current time
interval. Here, S refers to the last time step in the preceding time interval. The (0) term
in NV represents the start of the first time step in Time Interval (p). The corresponding
term at the end of the time step is NV(i, 1, p).
NV(I 0,p) = KB(i, p) * L(I] + UV(i, S, p - I)

(A22-4)

The number of vehicles calculated from the background density is the minimum
number of vehicles that can be on the segment at any time. This is a powerful check on
the methodology because the existence of queues downstream cannot reduce this
minimum. Rather, the segment can only store additional vehicles. The storage of
unserved vehicles will be determined in the segment flow calculation module later in this
appendix.
A.4.2.2 Mainline Flow Calculations (Exhibit A22-6, Steps 9 and 16 Through 23)

The description of ramp flows will follow the description of mainline flows. Thus,
Steps 5 through 8 and 10 through 15 are skipped at this time to focus first on mainline
flow computations. Because of the skipping of steps in the descriptions, some
computations may include variables that have not been described but that have been
previously calculated within the flowchart.
Flows analyzed in oversaturated conditions are calculated every time step and are
expressed in terms of vehicles per time step. The procedure separately analyzes the flow
across a node on the basis of the origin and destination of the flow across the node. The
mainline flow is defined as the flow passing from upstream Segment (i - 1) to
downstream Segment (i). It does not include the on-ramp flow. The flow to an off-ramp
is the off-ramp flow. The flow from an on-ramp is the on-ramp flow. Each of these
flows is shown in Exhibit A22-7 with their origin, destination, and relationship to
Segment (i) and Node (i).
The segment flow is the total output of a segment, as shown in Exhibit A22-7.
Segment flows are calculated by determining the mainline and ramp flows. The mainline
flow is calculated as the minimum of six constraints: the mainline input, Mainline Output
1 (MOl), Mainline Output 2 (M02), Mainline Output 3 (M03), the upstream Segment
(i - 1) capacity, and the downstream Segment (i) capacity, as explained next.
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EXHIBIT A22-7. DEFINITIONS OF MAlhlLlhlE AND SEGMENT FLOWS

A.4.2.2.1 Mainline Input (Exhibit A22-6, Step 9)
The mainline input (MI) is the number of vehicles that wish to travel through a node
during the time step. The calculation includes (a) the effects of bottlenecks upstream of
the analysis node, (b) the metering of traffic during queue accumulation, and (c) the
presence of additional traffic during upstream queue discharge.
The mainline input is calculated by taking the number of vehicles entering the node
upstream of the analysis node, adding on-ramp flows or subtracting off-ramp flows, and
adding the number of unserved vehicles on the upstream segment. This is the maximum
number of vehicles that wish to enter a node during a time step. The mainline input is
calculated using Equation A22-5, where all values have units of vehicles per time step.
Ml(1 t, p) = MF(i - 1, t, p) + ONRF(i- I, t, p) - OFRF(i, t, p)

A.4.2.2.2 Mainline Output (Exhibit A22-6, Steps 16 Through 21)
The mainline output is the maximum number of vehicles that can exit a node,
constrained by downstream bottlenecks or by merging on-ramp traffic. Different
constraints on the output of a node result in three separate types of mainline outputs
(MO1, M 0 2 , and M03).
A.4.2.2.2.1 Mainline Output I-Ramp

Flows (Exhibit A22-6, Step 16)

M 0 1 is the constraint caused by the flow of vehicles from an on-ramp. The capacity
of an on-ramp segment is shared by two competing flows. This on-ramp flow limits the
flow from the mainline through this node. The total flow that can pass the node is
estimated as the minimum of the Segment (i) capacity and the mainline outputs from the
preceding time step. The sharing of Lane I (shoulder lane) capacity is determined in the
calculation of the on-ramp flow and is described in Section A.4.2.3. M 0 1 is calculated
using Equation A22-6.
MOl(i, t, p) = min[SC(i, t, p) - ONRF(i, t, p), M02(i, t- I, p), M03(i, t - I, p)]
A.4.2.2.2.2 Mainline Output 2-Segment
and 2 1)

(A22-6)

Storage (Exhibit A22-6, Steps 20

The second constraint on the output of mainline flow through a node is caused by the
growth of queues on a downstream segment. As a queue grows on a segment, it may
eventually limit the flow into the current segment once the boundary of the queue reaches
the upstream end of the segment. The boundary of the queue is treated as a shock wave.
M 0 2 is a limit on the flow exiting a node due to the presence of a queue on the
downstream segment.
The M 0 2 limitation is determined first by calculating the maximum number of
vehicles allowed on a segment at a given queue density. The maximum flow that can
enter a queued segment is the number of vehicles that leave the segment plus the
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difference between the maximum number of vehicles allowed on the segment and the
number of vehicles already on the segment. The density of the queue is calculated using
Equation A22-7 for the linear density-flow relationship shown in Exhibit A22-5 earlier.
KQ(i, t , p ) = KJ-

(KJ - KC) * SF(i, t - I, p )
SC(i, P)

(A22-7)

Once the queue density is computed, M 0 2 can be computed using Equation A22-8.
M 0 2 (i, t, p) = SF(i, t - 1, p) - ONRF(i, t, p) + [KQ(i, t, p) * L(o] - NV(i, t - I , p )

(A22-8)

The performance of the downstream node is estimated by taking the performance
during the preceding time step. This estimation remains valid when there are no
interacting queues. When queues do interact and the time steps are small enough, the
error in the estimations is corrected in the next time step.
A.4.2.2.2.3 Mainline Output 3-Front-Clearing Queues (Exhibit A22-6, Steps
17 Through 19)
The final constraint on exiting mainline flows at a node is caused by downstream
queues clearing from their downstream end. These front-clearing queues are typically
caused by incidents where there is a temporary reduction in capacity. A queue will clear
from the front if two conditions are satisfied. First, the segment capacity (minus the onramp demand if present) for this time interval must be greater than the segment capacity
(minus the ramp demand if present) in the preceding time interval. The second condition
is that the segment capacity minus the ramp demand for this time interval be greater than
the segment demand for this time interval. A queue will clear from the front if both
conditions in the following inequality (Equation A22-9) are met.

If [SC(i, p) - ONRD(i, p)] > [SC(i, p - I ) - ONRD(i, p - I ) ]
and [SC(i, p) - ONRD(i, p)] > SD(i, p)

(A22-9)

A segment with a front-clearing queue will have the number of vehicles stored
decrease during recovery, while the back of queue position is unaffected. Thus, the
clearing does not affect the segment throughput until the recovery wave has reached the
upstream end of the segment. In the flow-density graph shown in Exhibit A22-8, the
wave speed is estimated by the slope of the dashed line connecting the bottleneck
throughput and the segment capacity points.
The assumption of a linear flow-density function greatly simplifies the calculated
wave speed. The bottleneck throughput value is not required to estimate the speed of the
shock wave that travels along a known line. All that is required is the slope of the line,
which is calculated using Equation A22-10.
WS(i, p ) =

SC(i, P )
N ( i , p ) (KJ - KC)

The wave speed is used to calculate the time it takes the front queue-clearing shock wave
to traverse this segment, called the wave travel time (WTT). Dividing the wave speed
(WS) by the segment length in miles gives the wave travel time.
The recovery wave travel time is the time required for the conditions at the
downstream end of the current seapent to reach the upstream end of the current segment.
To place a limit on the current node, the conditions at the downstream node are observed
at a time in the past. This time is the wave travel time. This constraint on the current
node is called the Mainline Output 3, or M03. The calculation of M 0 3 is performed by
using Equations A22-11 and A22-12 . If the wave travel time is not an integer number of
time steps, then the weighted average performance of each variable is taken for the time
steps nearest to the wave travel time. This method is based on a process described
elsewhere ( 2 4 ) .

Chapter 22 - Freeway Faciliti
Appendix A

High way Capaciiy Manual 2000
M03(i, f, p) = min[MOI(i + I , f - W,p),
M02(i + I , f - WTT, p) + OFRF(i + I , f - LIVTT, p), M03(i + I , f - WTT, p)

EXHIBIT A22-8. FLOW-DENSITY FUNCTION WITH A SHOCK WAVE
(SEE FOOTNOTE FOR ASSLIMED VALUE)
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Assumption: FFS = 75 mi/h.

A.4.2.2.3 Mainline Flow (Exhibit A22-6, Steps 2 2 and 23)

The flow across a node is called the mainline flow and is the minimum of the
following variables: mainline input, M01, M02, M03, upstream Segment (i - 1)
capacity, and downstream Segment (i) capacity.
MF(i, f, p) = min [Ml(i, f, p), MOI(i, f, p), M02(i, f, p), M03(i, f, p),

sc(l f, P), s c ( i - 1, f, P)]

(A22-13)

In addition to mainline flows, ramp flows must be analyzed. The presence of
mainline queues also affects ramp flows.
A.4.2.3 On-Ramp Calculations (Exhibit A22-6, Steps 10 Through 15)
A.4.2.3.1 On-Ramp Input (Exhibit A22-6, Steps 10 and 11)

The maximum on-ramp input is calculated by adding the on-ramp demand and the
number of vehicles queued on the ramp. The queued vehicles are treated as unmet ramp
demand that was not served in previous time steps. The on-ramp input is calculated using
Equation A22- 14.
ONRI(i, f, p) = ONRD(i, f, p) + ONRQ(i, f - I , p)

(A22-14)

A.4.2.3.2 On-Ramp Output (Exhibit A22-6, Step 12)

The maximum on-ramp output is calculated on the basis of the mainline traffic
through the node where the on-ramp is located. The on-ramp output is the minimum of
two values. The first is Segment (i) capacity minus the mainline input, in the absence of
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downstream queues. Otherwise, the segment capacity is replaced by the throughput of
the queue. This estimation implies that vehicles entering an on-ramp segment will fill
lanes 2 to N (where N is the number of lanes on the current segment) to capacity before
entering Lane 1. This assumption appears to be consistent with the estimation of V I 2
from Chapter 25 of this manual.
The second case is when the Lane 1 flow on Segment (i) is greater than one-half of
the Lane 1 capacity. At this point the on-ramp maximum output is set to one-half of
Lane 1 capacity. This implies that when the demands from the freeway and the on-ramp
are very high, there will be forced merging in a one-to-one fashion on the freeway from
the freeway mainline and the on-ramp in Lane 1. An important characteristic of traffic
behavior is that in a forced merging situation, ramp and right-lane freeway vehicles will
generally merge one on one, sharing the capacity of the rightmost freeway lane (5). In all
cases, the on-ramp maximum output is also limited to the physical ramp road capacity
and the ramp-metering rate, if present. The maximum on-ramp output is an important
limitation on the ramp flow. Queuing occurs when the combined demand from the
upstream segment and the demand on the on-ramp exceed the throughput of the ramp
segment. The queue can be located on the upstream segment, on the ramp, or on both and
is dependent on the on-ramp maximum output. Equation A22-15 determines the value of
the maximum on-ramp output.
ONRO(i, t, p) = min{RM(i, p), ONRC(i, p), max[min[SC(i, p),
M02(i, t - I , p)+ ONRF(i, t - I , p), M03(i, t - I , p) + ONRF(L t - I , p)] - Ml(i, t, p),
min[SC(i, p), M02(i, t - p) + ONRF(i, t - I , p), M03(i, t - I , p)

Note that this model incorporates the maximum mainline output constraints from
downstream queues, not just the segment capacity. This is significant because as a queue
spills over an on-ramp segment, the flow through Lane 1 is constrained. This, in turn,
limits the flow that can enter Lane 1 from the on-ramp. The values of M 0 2 and M 0 3 for
this time step are not yet known, so they are estimated from the preceding time step. This
estimation is one rationale for using small time steps. If there is forced merging during
the time step where the queue spills back over the current node, the on-ramp will
discharge more than its share of vehicles (i.e., more than 50 percent of the Lane 1 flow).
This will cause the mainline flow past Node i to be underestimated. But during the next
time step, the on-ramp flow will be at its correct flow rate, and a one-to-one sharing of
Lane 1 will occur.

A.4.2.3.3 On-Ramp Flows, Queues, and Delays (ExhibitA22-6, Steps 13
Through 15)
Finally, the on-ramp flow is calculated on the basis of the on-ramp input and output
values computed above. If the on-ramp input is less than the on-ramp output, then the onramp demand can be fully served in this time step and Equation A22-16 is used.
Otherwise, the ramp flow is constrained by the maximum on-ramp output, and Equation
A22- 17 is used.
In the latter case, the number of vehicles in the ramp queue is updated using Equation
A22- 18.
The total delay for on-ramp vehicles can be estimated by integrating the value of on-ramp
queues over time. The methodology uses the discrete queue lengths estimated at the end
of each interval, ONRQ(i, S, p), to produce overall ramp delays by time interval.
Chapter 22 - Freeway Fac
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A.4.2.4 Off-Ramp Flow Calculation (Exhibit A22-6, Steps 5 Through 8)

The off-ramp flow is determined by calculating a diverge percentage on the basis of
the segment and off-ramp demands. The diverge percentage varies only by time interval
and remains constant for vehicles that are associated with a particular time interval. If
there is an upstream queue, traffic may be metered to this off-ramp. This will cause a
decrease in the off-ramp flow. When the vehicles that were metered arrive in the next
time interval, they use the diverge percentage associated with the preceding time interval.
A deficit in flow, caused by traffic from an upstream queue meter, creates delays for
vehicles destined to this off-ramp and other downstream destinations. The upstream
segment flow is used because the procedure assumes that a vehicle destined for an offramp is able to exit at the off-ramp once it enters the off-ramp segment. The calculation
of this deficit is performed using Equation A22-19.

{

DEF(i, t , p) = Max 0, '='sD(~ - 1.X ) -

MF(i - 1, t. X ) + ONRF(i - 1, t, x ) ]

X=l

If there is a deficit, then the off-ramp flow is calculated using the deficit method.
The deficit method is used differently in two different situations. If the upstream
mainline flow plus the flow from an on-ramp at the upstream node (if present) is less than
the deficit for this time step, then the off-ramp flow is equal to the mainline and on-ramp
flows times the off-ramp turning percentage in the preceding time interval, as indicated
below.
OFRF(i, t, p) = [MF(i - 7, t, p) + ONRF(i - 7, t, p)]

If the deficit is less than the upstream mainline flow plus the on-ramp flow from an
on-ramp at the upstream node (if present), then Equation A22-21 is used. This equation
separates the flow into the remaining deficit flow and the balance of the amving flow.
OFRF(i, t, p) = DEF(i, t, p) * [OFRD(i, p - 7)ISD(i- 7,p - I)] + [MF(i- 7, t, p)

+ ONRF(i - 7, t, p) - DEF(i, t, p)] * [OFRD(i, p)lSD(i - 7, p)]

(A22-21)

If there is no deficit, then the off-ramp flow is equal to the sum of upstream mainline
flow plus the on-ramp flow from an on-ramp at the upstream node (if present), multiplied
by the off-ramp turning percentage for this time interval according to Equation A22-22.
OFRF(i, t, p ) = [MF(i- 7, t, p) + ONRF(i - 7, t, p)] * [OFRD(i, p)lSD(i - 7, p)]

(A22-22)

Note that the procedure does not currently incorporate any delay or queue length
computations for off-ramps.
A.4.2.5 Segment Flow Calculation (Exhibit A22-6, Steps 2 4 and 25)

The segment flow is the number of vehicles that flow out of a segment during the
current time step. These vehicles enter the current segment either to the mainline or to an
off-ramp at the current node. The vehicles that entered the upstream segment may or may
not have become queued within the segment. The segment flow is calculated using
Equation A22-23.
SF(i- 7, t, p) = MF(i, t, p) + OFRF(i, t, p)

(A22-23)

The number of vehicles on each segment is calculated on the basis of the number of
vehicles that were on the segment in the preceding time step, the number of vehicles that
entered the segment in this time step, and the number of vehicles that leave the segment
in this time step. Because the number of vehicles that leave a segment must be known,
Chapter 22 - Freeway Facilities
Appendix A

Highway Capacity Manual 2000
the number of vehicles on the current segment cannot be determined until the upstream
segment is analyzed. The number of vehicles on each segment is calculated using
Equation A22-24.

The number of unserved vehicles stored on a segment is calculated as the difference
between the number of vehicles on the segment and the number of vehicles that would be
on the segment at the background density. The number of unserved vehicles stored on a
segment is calculated using Equation A22-25.
UV(i - I, t, p) = NV(i - I, t, p) - [KB(i - I, p) * L(i - I)]

(A22-25)

8.4.3 Segment and Ramp Performance Measures (Exhibit A22-6, Steps 26
Through 30)
In the last time step of a time interval, the segment flows are averaged over the time
interval and the measures of effectiveness for each segment are calculated. If there was
no queue on a particular segment during the entire time interval, then the performance
measures are calculated from the corresponding HCM 2000 method for that segment in
Chapters 23 through 25. Since there are T time steps in an hour, the average segment flow
rate in vehicles per hour in Time Interval (p) is calculated using Equation A22-26.

Note that if T = 60 ( I -min time step) and S = 15 (interval = 15 min), then TIS = 4. If
there was a queue on the current segment in any time step during the time interval, then
the segment performance measures are calculated in three steps. First, the average
number of vehicles over a time interval is calculated for eachsegment using Equation
A22-27.

Next, the average segment density is calculated by taking the average number of
vehicles (NV) for all time steps in the time interval and dividing it by the segment length
using Equation A22-28.

Next, the average speed on the current segment (i) during the current time interval
(p) is calculated using Equation A22-29.

Additional se,ment performance measures can be derived from the basic measures
shown in Equations A22-26 through A22-28. Most prominent is segment delay, which
can be computed as the difference in segment travel time at speed U(i, p) and at the
segment free-flow speed.
The final segment performance measure is the length of the queue at the end of the
time interval (i.e., Step S in Time Interval p). The length of a queue in feet on the
segment is calculated using Equation A22-30.

Queue length on on-ramps can also be calculated. A queue will form on the on-ramp
roadway only if the flow is limited by a metering rate or by the merge area capacity. If
Chapter 22 - Freeway Facilities
Appendix A

Highway Capacity Manual 2000
the flow is limited by the ramp capacity, then unserved vehicles will be stored upstream
of the ramp roadway, most likely a surface street. The methodology does not account for
this delay, since vehicles cannot enter the ramp roadway. However, the unserved
vehicles in this case are transferred as added demand in subsequent time intervals. If the
queue is on the ramp roadway, the queue length is calculated by using the difference in
background density and queue density. For an on-ramp, the background density is
assumed to be the density at capacity and the queue density is calculated within Equation
A22-31. For on-ramp queue length, Equation A22-31 is used.
ONRQL( S' ' ) =

ONRQ(i, S, p )
rnin[RM(i, p),ONRO(i, S, p ) * (KJ - K C ) ]
KJ ONRC(i, p )

(A22-31)

A.5 DlRECTlONAL FACILI'TY MODULE (EXHIBIT A22-6, STEP 36)

The previously discussed traffic performance measures can be aggregated over the
length of the directional freeway facility, over the time duration of the study interval, or
over the entire time-space domain. Each will be discussed in the following paragraphs.
Aggregating the estimated traffic performance measures over the entire length of the
freeway facility provides facilitywide estimates for each time interval. Facilitywide
travel times, vehicle (and person) distance of travel, and vehicle (and person) hours of
travel and delay can be computed, and patterns of their variation over the connected time
intervals can be assessed. The current computer implementation of the methodology is
limited to 15-min time intervals and 1-min time steps.
Aggregating the estimated traffic performance measures over the time duration of the
study interval provides an assessment of the performance of each segment along the
freeway facility. Average and cumulative distributions of speed and density for each
segment can be determined, and patterns of the variation over connected freeway
segments can be compared. Average trip times, vehicle (and person) distance of travel,
and vehicle (and person) hours of travel are easily assessed for each segment and
compared.
Aggregating the estimated traffic performance measures over the entire time-space
domain provides an overall assessment over the study interval time duration. Overall
average speeds, average trip times, total vehicle (and person) distance traveled, and total
vehicle (and person) hours of travel and delay are the most obvious overall traffic
performance measures. Equations A22-32 through A22-35 show how some of the
facilitywide MOEs are calculated.
Facility space-mean speed in Time Interval (p):
SMS(NS, p ) =

CK? SF(;,p ) * L ( i )
L(i)
SF(^, p ) * U(i7 P )

cE?

(A22-32)

Average facility density in Time Interval (p):
K(NS,p ) =

cK? ~ ( Pi ), ~ ( i )
cE? ~ ( i ) ~p() i ,

(A22-33)

Overall space-mean speed across all intervals:
SMS(NS,P ) =

C;=I

cE?

SF(^, p)L(i)
L(i)
P
NS
CP=1Ci=1SF([,P)U(i,P )

(A22-34)

Overall average density across all intervals:
K(NS, P ) =

C;=ICE? ~ ( j P, ) L ( i )

c;=,cE?L(~)N(~,
P)

(A22-35)
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The methodology in this chapter can be used to analyze the capacity, level of service
(LOS), lane requirements, and effects of traffic and design features of basic freeway
segments.
The methodology in this chapter is based on the results of an NCHRP study (I). The
study used additional references to develop the methodology (2-11). Updates to the
original methodology were subsequently developed (12).

Background and concepts for
this chapter are given in
Chapter 13

BASE CONBlTlOMS FOR BASIC FREEWAY SEGMENTS
The base conditions under which the full capacity of a basic freeway segment is
achieved are good weather, good visibility, and no incidents or accidents. For the
analysis procedures in this chapter, these base conditions are assumed to exist. If any of
these conditions fails to exist, the speed, LOS, and capacity of the freeway segment all
tend to be reduced.
The specific speed-flow-density relationship of a basic freeway segment depends on
prevailing traffic and roadway conditions. A set of base conditions for basic freeway
segments has been established. These conditions serve as a starting point for the
methodology in this chapter.
Minimum lane widths of 12 ft;
Minimum right-shoulder lateral clearance of 6 ft between the edge of the travel
lane and the nearest obstacle or object that influences traffic behavior;
Minimum median lateral clearance of 2 ft;
Traffic stream composed entirely of passenger cars;
Five or more lanes for one direction (in urban areas only);
Interchange spacing at 2 mi or greater;
Level terrain, with grades no greater than 2 percent; and
A driver population composed principally of regular users of the facility.
These base conditions represent a high operating level, with a free-flow speed (FFS) of
70 milh or greater.

Base conditions for freeway
flow

-

LIMITATIONS OF THE METHODOLOGY
The methodology does not apply to or take into account (without modification by the
analyst) the following:
* Special lanes reserved for a single vehicle type, such as high-occupancy vehicle
(HOV) lanes, truck lanes, and climbing lanes;
* Extended bridge and tunnel segments;
Segments near a toll plaza;
Facilities with free-flow speeds below 55 mi/h or in excess of 75 m i h ;
Demand conditions in excess of capacity (refer to Chapter 22 for further
discussion);
* The influence of downstream blockages or queuing on a segment;
Posted speed limit, the extent of police enforcement, or the presence of intelligent
transportation system features related to vehicle or driver guidance; or
Capacity-enhancing effects of ramp metering.
The analyst would have to draw on other research information and develop specialpurpose modifications of this methodology to incorporate the effects of the above
conditions.
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I!. METHODOLOGY
The methodology described in this chapter is for the analysis of basic freeway
segments. A method for analysis of extended lengths of freeway that comprise a
combination of basic segments, weaving segments, and ramp junctions is found in
Chapter 22. Exhibit 23-1 illustrates input to and the basic computation order of the
method for basic ireeway segments. The primary output of the method is LOS.
EXHIBIT 23-1. BASIC FREEWAY SEGMENT METHODOLOGY
Input
- Geometric data
- Field-measured FFS or

base free-flow speed (BFFS)
-Volume

If BFFS is input
I

1

-

I

Volume adjustment
- Peak-hour factor
- Number of lanes
- Driver population
- Heavy vehicles

a
1
s
.-

BFFS adjustment
- Lane width
- Number of lanes
- Interchange density

.-

V)

2
$
LL

3
m
V)

:

c3
Compute flow rate

(

Define speed-flow curve

)

(~etermine speed using speed-flow curve)

mpute density using flow rate and spe

+
Determine LOS

I

LOS
A basic freeway segment can be characterized by three performance measures:
density in terms of passenger cars per mile per lane, speed in terms of mean passenger-car
speed, and volume-to-capacity (vlc) ratio. Each of these measures is an indication of how
well traffic flow is being accommodated by the freeway.
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The measure used to provide an estimate of level of service is density. The three
measures of speed, density, and flow or volume are interrelated. If values for two of
these measures are known, the third can be computed.
LOS thresholds for a basic freeway segment are summarized below.
LOS
A
B
C
D
E
F

Density is used to define LOS

Density Range (pc/mi/ln)
0-1 1
> 11-18
> 18-26
> 26-35
>3545
> 45

For any given level of service, the maximum allowable density is somewhat lower
than that for the corresponding level of service on multilane highways. This reflects the
higher quality of service drivers expect when using freeways as compared with surface
multilane facilities. This does not imply that an at-grade multilane highway will perform
better than a freeway with the same number of lanes under similar conditions. For any
given density, a freeway will cany higher flow rates at higher speeds than will a
comparable multilane highway.
The specification of maximum densities for LOS A through D is based on the
collective professional judgment of the members of the Committee on Highway Capacity
and Quality of Service of the Transportation Research Board. The upper value shown for
LOS E (45 pclmilln) is the maximum density at which sustained flows at capacity are
expected to occur.
LOS criteria for basic freeway segments are given in Exhibit 23-2 for free-flow
speeds of 7 5 milh or greater, 70 milh, 65 m i h , 60 m i h , and 55 m i h . To be within a
given LOS, the density criterion must be met. In effect, under base conditions, these are
the speeds and flow rates expected to occur at the density shown for each LOS.
Failure, breakdown, congestion, and LOS F occur when queues begin to form on the
freeway. Density tends to increase sharply within the queue and may be considerably
higher than the maximum value of 45 pclmi~lnfor LOS E. Further guidance on analysis
of basic freeway segments with densities greater than 45 pclmilln is provided in Chapter
22.
Exhibit 23-3 shows the relationship between speed, flow, and density for basic
freeway segments. It also shows the definition of the various LOS on the basis of density
boundary values.

Density greater than 45
pc/mi/ln (LOS F) indicates a
queue that extends into the
segment

DETERMINING FFS
FFS is the mean speed of passenger cars measured during low to moderate flows (up
to 1,300 pclhlln). For a specific se-ment of freeway, speeds are virtually constant in this
range of flow rates. Two methods can be used to determine the FFS of a basic freeway
segment: field measurement and estimation with guidelines provided in this chapter. The
field-measurement procedure is provided for users who prefer to gather these data
directly. However, field measurements are not required for application of the method. If
field-measured data are used, no adjustments are made to the free-flow speed.
The speed study should be conducted at a location that is representative of the
segment when flows and densities are low (flow rates may be up to 1,300 pc1Mn).
Weekday off-peak hours are generally good times to observe low to moderate flow rates.
The speed study should measure the speeds of all passenger cars or use a systematic
sample (e.g., every 10th passenger car). The speed study should measure passenger-car
speeds across all lanes. A sample of at least 100 passenger-car speeds should be
obtained. Any speed measurement technique that has been found acceptable for other
types of traffic engineering speed studies may be used. Further guidance on the conduct
of speed studies is found in standard traffic engineering publications, such as the Manual
of Traffic Engineering Studies published by the Institute of Transportation Engineers.

Measure or estimate the FFS

Measurement of free-flow
speed
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EXHIBIT 23-2. LOS CRITERIA FOR BASIC FREEWAY SEGMENTS
LOS
Criteria

~

A

B

C

D

FFS = 75 milh
Maximum density (pc/mi/ln)
Minimum speed (mi/h)
Maximum vlc
Maximum service flow rate (pcthlln)

11
75.0
0.34
820

Maximum density (pclmilln)
Minimum speed (milh)
Maximum vlc
Maximum service flow rate (pclhlln)

11
70.0
0.32
770

Maximum density (pc/mi/ln)
Minimum speed (milh)
Maximum v/c
Maximum service flow rate (pclh/ln)

11
65.0
0.30
710

18
74.8
0.56
1350

26
70.6
0.76
1830

35
62.2
0.90
2170

45
53.3
1.OO
2400

26
68.2
0.74
1770

35
61.5
0.90
21 50

45
53.3
1.OO
2400

2 6
0.71
1680

35
59.7
0.89
2090

45
52.2
1.OO
2350

26
60.0
0.68
1560

35
57.6
0.88
2020

45
51 .I
1.OO
2300

26
55.0
0.64
1430

35
54.7
0.85
1910

45
50.0
1.OO
2250

FFS = 70 milh

18
70.0
0.53
1260

FFS = 65 milh

l8
65.0
0.50
1170

~

FFS = 60 milh
Maximum density (pc/mi/ln)
Minimum speed (milh)
Maximum vlc
Maximum service flow rate (pclhlln)

11
60.0
0.29
660

Maximum density (pc/mi/ln)
Minimum speed (milh)
Maximum vlc
Maximum service flow rate (pclhlln)

11
55.0
0.27
600

18
60.0
0.47
1080

FFS = 55 milh

18
55.0
0.44
990

Note:
The exact mathematical relationship between density and v/c has not always been maintained at LOS boundaries because of the
use of rounded values. Density is the primary determinant of LOS. The speed criterion is the speed at maximum density for a
given LOS.

Estimate free-flow speed
if measurement is not
possible

The average of all passenger-car speeds measured in the field under low- to
moderate-volume conditions can be used directly as the FFS of the freeway segment.
This speed reflects the net effect of all conditions at the study site that influence speed,
including those considered in this method (lane width, lateral clearance, interchange
density, and number of lanes) as well as others such as speed limit and vertical and
horizontal alignment. Speed data that include both passenger cars and heavy vehicles can
be used for level terrain or moderate downgrades but should not be used for rolling or
mountainous terrain.
If field measurement of FFS is not possible, FFS can be estimated indirectly on the
basis of the physical characteristics of the freeway segment being studied. The physical
characteristics include lane width, number of lanes, right-shoulder lateral clearance, and
interchange density. Equation 23-1 is used to estimate the free-flow speed of a basic
freeway segment:
(23-1)
FFS = BFFS - fLw - fLc - f, - f,,
where
FFS
BFFS
fLW
fLC
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free-flow speed (rnih);
base free-flow speed, 70 milh (urban) or 75 m i h (rural);
adjustment for lane width from Exhibit 23-4 (milh);
adjustment for right-shoulder lateral clearance from Exhibit 23-5
(rnih);
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= adjustment for number of lanes from Exhibit 23-6 (rnih); and
= adjustment for interchange density from Exhibit 23-7 (rnih).

f,,,
f,,,

EXHIBIT 23-3. SPEED-FLOW CURVES AND LOS FOR BASIC FREEWAY SEGMENTS
80
70

.
1

'E 60
u
V)

50

L
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40

Q)

r
m

2

30

g 20
Y

Q

10
0
0

400

800

1200
1600
Flow Rate (pclhlln)

2000

2400

Note:
Capacity vanes by free-flow speed. Capacity is 2400. 2350, 2300, and 2250 pclhlln at free-flow speeds of 70 and greater, 65,
60, and 55 rnilh, respectively.
For 70 c FFS 5 75
(3400 - 3OFFS) < V, 12400

L

For

55 5 FFS 1 7 0 and for flow rate (v )
(3400 - 3OFFS) < v, <(I700 + IBFFS),

For

55 I FFS 7 75 and
vp 1(3400 - 3OFFS).
S = FFS

J

L

BFFS
Estimation of FFS for an existing or future freeway segment is accomplished by
adjusting a base free-flow speed downward to reflect the influence of four factors: lane
width, lateral clearance, number of lanes, and interchange density. Thus, the analyst is
required to select an appropriate BFFS as a starting point.
Adjustment for Lane Width
The base condition for lane width is 12 ft or greater. When the average lane width
across all lanes is less than 12 ft, the base free-flow speed (e.g., 75 milh) is reduced.
Adjustments to reflect the effect of narrower average lane width are given in Exhibit
23-4.
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EXHIBIT 23-4. ADJUSTMEIVTS FOR LANE WIDTH
Lane Width (fl)

Reduction in Free-Flow Speed, fLw(rni/h)

12
11
10

0.0
1.9
6.6

Adjustment for Lateral Clearance
Base lateral clearance is 6 ft or greater on the right side and 2 ft or greater on the
median or left side, measured from the edge of the paved shoulder to the nearest edge of
the traveled lane. When the right-shoulder lateral clearance is less than 6 ft, the BFFS is
reduced. Adjustments to reflect the effect of narrower right-shoulder lateral clearance are
given in Exhibit 23-5. No adjustments are available to reflect the effect of median lateral
clearance less than 2 ft. Lateral clearance less than 2 ft on either the right or left side of a
freeway is considered rare. Considerable judgment must be used in determining whether
objects or barriers along the right side of a freeway present a true obstruction. Such
obstructions may be continuous, such as retaining walls, concrete barriers, or guardrails,
or may be noncontinuous, such as light supports or bridge abutments. In some cases,
drivers may become accustomed to certain types of obstructions, in which case their
influence on traffic flow may be negligible.
Adjustment for lateral
clearance reflects only
the right-shoulder width

EXHIBIT 23-5. ADJUSTMENTS FOR RIGHT-SHOULDER LATERAL CLEARANCE
Reduction in Free-Flow Speed, fLc (milh)
Lanes in One Direction
Right-Shoulder
Lateral Clearance (fl)

2

3

4

25

26

0.0
0.6
1.2
1.8

0.0
0.4
0.8
1.2

0.0
0.2
0.4
0.6

0.0
0.1
0.2
0.3

5
4
3

Adjustment for Number of Lanes
Adjustment for number of
lanes (not applicable to
rural freeway segments)

Freeway segments with five or more lanes (in one direction) are considered as having
base conditions with respect to number of lanes. When fewer lanes are present, the BFFS
is reduced. Exhibit 23-6 provides adjustments to reflect the effect of number of lanes on
BFFS. In determining number of lanes, only mainline lanes, both basic and auxiliary,
should be considered. HOV lanes should not be included.
EXHIBIT 23-6. ADJUSTMENTS FOR NlJMBER OF LANES
Number of Lanes (One Direction)

Reduction in Free-Flow Speed, ,f (milh)

Note: For all rural freeway segments, ,f is 0.0.

The adjustments in Exhibit 23-6 are based exclusively on data collected on urban and
suburban freeways and do not reflect conditions on rural freeways, which typically carry
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two lanes in each direction. In using Equation 23-1 to estimate the FFS of a rural freeway
segment, the value of the adjustment for number of lanes, fN, should be 0.0.

Adjustment for Interchange Density
The base interchange density is 0.5 interchange per mile, or 2-mi interchange
spacing. Base free-flow speed is reduced when interchange density becomes greater.
Adjustments to reflect the effect of interchange density are provided in Exhibit 23-7.
Interchange density is determined over a 6-mi segment of freeway (3 mi upstream and 3
mi downstream) in which the freeway segment is located. An interchange is defined as
having at least one on-ramp. Therefore, interchanges that have only off-ramps would not
be considered in determining interchange density. Interchanges considered should
include typical interchanges with arterials or highways and major freeway-to-freeway
interchanges.

A 6-mi segment is used to
determine interchange density

EXHIBIT 23-7. ADJUSTMENTS FOR INTERCHANGE DENSITY
Reduction in Free-Flow Speed, f, (milh)
Interchanges per Mile
0.0
0.50
0.75
1.3
1.OO
2.5
1.25
3.7
1.50
5.0
1.75
6.3
2.00
7.5

DETERMINING FLOW RATE
The hourly flow rate must reflect the influence of heavy vehicles, the temporal
variation of traffic flow over an hour, and the characteristics of the driver population.
These effects are reflected by adjusting hourly volumes or estimates, typically reported in
vehicles per hour (vehlh), to arrive at an equivalent passenger-car flow rate in passenger
cars per hour (pch). The equivalent passenger-car flow rate is calculated using the
heavy-vehicle and peak-hour adjustment factors and is reported on a per lane basis
(pc/Mn). Equation 23-2 is used to calculate the equivalent passenger-car flow rate.

Convert veh/h to pc/h using
heavy-vehicle, peak-hour, and
driver population factors

where
vP = 15-min passenger-car equivalent flow rate (pclhlln),
V = hourly volume (vehlh),
PHF = peak-hour factor,

N = number of lanes,
fHV = heavy-vehicle adjustment factor, and
f = driver population factor.
P

Peak-Hour Factor
The peak-hour factor (PHF) represents the variation in traffic flow within an hour.
Observations of traffic flow consistently indicate that the flow rates found in the peak
15-min period within an hour are not sustained throughout the entire hour. The
application of the peak-hour factor in Equation 23-2 accounts for this phenomenon.
On freeways, typical PHFs range from 0.80 to 0.95. Lower PHFs are characteristic
of rural freeways or off-peak conditions. Higher factors are typical of urban and
suburban peak-hour conditions. Field data should be used, if possible, to develop PHFs
representative of local conditions.
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Heavy-Vehicle Adjustments
Freeway traffic volumes that include a mix of vehicle types must be adjusted to an
equivalent flow rate expressed in passenger cars per hour per lane. This adjustment is
made using the factor fHV. Once the values of ET and ER are found, the adjustment
factor, fHV,is determined by using Equation 23-3.

where
ET,ER

= passenger-car equivalents for truckslbuses and recreational vehicles

P , PR

= proportion of trucks/buses and RVs in the traffic stream, respectively;

(RVs) in the traffic stream, respectively;
and
fHV = heavy-vehicle adjustment factor.

Adjustments for heavy vehicles in the traffic stream apply for three vehicle types:
trucks, buses, and RVs. There is no evidence to indicate distinct differences in
performance between trucks and buses on freeways, and therefore trucks and buses are
treated identically.
In many cases, trucks will be the only heavy-vehicle type present in the traffic stream
to a significant degree. Where the percentage of RVs is small compared with the
percentage of trucks, it is sometimes convenient to consider all heavy vehicles to be
trucks. It is generally acceptable to do this where the percentage of trucks and buses is at
least five times the percentage of RVs.
The factor fHVis found using a two-step process. First, the passenger-car equivalent
for each tmcklbus and RV is found for the traffic and roadway conditions under study.
These equivalency values, ET and ER, represent the number of passenger cars that would
use the same amount of freeway capacity as one trucklbus or RV, respectively, under
prevailing roadway and traffic conditions. Second, using the values of ET and ER and the
proportion of each type of vehicle in the traffic stream (PT and PR), the adjustment factor
fHVis computed.
The effect of heavy vehicles on traffic flow depends on grade conditions as well as
traffic composition. Passenger-car equivalents can be selected for one of three
conditions: extended freeway segments, upgrades, and downgrades.

Extended Freeway Segments
Extended segment-use
when no one grade (3
percent or greater) is
longer than 0.25 mi. Use
when no one grade (less
than 3 percent) is longer
than 0.5 mi.

It is often appropriate to consider an extended length of freeway containing a number
of upgrades, downgrades, and level segments as a single uniform segment. This is
possible where no one grade is long enough or steep enough to have a significant effect
on the operation of the overall segment. As a guideline, extended segment analysis can
be used where no one grade of 3 percent or greater is longer than 0.25 mi or where no one
grade of less than 3 percent is longer than 0.5 mi.

Specific Grades
Any grade less than 3 percent that is longer than 0.5 mi or any grade of 3 percent or
more that is longer than 0.25 mi must be analyzed as a separate segment because of its
significant effect on traffic flow.
Equivalents for Extended Freeway Segments
Whenever extended segment analysis is used, the terrain of the freeway must be
classified as level, rolling, or mountainous.
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Level Terrain
Level terrain is any combination of grades and horizontal or vertical alignment that
permits heavy vehicles to maintain the same speed as passenger cars. This type of terrain
includes short grades of no more than 2 percent.

Rolling Terrain
Rolling terrain is any combination of grades and horizontal or vertical alignment that
causes heavy vehicles to reduce their speeds substantially below those of passenger cars
but that does not cause heavy vehicles to operate at crawl speeds for any significant
length of time or at frequent intervals.
Crawl speed is the maximum sustained speed that trucks can maintain on an
extended upgrade of a given percent. If any grade is long enough, trucks will be forced to
decelerate to the crawl speed, which they will then be able to maintain for extended
distances. Appendix A contains truck performance curves illustrating crawl speed and
length of grade.

Mountainous Terrain
Mountainous terrain is any combination of grades and horizontal or vertical
alignment that causes heavy vehicles to operate at crawl speeds for significant distances
or at frequent intervals.
Exhibit 23-8 gives passenger-car equivalents for extended freeway segments. Note
that it is extremely difficult to have mountainous terrain as defined herein without
violating the guidelines for using the general terrain methodology (i.e., having no grade
greater than 3 percent longer than 0.25 mi). To a lesser extent, the same statement may
be made with respect to rolling terrain. The equivalence values shown in Exhibit 23-8 are
most useful in the planning stage of analysis, when specific alignments are not known but
approximate capacity computations are still needed.

I

I
Appendix A shows truck
performance curves

I

EXHIBIT 23-8. PASSENGER-CAR EQUIVALENTSON EXTENDED FREEWAY SEGMENTS
Type of Terrain
Level
Factor
Rolling
Mountainous
E, (trucksand buses)
1.5
2.5
4.5
2.0
1.2
4.0
ER (RVs)

I

Equivalents for Specific Grades

1

-

Any freeway grade of more than 0.5 mi for grades less than 3 percent or 0.25 mi for
grades of 3 percent or more should be considered as a separate segment. Analysis of such
segments must consider the upgrade and downgrade conditions and whether the grade is a
single and isolated grade of constant percentage or part of a series forming a composite
grade.
Several studies have indicated that freeway truck populations have an average
weight-to-power ratio of between 125 and 150 Ibhp. These procedures adopt passengercar equivalents calibrated for a mix of trucks/buses in this range. RVs vary considerably
in both type and characteristics. These vehicles include everything from cars with trailers
to self-contained mobile campers. In addition to the variability of the vehicles, the
drivers are not professionals, and their degree of skill in handling such vehicles varies.
Typical weight-to-power ratios of RVs range from 30 to 60 Ibhp.

Equivalents for Specific Upgrades
Exhibits 23-9 and 23-10 give values of ET and E R for upgrade segments. These
factors vary with the percent of grade, length of grade, and the proportion of heavy
vehicles in the traffic stream. The maximum values of ET and E R occur when there are
only a few heavy vehicles. The equivalents decrease as the number of heavy vehicles
23-9
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increases, because these vehicles tend to form platoons and have operating characteristics
that are more uniform as a group than those of passenger cars.

Upgrade
(% )

2
1.5
1.5
1.5
1.5
2.0
2.5
3.0
1.5
2.0
2.5
3.0
3.5

4
1.5
1.5
1.5
1.5
2.0
2.5
3.0
1.5
2.0
2.5
3.0
3.5

ET
Percentage of Trucks and Buses
5
6
8
10
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
2.0
2.0
1.5
1.5
2.5
2.5
2.0
2.0
2.5
2.5
2.0
2.0
1.5
1.5
1.5
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.5
2.5
2.5
2.5
3.0
3.0
3.0
3.0

0.004.25
1.5
3.0
>0.254.50
>0.504.75
3.5
>0.75-1.00
4.0
> 1.00
5.0
0.004.25
2.0
4.0
>0.254.30
4.5
>0.304.50
>0.504.75
5.0
> 0.75-1.00
5.5
> 1.00
6.0
0.004.25 4 . 0
>0.254.30
4.5
> 0.304.50
5.0
>0.504.75
5.5
>0.75-1.00
6.0
> 1.OO
7.0

1.5
2.5
3.0
3.5
4.0
2.0
3.0
4.0
4.5
5.0
5.0
3.0
4.0
4.5
5.0
5.5
6.0

1.5
2.5
3.0
3.5
4.0
1.5
2.5
3.5
4.0
4.5
5.0
2.5
3.5
4.0
4.5
5.0
5.5

Length
(mi)
All

<2

0.004.25
>0.254.50
>0.504.75
> 0.75-1.00
> 1.00-1.50
> 1.50
0.004.25
> 0,254.50
> 0.504.75
>0.75-1.00
>1.00-1.50

12-3

> 3-4

>4-5

'5-6

>6

i:d

1.5
2.5
3.0
3.5
4.0
1.5
2.5
3.0
3.5
4.0
4.5
2.5
3.5
4.0
4.5
5.0
5.5

1.5
2.0
2.5
3.0
3.5
1.5
2.0
2.5
3.0
3.0
3.5
2.5
3.5
3.5
4.0
4.5
5.0

1.5
2.0
2.5
3.0
3.5
1.5
2.0
2.5
3.0
3.0
3.5
2.5
3.0
3.0
3.5
4.0
4.5

15
1.5
1.5
1.5
1.5
1.5
2.0
2.0
1.5
1.5
2.0
2.0
2.5
1.5
2.0
2.5
3.0
3.0
1.5
2.0
2.5
3.0
3.0
3.5
2.0
2.5
2.5
3.0
3.5
4.0

~

20
25
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
2.0
2.0
2.0
2.0
1 . 5 1 1.5
1.5
1.5
2.0
2.0
2.0
2.0
2.5
2.5
1.5
2.0
2.5
3.0
30
1.5
2.0
2.5
3.0
3.0
3.5
2.0
2.5
2.5
3.0
3.5
4.0

1.5
2.0
2.5
3.0
3.0
1.5
2.0
2.5
3.0
3.0
3.5
2.0
2.5
2.5
3.0
3.5
4.0

EXHIBIT 23-1 0. PASSENGER-CAR EQUIVALENTS FOR RVS ON UPGMDES
-

I

Upgrade
(%)

1 2
>2-3

Length
(mi)
All

0.00-0.50
> 0.50

>3-4

> 4-5

0.00-0.25
>0.25-0.50
> 0.50
0.00-0.25
> 0.25-0.50
> 0.50
0.0C-0.25
> 0.25-0.50
> 0.50

Percentage of RVs

2
1.2
1.2
3.0
1.2
2.5
3.0
2.5
4.0
4.5
4.0
6.0
6.0

p
p

>5
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4
1.2
1.2
1.5
1.2
2.5
2.5
2.0
3.0
3.5
3.0
4.0
4.5

5
1.2
1.2
1.5
1.2
2.0
2.5
2.0
3.0
3.0
2.5
4.0
4.0

6
1.2
1.2
1.5
1.2
2.0
2.5
2.0
3.0
3.0
2.5
3.5
4.0

8
1.2
1.2
1.5
1.2
2.0
2.0
1.5
2.5
3.0
2.5
3.0
3.5

10
1.2
1.2
1.5
1.2
2.0
2.0
1.5
2.5
2.5
2 . 0
3.0
3.0

15
1.2
1.2
1.2
1.2
1.5
2.0
1.5
2.0
2.5
2.0
2.5
3.0

20
1.2
1.2
1.2
1.2
1.5
1.5
1.5
2.0
2.0
2.0
2.5
2.5

25
1.2
1.2
1.2
1.2
1.5
1.5
1.5
2.0
2.0
1.5
2.0
2.0
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The length of grade is generally taken from a profile of the highway in question and
typically includes the straight portion of the grade plus some portion of the vertical curves
at the beginning and end of the grade. It is recommended that 25 percent of the length of
the vertical curves at the beginning and end of the grade be included in the length of the
grade. Where two consecutive upgrades are present, 50 percent of the length of the
vertical curve between them is assigned to the length of each upgrade.
In analyzing upgrades, the point of interest is usually the end of the grade, where
heavy vehicles presumably have the maximum effect on operations. This is not always
the case, however. If a ramp junction is located midgrade, the point of the merge or
diverge will also be a critical point for analysis. In the case of composite grades, the
point at which heavy vehicles are traveling slowest is the critical point for analysis. If a 5
percent upgrade is followed by a 2 percent upgrade, it is reasonable to assume that the
end of the 5 percent portion will be critical, since heavy vehicles would be expected to
accelerate on the 2 percent portion of the grade.

Establishing length of grade

Equivalents for Specific Downgrades
There are few specific data on the effect of heavy vehicles on traffic flow on
downgrades. In general, if the downgrades do not cause trucks to shift into a low gear,
they may be treated as if they were level terrain segments, and passenger-car equivalents
are selected accordingly. Where more severe downgrades occur, trucks must often use
low gears to avoid gaining too much speed and running out of control. In such cases,
their effect is greater than it would be on level terrain. Exhibit 23-1 1 gives values of ET.
For RVs, downgrades may be treated as level terrain.

For RVs, downgrades may be
treated as level terrain

EXHIBIT 23-1 1. PASSENGER-CAR EQUIVALENTS FOR TRUCKS AND BUSES ON DOWNGRADES
Downgrade
(%)
<4

1

Length

(mi)
All

5
1.5

ET
Percentage of Trucks
10
15
1.5
1.5

20
1.5

Equivalents for Composite Grades
The vertical alignment of most freeways results in a continuous series of grades. It is
often necessary to determine the effect of a series of significant grades in succession. The
most straightforward technique is to compute the average grade to the point in question.
The average grade is defined as the total rise from the beginning of the composite grade
divided by the length of the grade.
The average grade technique is an acceptable approach for grades in which all
subsections are less than 4 percent or the total length of the composite grade is less than
4,000 ft. For more severe composite grades, a detailed technique is presented in
Appendix A. This technique uses vehicle performance curves and equivalent speeds to
determine the equivalent simple grade for analysis.

Appendix A gives a detailed
composite grade techn~que

Driver Population Factor
The traffic stream characteristics that are the basis of this methodology are
representative of regular drivers in a substantially commuter traffic stream or in a stream
in which most drivers are familiar with the facility. It is generally accepted that traffic
Chapter 23 - Basic Freeway Segments
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streams with different characteristics (e.g., recreational drivers) use freeways less
efficiently. Whereas data are sparse and reported results vary substantially, significantly
lower capacities have been reported on weekends, particularly in recreational areas. It
may generally be assumed that the reduction in capacity (LOS E) extends to service
volumes for other levels of service as well.
The adjustment factor fp is used to reflect this effect. The values of fp range from
0.85 to 1.00. In general, the analyst should select 1.00, which reflects commuter traffic
(i.e., familiar users), unless there is sufficient evidence that a lower value should be
applied. Where greater accuracy is needed, comparative field studies of commuter and
recreational traffic flow and speeds are recommended.

I

DETERMINING LOS
The first step in determining LOS of a basic freeway segment is to define and
segment the freeway facility as appropriate. Second, on the basis of estimated or fieldmeasured FFS, an appropriate speed-flow curve of the same shape as the typical curves
(Exhibit 23-3) is constructed. On the basis of the flow rate, v,, and the constructed
speed-flow curve, an average passenger-car speed is read on the y-axis of Exhibit 23-3.
The next step is to calculate density using Equation 23-4.

where
D

= density (pc/mi/ln),

vp
S

= average passenger-car speed (mik).

= flow rate (pc/h/ln), and

LOS of the basic freeway segment is then determined by comparing the calculated
density with the density ranges in Exhibit 23-2.

I

SENSITIVITY OF RESULTS TO INPUT VARIABLES
Downstream conditions may cause backups that result in low speeds and low
volumes. The basic freeway segment methodology cannot be applied in such
circumstances.
Analysts will note that there is no direct way to calibrate the estimated capacity of
the basic freeway segment with field conditions. The analyst must instead calibrate the
estimated free-flow speed and demand adjustments with field conditions. Field
measurements of density can be used to determine LOS directly.
The FFS for urban freeways is sensitive to the average interchange spacing and the
number of lanes in one direction. The sensitivity increases with the number of lanes.
Exhibit 23-12 can be used to determine the FFS given the number of lanes in one
direction and the average distance between freeway interchanges.
EXHIBIT 23-12. URBAN FREEWAY FFS AND INTERCHANGE SPACING
(SEE FOOTNOTE FOR ASSUMED VALUES)

Interchange Spacing (mi)
Number of Lanes

0.50

2
3
4
5

58'0
59.5
61.0
62.5

0.75
61.4
62.9
64.4
65.9

Note:
Assumptions: BFFS = 70 milh, lane width = 12 ft, lateral clearance = 6 R.
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1.25
64.0
65.5
67.0
68.5

1.75
65.2
66.7
68.2
69.7
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The FFS for rural freeways is sensitive to the average interchange spacing for
spacing under 1.25 mi. Exhibit 23-13 can be used to determine the FFS for rural
freeways given the average interchange spacing.
EXHIBIT 23-13. RURAL FREEWAY FFS
(SEE FOOTNOTE FOR ASSUMED VALUES)

Interchange Spacing (mi)
Note:
Assumptions: BFFS = 75 milh, lane width = 12 ft, lateral clearance = 6 ft.

The v/c ratio has relatively little effect on speed until it exceeds 54 to 80 percent,
depending on FFS. FFS (which is sensitive to lane width, shoulder width, number of
lanes, and interchange spacing) has more effect on mean speed at low v/c ratios than the
V/Cratio itself (see Exhibit 23-14).
EXHIBIT 23-14. FREEWAY SPEED-FLOW AND V/C RATIO
80

0
0.20

0.40

0.60
V/C

0.80

1.OO

Ratio

For a rural freeway, the capacity per lane is 2,400 pc/h/ln, based on the assumption
that rural freeways have interchange spacing of greater than 2 mi and two lanes in one
direction. Exhibit 23-15 can be used to determine capacity for urban freeways with
shorter interchange spacing or a different number of lanes.
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EXHIBIT 23-15. URBAN FREEWAY CAPACITY AND INTERCHANGE SPACING
2.00

0

I1

0.00 1
2

4

3

5

Lanes i n One Direction

Guidelines on required
inputs and estimated
values are given in
Chapter 13, "Freeway
Concepts"

The methodology of this chapter can be used to analyze the capacity and LOS of
basic freeway segments. The analyst must address two fundamental questions. First, the
primary output must be identified. Primary outputs typically solved for in a variety of
applications include LOS, number of lanes required (N), and flow rate achievable (v,).
Performance measures related to density (D) and speed (S) are also achievable but are
considered secondary outputs.
Second, the analyst must identify the default values or estimated values for use in the
analysis. Basically, the analyst has three sources of input data:
1. Default values found in this manual,
2. Estimates and locally derived default values developed by the user, and
3. Values derived from field measurements and observation.
A value for each input variable must be supplied to calculate the outputs, both primary
and secondary.
A common application of the method is to compute the LOS of an existing segment
or a changed facility in the near term or distant future. This type of application is often
termed operational, and its primary output is LOS, with secondary outputs for density and
speed. Another application is to check the adequacy of or to recommend the number of
lanes for a basic freeway segment given the volume or flow rate and LOS goal. This type
of application is termed design, since its primary output is the number of lanes required
to serve the assumed conditions. Other outputs from this application include speed and
density. Finally, the achievable flow rate, vp, can be calculated as a primary output. This
analysis requires an LOS goal and a number of lanes as inputs and typically estimates the
flow rate that will cause the highway to operate at an unacceptable LOS.
Another general type of analysis can be termed planning. This type of analysis uses
estimates, HCM default values, and local default values as inputs in the calculation.
LOS, number of lanes, or flow rate can be determined as outputs along with the
secondary outputs of density and speed. The difference between planning analysis and
operational or design analysis is that most or all of the input values in planning analysis
come from estimates or default values, but the operational and design analyses tend to use
field measurements or known values for most or all of the input variables. Note that for
each of the analyses, FFS, either measured or estimated, is required as an input in the
computation.
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SEGMENTING THE FREEWAY
Capacity or LOS analysis requires that the freeway segment have uniform traffic
conditions and roadway characteristics. Thus, a point at which there is a change in either
the traffic or roadway conditions typically represents an endpoint of the analysis segment.
A number of locations on a freeway form natural boundaries of uniform segments.
Any on-ramp or off-ramp is such a boundary, since the volume of freeway traffic
changes. The beginning and end of simple or composite grades also act as boundaries.
Any point at which the traffic or roadway conditions change should be used as a
boundary between uniform segments, each of which should be analyzed separately.
In addition to the natural boundaries created by on-ramps and off-ramps, the
following conditions generally dictate that the freeway segment under analysis be
segmented:
Change in the number of lanes,
Change in the right-shoulder lateral clearance,
Grade change of 2 percent or more or constant upgrade longer than 4,000 ft and
Change in speed limit.
COMPUTATIONAL STEPS
The basic freeway segments worksheet for computations is shown in Exhibit 23-16.
The analyst provides general information and site information for all applications.
For operational (LOS) analysis, all speed and flow data are entered as inputs.
Equivalent flow is then computed with the aid of the exhibits for passenger-car
equivalents. FFS is estimated by adjusting a base FFS. Finally, LOS is determined by
entering (with vp) the speed-flow graph at the top of the worksheet and intersecting the
specific curve that has been selected or constructed for the freeway segment.
This point of intersection identifies the LOS and (on the vertical axis of the graph)
the estimated speed, S. If the analyst requires a value for density (D), it is calculated as
vp/S.
The key to design analysis for number of lanes (N) is establishing an hourly volume.
All information, with the exception of number of lanes, can be entered in the flow input
and speed input portion of the worksheet (see Exhibit 23-16). An FFS, either computed
or measured directly, is entered on the worksheet. The appropriate curve representing the
FFS is established on the graph. The required or desired LOS is also entered. Then the
analyst assumes N and computes flow, vp, with the aid of the exhibits for passenger-car
equivalents. LOS is determined by enteiing the speed-flow graph with vp at the top of the
worksheet. Then, the derived LOS is compared with the desired LOS. This process is
then repeated, adding one lane to the previously assumed number of lanes, until the
determined LOS matches or is better than the desired LOS. Density is calculated using
vp and S.
The objective of design analysis for flow rate, vp, is to estimate the flow rate in
passenger cars per hour per lane given a set of traffid, roadway, and FFS conditions. A
desired LOS is entered on the worksheet. Then, the FFS of the segment is established
using either the BFFS and the four adjustment factors or an FFS measured in the field.
Once this facility speed-flow curve is established, the analyst can determine what flow
rate is achievable with the given LOS. This would be considered the maximum flow rate
achievable or allowable for the given level. The average passenger-car speed is also
directly available from the graph. Finally, if required, a value for density can be directly
calculated, using the flow rate and the average speed.

Operational (LOS)

Design (N)

Design (vJ
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EXHIBIT 23-16. BASIC FREEWAY SEGMENTS WORKSHEET
BASIC FREEWAY SEGMENTS WORKSHEET
Applicalion
Operalional (LOS)
Design (N)
Design (v,)
Planning (LOS)
Planning (N)
Planninq (v,)

I 1

--

--

General Information

-- --

0

Volume, V
Annual avg dally lrallc, M D T
Peak-hour proport~on01 PADT, K
Peak-hour d~recl~on
propoillon. D
DDHV= M D T * K ' D
Dnver iype

I

R CommulerlWeekday

vehlday

I I

ve hl h
0 RecreabonallWeekend

R

0

Peak-hour faclor, PHF
% Trucks and buses, PT

0 Level R Rolling R Mounla~nous
Grade

Lenqlh

ml

UplDown

YO

---

-1

Calculate Speed Adjustments and FFS

Lane width
N.-shoulder laleral clearance
lnlerchange densiiy
Number of lanes. N
FFS (measured)
Base free-llow speed, BFFS

R
II
Ilmi

f1w
ILC
'ID
fn

milh
milh

milh
milh
milh
milh
milh

FFS= BFFS-I,-I,,-flD-f,

I

LOS and Performance Measures
Operallonal (10s) or Plann~ng(LOS)

=

Vpr?DHV.
PHF N ,1 I,

S
D =v,/S
10s
Des~gn(v,) or Plann~ng(vd
LOS

v~
V=vp'PHF*N+IHv'fp
S
D =v,IS

Deslgn (N) or Plannlng (N) 1st llerabon
pc/h/ln
m~lh
pc/m~/ln

N
V
vp
LOS DDHV -

Number of lanes
Hourly volume
Flow rale
Level of service
Dlrecbonal destgn-hour volume

N
V, =
. : ,po. :HP

assumed
pc/h/ln

fp

LOS
Des~gn(N) or Plann~ng(N) 2nd lleralion
N

VF

pc/h/ln
ve hl h
m~lh
pc/m~/ln

Glossary
--

-

R

% RVs, P,
General lerraln

Speedlnputs
. . .

vp

Planning (LOS)
Planning (vJ
Planning (N)

H~ghwaylD~recl~on
01 Travel
FroMo
Junsd~cl~on
Analys~sYear

.- -.

I

---I

Site Information

R

0

LOS, S, D
N, S. D
v, S. D
LOS, S, D
N, S. D
v., S, D

-

I

Analysl
Agency or Company
Dale Periormed
Analys~sT~mePenod

FFS, N, v,
FFS, LOS, v,
FFS, LOS. N
FFS. N, PADT
FFS. LOS. PADT
FFS. LOS. N

PH:Pk?qE.

fp

S
D = v,/S
LOS

assumed
pc/h/ln
m~lh
pc/m~/ln

Factor Location
S -Speed
D - Densty
FFS - Free-flow speed
BFFS- Base free-flow speed

E, - Exhlb~ls23-8.23-10
E, - Exhlb~k23-8.23-9,23-11
- Page 23-12
LOS, S, FFS, v, - Exh~blk23-2,234

I,

I, - Exhlblt 23-4
,f - Exh1b1123-5
I, - Exhlb1123-6
flD - Exhlb1123-7

PLANNING APPLICATIONS
The three planning applications-planning for LOS, flow rate (vp), and number of
lanes (N)--correspond directly to the procedures described for operations and design.
The primary criterion categorizing these as planning applications is the use of estimates,
HCM default values, and local default values as inputs into the calculations. The use of
annual average daily traffic (AADT) to estimate directional design-hour volume (DDHV)
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Existing four-lane freeway, rural area, very restricted geometry, rolling
The Freeway
terrain, 70-mi/h speed limit.

The Question

What is the LOS during the peak hour?

The Facts
4 Two lanes in each direction,
4 I 1-ft lane width,
4 2-ft lateral clearance,
4 Commuter traffic,
4 2,000-veh/h peak-hour volume

4

5 percent trucks,

4 0.92 PHF,

4
4

1 interchange per
mile, and
Rolling terrain.

(one direction),

I

Comments
4 Assume 0 percent buses and RVs since none are indicated.
4 Assume BFFS of 75 mi/h for rural areas.
I/ Assume that the number of lanes doas not affect free-flow speed, since the
freeway is in a rural area.
4 Assume f p = 1.00 for commuter traffic.
All input parameters are known. Demand is computed in terms of
Outline of Solution
passenger cars per hour per lane, an FFS is estimated, and the LOS is determined from
the speed-flow graph. An estimate of passenger-car speed is determined from the graph,
and a value of density is calculated using speed and flow rate. The calculation of speed is
based on the equation found in Exhibit 23-3.

Steps

1.

Convert volume (veh/h) to flow rate
(pc/h/ln) (use Equation 23-2).

2. Find fHV (use Exhibit 23-8 and
Equation 23-3).

1 3.
4.

1 5.

Find vp (use Equation 23-2).

FFS = 75 - 1.CJ - 2.4 - 0.0 - 2.5
FFS = 68.2 mi/h
I

Determine level of service (use Exhibit LOS B

The Results
LOS = B,
Speed = 68 milh, and
Density = 17 pc/mi/ln.
I

Chapter 23 - Basic Freeway Segments
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FFS= BFFS-fLw -fL,-f,-f,,

Compute free-flow speed (use
Exhibits 23-4,23-5,23-6,23-7,and
Equation 23-1).
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Example Problem 1

BASIC FREEWAY SEGMENTS WORKSHEET
Applicalion
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Desigr. (N)
Design (vp)
Planning (LOS)
Planning (N)
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---
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-.
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5

Sb RVs. P,
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a
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---
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%

-

1 1

Calculate Flow Adjustments

-I

I

Lane width
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Numberof lanes. N
FFS (measured)
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7
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Speed Inputs -
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--
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LOS

N
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N
- Number of lanes
V
- Hourly volume
vp
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LOS - Level of serv~ce
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P

1
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The Freeway

New suburban freeway is being designed.

The Question

How many lanes are needed to provide LOS D during the peak hour?

The Facts
-d 4,000 veh/h (one direction),
4 Level terrain,
4 15 percent trucks,
4 12-ft lane width,

4
4
4
4

0.85 PHF,
1.50 interchanges per mile,
3 percent RVs, and
6-R lateral clearance.

Comments
4 Assume commuter traffic. Thus, fp = 1.00.
4 Assume BFFS of 70 mi/h.
4 Assume that the number of lanes affects free-flow speed, since the freeway is
being designed in a suburban area.
All input parameters are known. Flow rate, speed, density, and
Outline of Solution
LOS are calculated starting with a four-lane freeway and then increasing the number of
lanes to six, eight, and so forth until LOS D is achieved. The calculation of speed is based
on the equation found in Exhibit 23-3.

Steps
1. Convert volume (vehth) to flow rate
(pc/h/ln) (use Equation 23-2).
2.

Find fHV(use Exhibit 23-8 and Equation
23-3).

3.

For four-lane option (use Equation 23-2).

4.

The four-lane option is not acceptable
since 2544 pc/h/ln exceeds capacity of
2400 pc/h/ln.
For six-lane option (use Equation 23-2).

V
Vp

= (PHF)(N)(f~~)(fp)

1
f " ~ =+
l PT(ET-I)+ PR(ER-1)

vp =

4,000
= 2,544 pc/h/ln
(0.85)(2)(0.925)(1.00)

vp =

4,000
= 1,696 pc/h/ln
(0.85)(3)(0.925)(1.00)

-

5.
6.

7.

Compute free-flow speed for a six-lane
freeway (use Exhibits 23-423-5, 23-6,
23-7, and Equation 23- 1).
Determine level of service (use Exhibit
23-2).

The Results
Six lanes are needed,
LOS = D,
Speed = 62 mi/h, and
Density = 27.4 pc/mi/ln.

Chapter 23 - Basic Freeway Segments
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FFS = BFFS - fLw - fLc - f,
FFS = 70 - 0.0 - 0.0
FFS = 62.0 mi/h
LOS D

- f,,

- 3.0 - 5.0
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I

The Freeway

Existing six-lane freeway in a growing urban area.

The Question What is the current LOS during the peak hour? What LOS will occur in
3 years? When should a fourth lane be added in each direction to avoid an excess of
demand over capacity?
The Facts
4 5,000 vehlh (one direction, existing);
4 Level terrain;
4 5,600 vehlh (one direction, in 3 years);
4 Beyond 3 years, traffic grows at 4 percent
per year;

4
4
4
4

6 lanes;
10 percent trucks;
0.95 PHF; and
FFS = 70 milh
(measured in field).

Comments
4 Since no information is given on possible changes over time, assume that 10
percent trucks, PHF, and FFS remain constant.
4 This problem deals with a variety of demand levels and can most easily be
solved by computing the maximum volume that can be accommodated for each
level of service.
4 Assume 0 percent buses and RVs.
4 Assume commuter traffic.
Outline of Solution The maximum volume (vehlh) for each LOS is computed, the
demand volumes are compared, and a level of service is estimated.
Steps
1. Convert the maximum service flow
rate (pclhlln) for each LOS to vehlh
(use Equation 23-2).
2.

Find fHV (use Equation 23-3 and
Exhibit 23-8).

V
P'

v

= (PHF)(N)(fHv)(fp)
= vp(PHF)(N)(f~v)(fp)
1

f~~

= 1 +PT(ET-l)+PR(ER-I)

fHv = 0.952
3.

Find maximum vp for each LOS (use
Exhibit 23-2).

LOS A, v, = 770 pclhlln
LOS B, vp = 1,260
LOS C, vp = 1,770
LOS D, vp = 2,150
LOS E, v, = 2,400

4.

5.
6.

I 1
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Compute V (vehlh) (use equation from LOS A, V =
Step 1 with fp = 1.00).
LOS B, V =
LOS C, V =
LOS D, V =
LOS E, V =
Compare 5,000 vehlh and 5,600
vehlh with above, determine LOS.
5,600(1.04")
When traffic exceeds 6,512 vehlh, a
fourth lane in each direction will be
n
needed. A compounding equation is
used.

23-22

2,089 vehlh
3,419
4,802
5,833
6,512

= 6,512
= 3.8 years
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EXAMPLEPROBLEM4
The Freeway

Existing four-lane freeway in a rural area.

The Question What is the LOS for both the upgrade and the downgrade directions
during the peak hour?
The Facts
d 2 lanes in each direction,
d 15 percent trucks,
d 0.90 PHF,
d Segment 2, 2,600 ft at 5 percent grade,
d FFS = 70 milh (measured in field,
upgrade direction),

d
d
d

2,300 vehlh peak-hour volume (one
direction),
Segment 1, 3,000 ft at 3 percent
grade, and
FFS = 75 milh (measured
in field, downgrade direction).

Comments
d Assume 0 percent buses and RVs since none are indicated.
d The precise procedure for composite grades is used because there is a segment
steeper than 4 percent and the total length is greater than 4,000 ft.
d Assume fp = 0.95 because drivers are generally unfamiliar with the area.
Outline of Solution The truck performance curves in Appendix A are used to develop
an equivalent grade (i.e., a constant grade that has the same effect on heavy vehicles as
does the composite grade). Demand is computed in terms of passenger cars per hour per
lane, and LOS is determined from the speed-flow graph. The calculation of speed is
based on the equation found in Exhibit 23-3.

Steps
1. Determine equivalent constant
grade ( use Exhibit A23-2).

2.

3.

4.

5.

Convert volume (vehlh) to flow
rate (pclhlln) (use Equation
23-2).
Find f HV (upgrade) (Exhibit 23-9
and Equation 23-3).

Find fHV (downgrade) (use
Exhibit 23- 11 and Equation
23-3).
Find vp (upgrade) (use Equation
23-2).

6.

Find vp (downgrade) (use
Equation 23-2).

7.

Determine LOS (use Exhibit
23-2).
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Using Appendix A, enter 3,000 ft. Speed at top of 3
percent grade is 42 milh. Intersection of horizontal
at 42 milh and 5 percent curve implies trucks have
been on 5 percent for 1,300 ft. A vertical is drawn
at 3,900 ft to the 5 percent deceleration curve, and
a horizontal shows a final truck speed of 27 mith. A
horizontal line at a speed of 27 milh and a vertical
line at 5,600 ft intersect at a composite grade of 5
percent. Similarly, the composite grade for the
downgrade is computed as -1 percent.
V
V~ = (PHF)(N)(f,,)(fp)
1
f ~ ~+ P=T (l E T - l ) + P R ( E R - I )
1
0.769
f ~ +~
0.15(3.0' l
1) + 0=
1
0.930
f ~ ~+0.15(1.5-1)+0=
= l

(0.90)(2)(0.769)(0.95)
vp =

2,300
= 1,446 pclhlln
(0.90)(2)(0.930)(0.95)

LOS C (upgrade and downgrade)
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EXAMPLE PROBLEM5
The Freeway

New urban facility being planned with a forecast opening-day AADT of

75,000vehlday.
The Question What is the minimum number of lanes needed to provide at least LOS D
during the peak hour on opening day? What are the speed and density of traffic for the
proposed number of lanes?
The Facts

.! 75,000vehlday,
.! K = 0.090,
I! Directional split = 55/45,and
.! Rolling terrain.
Comments
.! Several input variables (FFS, PHF, percent trucks) are not given. Reasonable
default values are selected as FFS = 70 m i h (in lieu of field measurement),
PHF = 0.90,10 percent trucks, and 0 percent RVs.
-\I Assume commuter traffic (fp = 1.00).
Flow rate, speed, density, and LOS are calculated starting with a
Outline of Solution
four-lane freeway and then increasing the number of lanes to six, eight, and so forth until
LOS D is achieved. The calculation of speed is based on the equation found in Exhibit

23-3.
Steps
1. Convert AADT to design-hour volume.

DDHV
DDHV
DDHV

2. Find fHv (use Exhibit 23-8and
Equation 23-3).

r
1
1

3. For four-lane option (use Equation
23-2).

=

11

= AADT * K D
= 75,000 0.090 0.55
= 3,713vehlh

1

I + PT(ET- 1)+ PR(ER- I)

= 2,371 pclhlln

3,713

vp = fO.901f21fO.8701~1.001
,
,,,,
,
,\

4. Determine level of service (use Exhibit LOS E
23-2).
5. For six-lane option (use Equation
3,713
vp =
23-2).
(0.90)(3)(0.870)(1.00)
v, = 1,581 pclhlln
6. Determine level of service (use Exhibit LOS C
23-2).
S = 69.5 milh
7. Calculate speed and density
D = 22.8 pclmilln
The Results
Six lanes are needed,
LOS = C,
Speed = 70 milh, and
Density = 23 pclmilln.
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APPENDIX A. COMPOSITE GRADE

In a basic freeway segment analysis, an overall average grade can be substituted for a
series of grades if no single portion of the grade is steeper than 4 percent or the total
length of the grade is less than 4,000 ft. For grades outside these limits (i.e., grades
having either a total length greater than 4,000 ft or portions steeper than 4 percent, or
both), the composite grade procedure is recommended. The composite grade procedure is
used to determine an equivalent grade that will result in the same final truck speed as
would a series of varying grades.
As noted in the chapter, the acceleration/deceleration curves presented here are for
vehicles with an average weight-to-power ratio of 200 lb/hp, heavier than typical trucks
found on freeways. Typical trucks, which average between 125 and 150 lb/hp, are used
to determine passenger-car equivalents.
An example is provided to illustrate the process involved in determining an
equivalent grade on a freeway with two segments. Segment 1 is 5,000 ft long with a 2
percent upgrade, and Segment 2 is 5,000 ft long with a 6 percent upgrade. If the average
grade procedure were used (not valid in this case), the result would be as follows:
Total rise = (5,000 * 0.02) + (5,000 * 0.06) = 400 ft
Average grade = 400/10,000 = 0.04 or 4 percent
The solution for the same freeway conditions using the composite grade procedure is
illustrated in Exhibit A23-1. A vertical line is drawn at 5,000 ft to intersect with the 2
percent deceleration curve, Point 1. The truck speed at this point is determined by
Chapter 23 - Basic Freeway Sections
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drawing a horizontal line to intersect with the vertical axis, Point 2. The speed is 47 milh,
which is the speed the truck exits Segment 1 and enters Segment 2.

I

EXHIBIT A23-1. SAMPLE SOLUTION FORCOMPOSITE GRADE
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The intersection of the horizontal line with the 6 percent deceleration curve is Point
3. A vertical line is drawn at this point to intersect with the horizontal axis, Point 4.
Point 4 indicates that 47 milh is the speed as if the truck has traveled 750 ft on a 6 percent
upgrade from level terrain.
Because the truck travels another 5,000 ft on a 6 percent grade, 5,000 ft is added to
750 ft, and Point 5 is found at 5,750 ft. A vertical line is drawn from Point 5 to intersect
with the 6 percent deceleration curve, Point 6. A horizontal line is drawn at Point 6 to
intersect with the vertical axis. The final truck speed is found to be 23 m i h , Point 7.
The equivalent grade can now be determined by intersecting a horizontal line drawn
at 23 milh with a vertical line drawn at 10,000 ft, Point 8. The equivalent grade is found
to be 6 percent, instead of 4 percent as previously calculated by the average grade
technique. The value of ET can now be determined on the basis of a 6 percent grade and
the length of 10,000 ft.
The general steps taken in solving the problem are summarized as follows.
1. Enter Exhibit A23-2 with an initial grade and length. Find the truck speed at the
end of the first segment.
2. Find the length along the second grade that results in the same truck speed. This
point is used as the starting point for the subsequent segment.
3. Add the length of Segment 2 to the length computed in Step 2. Then determine
the final truck speed.
4. For each additional segment, repeat Steps 1 through 3.
5. Enter Exhibit A23-2 with the final truck speed and the total segment length to
find the equivalent composite grade.
In the analysis, it is important to identify the point at which the truck speed is the
lowest, because its effect on traffic flow is the most severe at that point. Thus, the
appropriate point to evaluate truck speed may not always be the segment endpoint. For
example, if a 4 percent upgrade of 1 mi is followed by 0.5 mi of 2 percent upgrade, the
point of minimum truck speed will be the end of the first segment, not the end of the
following segment.
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EXHIBIT A23-2. PERFORMANCE CURVES FOR TRUCKS (200 Iblhp)
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The composite grade procedure is not applicable in all cases, especially if the first
segment is downgrade and the segment length is long, or the segments are too short. In
using the performance curves, cases that cannot be solved with this procedure will
become apparent to the analyst because lines will not intersect or points will fall outside
the limits of the curves. In such cases, field measurement of speeds should be used as
input to the selection of appropriate truck equivalency values.

APPENDIX B. WORKSHEET

BASIC FREEWAY SEGMENTS WORKSHEET
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I.

INTRODUCTION

SCOPE OF THE METHODOLOGY
Detailed procedures for the analysis of operations in freeway weaving segments are
contained in this chapter. Guidelines are also given for the application of these
procedures to weaving segments on multilane highways.
A discussion of basic concepts and definitions is given in Chapter 13, "Freeway
Concepts." This section contains a complete discussion and definition of unconstrained
and constrained operations in weaving segments and of the three types of weaving
configuration: Type A, Type B, and Type C. An understanding of these concepts and
definitions is critical to the coi-rect application of the methodology of this chapter and to
adequately interpret the results of analysis.
The procedures of this chapter have been assembled from a variety of sources and
studies. The form of the speed prediction algorithm was developed as a result of a
research project in the 1980s (I). Concepts of configuration type and type of operation
were developed in an earlier study (2) in the 1970s and updated in another study of
freeway capacity procedures published in 1979 (3). The final weaving procedures for the
1997 HCM are also documented (4). Several other documents describe the development
of weaving segment analysis procedures (5-7).

Background and concepts for
this chapter are given in
Chapter 13, "Freeway
Concepts"

LIMITATIONS OF THE METHODOLOGY
The methodology in this chapter does not specifically address the following subjects
(without modifications by the analyst):
Special lanes, such as high-occupancy vehicle lanes, in the weaving segment;
Ramp metering on entrance ramps forming part of the weaving segment;
Specific operating conditions when oversaturated conditions occur;
Effects of speed limits or enforcement practices on weaving segment operations;
Effects of intelligent transportation system technologies on weaving segment
operations;
* Weaving segments on collector-distributor roadways;
Weaving segments on urban streets; and
Multiple weaving segments.
The last subject, which has been treated in previous editions of this manual, has been
deleted. Multiple weaving segments must now be divided into appropriate merge,
diverge, and simple weaving segments for analysis.

II. METHODOLOGY
The methodology presented in this chapter has five distinct components:
Models predicting the space mean speed (average running speed) of weaving and
nonweaving vehicles in the weaving segment (models are specified for each
configuration type and for unconstrained and constrained operations);
Models describing the proportional use of lanes by weaving and nonweaving
vehicles, used to determine whether operations are unconstrained or constrained;
An algorithm that converts predicted speeds to an average density within the
weaving segment;
Definition of level-of-service (LOS) criteria based on density within the weaving
segment; and
A model for the determination of the capacity of a weaving segment.
Exhibit 24-1 summarizes the methodology for freeway weaving segments.
Chapter 24 - Freeway Weaving
Introduction
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EXHIBIT 24-1. FREEWAY WEAVING METHODOLOGY

I

Geometric data
Weaving and nonweaving volumes
- Free-flow speed of freeway segment
before and after the weaving segment
-

-

Peak-hour factor
Heay vehicles
4

Compute flow rates

/

Establish weaving segment
configuration type

\

Compute unconstrained weaving and

Check for constrained-flow
operation

E

If constrained

L
.-

e

d

V)

tI
Cz
S

*I

Compute constrained weaving and
nonweaving speeds

3

I
:

(

Compute average space mean speed
within the weaving segment

Compute density within the
weaving segment

Determine LOS

LOS
The LOS of the weaving segment is determined by comparing the computed density
with the criteria of Exhibit 24-2. A single LOS is used to characterize total flow in the
weaving segment, although it is recognized that in some situations (particularly in cases
of constrained operations) nonweaving vehicles may achieve higher-quality operations
than weaving vehicles.
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LOS

EXHIBIT 24-2. LOS CRITERIA FOR WEAVING SEGMENTS
Density (pclrnilln)
Freeway Weaving Segment
Multilane and Collector-Distributor
Weaving Segments

In general, these criteria allow for slightly higher densities at any given level-ofservice threshold than on a comparable basic freeway segment or multilane highway
segment. This follows the philosophy that drivers expect and will accept higher densities
on weaving segments than on basic freeway or multilane highway segments. The LOS
E/F boundary does not follow this approach. Rather, it reflects densities that are
somewhat less than those identified for basic freeway or multilane highway segments.
Because of the additional turbulence on weaving segments, it is believed that breakdown
occurs at somewhat lower densities than on basic freeway and multilane highway
segments.
WEAVING SEGMENT PARAMETERS
Exhibit 24-3 illustrates and defines the variables that are used in the analysis of
weaving segments. These variables are used in the algorithms that make up the
methodology.
All existing or projected roadway and traffic conditions must be specified when
applying the methodology. Roadway conditions include length of the segment, number
of lanes, type of configuration under study, and type of terrain or grade conditions. If
freeway free-flow speed (FFS) is not known, the characteristics of the basic freeway
segment or multilane highway must be specified to allow its determination using the
algorithms of Chapter 21 or 23.
DETERMINING FLOW RATES
All of the models and equations in this chapter are based on peak 15-min flow rates
in equivalent passenger cars per hour. Thus, hourly volumes must be converted to this
basis using Equation 24-1.
v

=

If 15-min flow rates are
specified initially, set the PHF
to 1.00 before applying this
conversion

PHF fHv f p

where

v
V
f,,. . .

= peak 15-min flow rate in an hour (pclh),
= hourly volume (vehlh),

= heavy-vehicle adjustment factor (from basic freeway segment or

multilane highway methodology), and
fp

= driver population factor (from basic freeway segment or multilane

highway methodology).

WEAVING SEGMENT DIAGRAM
After volumes have been converted to flow rates, it is useful to construct a weaving
diagram of the type shown in Exhibit 24-4. All flows are shown as flow rates in
equivalent passenger cars per hour, and critical analysis variables are identified and
placed on the diagram. The diagram may now be used as a reference for all input
information required in applying the methodology.

I
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EXHIBIT 24-3. PARAMETERS AFFECTING WEAVING SEGMENT OPERATIOI\I

* vo1 or '402
Vwl

or Vw2

Vwl
vol

orvw2
orvo2

Number of lanes to be used by weaving vehicles if unconstrained operation is to be
Maximum number of lanes that can be used by weaving vehicles for a given
Number of lanes used by nonweaving vehicles
Total flow rate in the weaving segment (pclh)
Larger of the two outer, or nonweaving, flow rates in the weaving segment (pclh)
Smaller of the two outer, or nonweaving, flow rates in the weaving segment (pclh)
Larger of the two weaving flow rates in the weaving segment (pclh)
Smaller of the two weaving flow rates in the weaving segment (pclh)
Total weaving flow rate in the weaving segment (pclh) (v, =,v, + vw2)
Total nonweaving flow rate in the weaving segment (pclh) (v, = v, + vO2)
Volume ratio; the ratio of weaving flow rate to total flow rate in the weaving segment

Speed of weaving vehicles in the weaving segment (milh)
Speed of nonweaving vehicles in the weaving segment (milh)
Speed of all vehicles in the weaving segment (milh)
Density of all vehicles in the weaving segment (pclmilln)

EXHIBIT 24-4. CONSTRUCTION AND USE OF WEAVING DIAGRAMS
I5nn

Segment and flows

A

B
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WEAVING SEGMENT CONFIGURATION
Weaving segment configuration is based on the number of lane changes required of
each weaving movement. A complete discussion of this concept is found in Chapter 13.
Exhibit 24-5 may be used to establish configuration type.

See Chapter 13 for diagrams
and concepts of the three
weaving segment
configurations

EXHIBIT 24-5. DETERMINII\JGCONFIGURATION TYPE

1
Number of Lane Changes
Reouired bv Movement v,,,,

Number of Lane Changes Required by Movement v,,
0

0

Type B
Type C

1
22

I

I
1
Type B
Type A
NIA

1

22

Type C
NIA
NIA

Note:
NIA = not applicable; configuration is not feasible.

The three types of geometric configurations are defined as follows:
Type A-Weaving vehicles in both directions must make one lane change to
successfully complete a weaving maneuver.
Type B-Weaving vehicles in one direction may complete a weaving maneuver
without making a lane change, whereas other vehicles in the weaving segment must make
one lane change to successfully complete a weaving maneuver.
Type C-Weaving vehicles in one direction may complete a weaving maneuver
without making a lane change, whereas other vehicles in the weaving segment must make
two or more lane changes to successfully complete a weaving maneuver.
DETERMINING WEAVING AND NONWEAVING SPEEDS
The heart of the weaving segment analysis procedure is the prediction of space mean
speeds of weaving and nonweaving flows within the weaving segment. They are
predicted separately because under some conditions they can be quite dissimilar, and the
analyst must be aware of this.
The algorithm for prediction of average weaving and nonweaving speeds may be
generally stated by Equation 24-2.

where
Si

= average speed of weaving (i = w) or nonweaving (i = nw) vehicles

(mih),
Smi,
S,
Wi

= minimum speed expected in a weaving segment (milh),
= maximum speed expected in a weaving segment (milh), and
= weaving intensity factor for weaving (i = w) and nonweaving (i = nw)

flows.
For the purposes of these procedures, the minimum speed, Smi,, is set at 15 milh.
The maximum speed, S,
is taken to be the average free-flow speed of the freeway
segments entering and leaving the weaving segment plus 5 m i h . The addition of 5 milh
to the free-flow speed adjusts for the tendency of the algorithm to underpredict high
speeds. Setting the minimum and maximum speeds in this way constrains the algorithm
to a reasonable prediction range. With these assumptions incorporated, the speed
prediction is given by Equation 24-3.

Chapter 24 - Freeway Weaving
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Attributes of weaving
segments captured by
the model

where SFFis thc average free-flow speed of the freeway se-gnents entering and leaving
the weaving segment (milh).
Initial estimates of speed are always based on the assumption of unconstrained
operation. This assumption is later tested, and speeds are recomputed if operations turn
out to be constrained.
The combination of Equations 24-2 and 24-3 yields sensitivities that are consistent
with observed operations of weaving segments.
As the length of the weaving se,gnent increases, speeds also increase, and the
intensity of lane changing declines.
As the proportion of weaving vehicles in total flow (VR) increases, speeds
decrease, reflecting the increased turbulence caused by higher proportions of weaving
vehicles in the traffic stream.
As average total flow per lane (v/N) increases, speeds decrease, reflecting more
intense demand.
Constrained operations yield lower weaving speeds and higher nonweaving speeds
than unconstrained operations. This reflects the fact that weaving vehicles are
constrained to less space than equilibrium would require, whereas nonweaving vehicles
have correspondingly more than their equilibrium share of space. In Exhibit 24-6, this is
reflected by differences in the constant a.

EXHIBIT 24-6. CONSTANTSFOR COMPUTATION OF WEAVING INTENSITY FACTORS
General Form
a,l+v~,b(~).

W=

Ld

Constants for Weaving Speed, S,

a

I

b

Unconstrained
Constrained

0.15
0.35

2.2
2.2

Unconstrained
Constrained

0.08
0.15

2.2
2.2

Unconstrained
Constrained

0.08
0.14

2.3
2.3

l

Constants for Nonweaving Speed, S,,

1

a
b
c
d
Type A Configurat~on
0.0035
0.80
0.97
0.80
0.97
0.0020
Type B Configuration
0.0020
0.50
0.70
0.0010
0.70
0.50
Configuration
Type C
0.0020
0.80
0.60
0.60
0.0010
0.80

l

c

1

d

4.0
4.0

1.3
1.3

0.75
0.75

6.0
6.0

1 .O
1 .O

0.50
0.50

6.0
6.0

1 .I
1 .I

0.60
0.60

Type B configurations are the most efficient for handling large weaving flows.
Weaving speeds of such flows are higher than for Type A and C configuratioils of equal
length and width.
The sensitivity of speeds to length is greatest for Type A configurations, because
weaving vehicles are often accelerating or decelerating as they traverse the weaving
segment.
The sensitivity of nonweaving speeds to the volume ratio (VR) is greatest for Type
B and C configurations. Because these configurations can accommodate higher
proportions of weaving vehicles and because each has a through lane for one weaving
movement, nonweaving vehicles are more likely to share lanes with weaving vehicles
than in Type A configurations, where the opportunity to segregate is greater.
The last point is important and serves to highlight the essential difference between
Type A configurations (particularly ramp-weaves) and others (Types B and C). Because
all weaving vehicles must cross a crown line in Type A segments, weaving vehicles tend
to concentrate in the two lanes adjacent to the crown line, whereas nonweaving vehicles
Chapter 24 - Freeway Weaving
Methodology
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gravitate to outer lanes. Thus there is substantially more segregation of weaving and
nonweaving flows in Type A configurations.
This difference makes Type A segments behave somewhat differently from other
configurations. Speeds lend to be higher in Type A segments than in Types B or C given
the same length, width, and demand flows. However, this does not suggest that Type A
segments always operate better than Types B or C for similar lengths, widths, and flows.
Type A segments have more severe restrictions on the amount of weaving traffic that can
be accommodated than do other configurations.

Determining Weaving lntensity
The weaving intensity factors (W, and W,,) are a measure of the influence of
weaving activity on the average speeds of both weaving and nonweaving vehicles. These
factors are computed by Equation 24-4.

where
Wi

VR

v
N
L
a, b, c, d

= weaving intensity factors for weaving (i = w) and nonweaving (i = nw)

flows;
volume ratio;
total flow rate in the weaving segment (pclh);
total number of lanes in the weaving segment;
length of the weaving segment (ft); and
= constants of calibration.
=
=
=
=

Constants for Computing Weaving Intensity Factors

+

Constants for computation of weaving intensity factors (a, b, c, d) are given in
Exhibit 24-6. Values for these constants vary on the basis of three factors:
* Whether the average speed prediction is for weaving or nonweaving vehicles,
* Configuration type (A, B, or C), and
Whether the operation is unconstrained or constrained.

DETERMINING TYPE OF OPERATION
The determination of whether a particular weaving segment is operating in an
unconstrained or constrained state is based on the comparison of two variables that are
defined in Chapter 13:
Nw = number of lanes that must be used by weaving vehicles to achieve
equilibrium or unconstrained operation, and
Nw(max) = maximum number of lanes that can be used by weaving vehicles for a
given configuration.
Fractional values for lane use requirements of weaving vehicles may occur because
weaving and nonweaving vehicles share some lanes. Cases for which N, < Nw(max) are
unconstrained because there are no impediments to weaving vehicles using the number of
lanes required for equilibrium. If N, 2 N,(max), weaving vehicles are constrained to
using N,(max) lanes and therefore cannot occupy as much of the roadway as would be
needed to establish equilibrium operations. Exhibit 24-7 provides algorithms for the
computation of N, and shows the values of Nw(max), which are discussed more fully in
Chapter 13.

Definition of constrained
weaving segment

Chapter 24 - Freeway Weaving
Methodology

Highway Capacity Manual 2000
EXHIBIT 24-7.CRITERIA FOR UNCONSTRAINED VERSUS CONSTRAINED OPERATION OF
WEAVllVG SEGMENTS
Configuration
Type A
Type B

N,(max)
f
i
0,74(N) ~ ~ 0 . 5 7 1 ~ 0 . 2 30.438
4/~
1.4
w

N[0.085 + 0.703VR + (234.81L) - 0.018(S,,
h1[0.761 + 0.047VR - 0.0001 1 - 0.005(Sn,-

- S)],
S,)]

Note:
a. For two-sided weaving segments, all freeway lanes may be used by weaving vehicles.

The equations of Exhibit 24-7 rely on the prediction of unconstrained weaving and
nonweaving speeds. The equations take these results and predict the number of lanes
weaving vehicles would have to occupy to achieve unconstrained speeds. If the result
indicates that constrained operations exist, speeds must be recomputed using constrained
equations.
The limit on maximum number of weaving lanes, N,(max), is most restrictive for
Type A segments and reflects the need for weaving vehicles to cluster in the two lanes
adjacent to the crown line. The through weaving lane in Type B and C configurations
provides for greater occupancy of lanes by weaving vehicles.
Type A segments have another unusual, but understandable, characteristic. As the
length of a Type A segment increases, constrained operation is more likely to result. As
the length increases, the speed of weaving vehicles is also able to increase. Thus,
weaving vehicles use more space as length increases, and the likelihood of requiring more
than the maximum of 1.4 lanes to achieve equilibrium also increases.
Types B and C show the opposite trend. Increasing length has less effect on weaving
speed than in Type A configurations. First, acceleration and deceleration from low-speed
ramps are less of an issue for Types B and C, which are, by definition, major weaving
segments. Second, the substantial mixing of weaving and nonweaving vehicles in the
same lanes makes the resulting speeds less sensitive to length. In Type B and C
segments, the proportion of lanes needed by weaving vehicles to achieve unconstrained
operation decreases as length increases.
The analyst should note that under extreme conditions (high VR, short length), the
equation for Type B segments can predict values of N, > N. While this is not practical
and reflects portions of the research database with sparse field data, it may always be
taken to indicate constrained operations.

DETERMINING WEAVING SEGMENT SPEED
Once speeds have been estimated and the type of operation determined (which may
cause a recomputation of estimated speeds), the average space mean speed of all vehicles
in the segment is computed according to Equation 24-5.

where

Chapter 24 - Freeway Weaving
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S
S,
S,,

= space mean speed of all vehicles in the weaving segment (rnih),
= space mean speed of weaving vehicles in the weaving segment (rnih),
= space mean speed of nonweaving vehicles in the weaving segment

v
v,
v,,

(mih),
= total flow rate in the weaving segment (pch),
= weaving flow rate in the weaving segment (pch), and
= nonweaving flow rate in the weaving segment (pch).
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DETERMlNliVlG DENSITY
The average speed for all vehicles may be used to compute density for all vehicles in
the weaving segment as shown in Equation 24-6.

f

v\l

where D is the average density for all vehicles in the weaving segment (pc/mi/ln).

DETERMINING WEAVING SEGMENT CAPACITY
The capacity of a weaving segment is any combination of flows that causes the
density to reach the LOS E/F boundary condition of 43.0 pc/mi/ln for freeways or 40.0
pc/mi/ln for multilane highways. Thus, capacity varies with a number of variables:
configuration, number of lanes, free-flow speed of the freeway or multilane highway,
length, and volume ratio. Because of the form of predictive algorithms, generation of a
simple closed-form solution for capacity given the specification of the other variables is
not possible. Rather, a trial-and-error process must be used.
Exhibit 24-8 shows tabulated values of weaving segment capacity for a number of
situations. As a rough estimate, straight-line interpolation may be used for intermediate
values. The tabulated capacities reflect some other limitations on weaving segment
operations that reflect field observations:
The capacity of a weaving segment may never exceed the capacity of a similar
basic freeway or multilane highway segment.
Field studies suggest that weaving flow rates should not exceed the following
values: 2,800 pc/h for Type A, 4,000 pc/h for Type B, and 3,500 pc/h for Type C
configurations. Even though higher weaving flows have been observed, they are likely to
cause failure regardless of the results of analysis using the procedures in this manual.
* Field studies indicate that there are also limitations on the proportion of weaving
flow (VR) that can be accommodated by various configurations: 1.00,0.45, 0.35, or 0.20
for Type A with two, three, four, or five lanes, respectively; 0.80 for Type B; and 0.50 for
Type C. At higher volume ratios, stable operations may still occur, but operations will be
worse than those anticipated by the methodology, and failure could occur.
For Type C segments, the weaving ratio, R, should not exceed 0.40, with the larger
weaving flow being in the direction of the through weaving lane. At higher weaving
ratios or where the dominant weaving flow is not in the direction of the through weaving
lane, stable operations may still occur, but operations will be worse than those estimated
by the methodology. Breakdown may occur in some cases.
* The maximum length for which weaving analysis is conducted is 2,500 ft for all
configuration types. Beyond these lengths, merge and diverge areas are considered
separately using the methodology of Chapter 25, "Ramps and Ramp Junctions."
As noted previously, the capacity of a weaving segment is represented by any set of
conditions that results in an average density of 43 pc/mi/ln (for freeways) or 40 pc/mi/ln
(for multilane highways). Thus, capacity varies with the configuration, the length and
width of the weaving segment, the proportion of total flow that weaves (VR), and the
free-flow speed of the freeway. For any given set of conditions, the algorithms described
herein must be solved iteratively to find capacity.

Capacity of a weaving
segment defined

Capacity attributes of weaving
segrnents
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EXHIBIT 24-8. CAPACITY FORVARIOUS WEAVING SEGMENTS

Volume Ratio,
VR

(A) Type A Weaving Segments-75-mi/h Free-Flow Speed
Length of Weaving Segment (ft)
2,000
500
1,000
1,500

2,500a

Three-Lane Segments

0.10

0.10
0.20s

Volume Ratio.
VR

8,040

1

9,600b

Five-Lane Segments
10,050
11,340
12,000~
12,000b
1O,54OC
11,27Oc
11,79Oc
9,100
(B) Type A Weaving Segments-65-milh Free-Flow Speed
Length of Weaving Segment (ft)
500
1000
1.500
2,000

1

0.10
0.20
0.30
0.40
0.45d

5,570
5,070
4,670
4,330
4,190

0.10
0.20
0.30
0.39

7,430
6,760
6,18Oc
5,87Oc

0.10
0.209

9,290
8,450

Notes:
Refer to the last page of Exhibit 24-8.
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Four-Lane Segments
9,070
9,600b

1

Three-Lane Seaments
6,620
6,230
5,740
6,130
5,320
5,720
4,950
5,O9OC
4,520'
4,87Oc
Four-Lane Segments
8.310
8,830
7,660
8,170
7,470'
6,970'
6,620'
7,12Oc
Five-Lane Seaments
11,040
10,390
9,700'
1O,32OC

1

9,600~

12,000b
12,000b

1

7,050~
6,620
6,220
5,570'
5,34Oc

6,890
6,410
6,000
5,360'
5,l 40'
9,190
8,550
7,830'
7,470'
11,490
10,760'

2.500a

I

9,400~
8,830
8,11Oc
7,76Oc
11,750b
11,O9OC
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EXHIBIT 24-8 (CONTINUED). CAPACITY FOR VARIOUS WEAVING SEGMENTS

Volume Ratio,

0.10

0.1 0
0.20

(C) Type A Weaving Segments-60-mi/h Free-Flow Speed
Length of Weaving Segment (ft)
500
1,000
1,500
2,000

2,500a

5,330

Three-Lane Segments
5,940
6,280

6,520

6,700

7,110
6,500

Four-Lane Segments
8,380
7,920
7,800
7,310

8,690
8,140

8,930
8,42Oc

(D) Type A Weaving Segments-55-milh Free-Flow Speed
Length of Weaving Segment (ft)
1,000
500
2,000
1,500

2,500a

1

Five-Lane Seaments

Volume Ratio,
VR
0.10
0.20
0.30
0.40
0.45d

5,080
4,660
4,300
4,010
3,880

0.10
0.20
0.30
0.35e

6,780
6,210
5,71Oc
5,44Oc

0.1 0
0.20s

8,480
7,960'

Three-Lane Seaments
5,630
5,940
5,210
5,550
5,190
4,850
4,67Oc
4,36Oc
4,48Oc
4,18Oc
Four-Lane Segments
7,500
7,920
6,950
7,400
6,38Oc
6,78Oc
6,O9OC
6,49Oc
Five-Lane Segments
9,380
9,900
8,8OOC
9,32Oc

6,140
5,770
5,430
4,89Oc
4,7OOC

6,300
5,940
5,610
5,O7OC
4,88Oc

8,190
7,690
7,O9OC
6,8OOC

8,400
7,940'
7,31Oc
7,O3OC

10,240
9,66Oc

10,510
9,93Oc

Notes:
Refer to the last page of Exhibit 24-8.
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EXHIBIT 24-8 (CONTINUED). CAPACITY FOR VARIOUS WEAVING SEGMENTS

Volume Ratio.
VR

1

(E) Type B Weaving Segments-75-milh Free-Flow Speed
Length of Weaving Segment (ft)
500
1.000
1.500
2.000

1

0.1 0
0.20
0.30
0.40
0.50
0.60
0.70
0.80h

7,200b
6,810
6,120
5,540
5,080
4,750
4,180
3,890

0.1 0
0.20
0.30
0.40
0.50
0.60
0.70
0.80h

9,600~
9,090
8,160
7,390
6,660'
6,O6OC
5,57Oc
5,000'

0.1 0
0.20
0.30
0.40
0.50
0.60
0.70
0.8Oh

12,00Ob
1 1,360
10,200
9,25Oc
8,000'
6,670'
5,760'
5,000'

Notes:
Refer to the last page of Exhibit 24-8.
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1

Three-Lane Seaments
.,
7,200~
7,200b
7,200~
7,200~
6,670
7,000
6,090
6,430
5,620
5,940
5,250
5,560
4,980
5,290
4,810
5,000'
Four-Lane Segments
9,600~
9,600~
9,600~
9,600~
8,900
9,330
8,120
8,570
7,490
7,920
6,670'
6,670'
5,760'
5,760'
5,000'
5,000'
Five-Lane Segments
12,000b
12,000b
12,000~
12,000b
11,120
11,670
10,000'
10,000'
8,000'
8,000'
6,670'
6,670'
5,760'
5,760'
5,000'
5,000'

1

1

2,500'

7,200~
7,200~
7,230
6,650
6,170
5,790
5 5 10
5,000'

7,200~
7,200~
7,200~
6,830
6,360
5,970
5,690
5,000'

9,600~
9,600~
9,600~
8,860
8,000'
6,670'
5,760'
5,000'

9,600~
9,600~
9,600~
9,110
8,000'
6,670'
5,760'
5,000'

12,000b
12,000~
12,000~
10,000'
8,000'
6,670'
5,760'
5,000'

12,000b
12,000~
12,000~
10,000'
8,000'
6,670'
5,760'
5,000'
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EXHIBIT 24-8 (CONTINUED). CAPACI'N FOR VARIOUS WEAVING SEGMENTS

Volume Ratio,
VR

(F) Type B Weaving Segments-65-milh Free-Flow Speed
Length of Weaving Segment (R)
1,000
1,500
2,000
500

0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80h

9,240
8,300
7,490
6,810
6,180'
5,640'
5,210'
4,870'

0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80h

11,550
1,0370
9,360
8,540'
7,720'
6,670'
5,760'
5,000'

Three-Lane Segments
7,050b
7,050b
6,670
6,930
6,090
6,360
5,590
5,870
5,170
5,460
4,850
5,120
4,620
4,880
4,460
4,720
Four-Lane Searnents
"
9,400b
9,400b
8,900
9,240
8,120
8,480
7,450
7,830
6,900
7,280
6,670'
6,470
5,760~
5,730
5,000'
5,000'
Five-Lane Segments
11,750~
11,750~
11,120
11,550
10,610
10,150
9,320
9,790
8,000'
8,000'
6,670'
6,670'
5,760'
5,760'
5,000'
5,000'

2,500a

7,050~
7,050~
6,560
6,070
5,650
5,320
5,070
4,920

7,050b
7,050~
6,700
6,220
5,810
5,470
5,230
5,000~

9,400b
9,400b
8,740
8,090
7,540
6,670'
5,760'
5,000'

9,400~
9,400"
8,930
8,300
7,740
6,670'
5,760'
5,000'

11,750b
1 1,750b
10,930
10,000'
8,000'
6,670'
5,760'
5,000'

11,750"
11,750b
11,170
10,000~
8,000'
6,670'
5,760'
50,00f

Notes:
Refer to the last page of Exhibit 24-8.
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EXHIBIT 24-8 (CONTINUED). CAPACITY FOR VARIOUS WEAVING SEGMENTS

(G) Type 8 Weaving Segments-60-milh
Volume Ratio,
VR

1

500

0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80h

6,540
5,900
5,340
4,880
4,520
4,230
4,020
3,52Oc

0.10
0.20
0.30
0.40
0.50
0.60

8,720
7,860
7,120
6,510
5,92Oc
5,42Oc

Free-Flow Speed
Length of Weaving Segment (ft)
1,000
1.500
2.000

1

Three-Lane Segments
6,900~
6,890
6,540
6,320
6,040
5,780
5,570
5,320
5,200
4,940
4,890
4,640
4,670
4,420
4,520
4,280
Four-Lane Segments
9,190
9,200~
8,420
8,730
7,710
8,050
7,090
7,430
6,590
6,930
6,190
6,520

Five-Lane Segments
11,490
11,500~
10,530
10,910
9,640
10,070
8,860
9,290
8,000'
8,000'
6,670'
6,670'
5,760'
5,760'
5,000'
5,000'
Notes:
Refer to the last page of Exhibit 24-8.
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2.500a

6,900~
6,700
6,210
5,760
5,380
5,080
4,850
4,700

6,900~
6,810
6,340
5,900
5,520
5,220
4,990
4,840

9,200~
8,930
8,280
7,690
7,180
6,670'

9,200~
9,090
8,450
7,860
7,370
6,670'

11,500~
11,170
10,350
9,610
8,000'
6,670'
5,760'
5,000'
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EXHIBIT 24-8 (CONTINUED). CAPACITY FOR VARIOUS WEAVING SEGMENTS

Volume Ratio,
VR

(H) Type B Weaving Segments-55-milh Free-Flow Speed
Length of Weaving Segment (ft)
500
1,000
1,500
2,000

1

1

1

2.5OOa

Three-Lane Seaments

0.10

8,210

Four-Lane Segments
8,620
8,850

9,000~

Five-Lane Segments
10,780
11,060

11,250~

9,000b

1

11,250b

Notes:
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EXHIBIT 24-8 (CONTINUED). CAPACITY FOR VARIOUS WEAVING SEGMENTS

Volume Ratio,

(1) T V DC~ Weavina Seaments-75-milh Free-Flow SDeed
Length of Weaving Segment (ft)
2,000
500
1,000
1,500

2,500a

VR

Three-Lane Segments
7,200~
7,200~
7,200~
7,200~
6,530
6,920
5,960
6,340
5.490
5.870
Four-Lane Segments
9,600~
9,600~
9,600~
9,600~
8,710
9,220
7,950
8,450
7,000'
7,000'
Five-Lane Seaments

0.40
0.50;

7,200~
6,580
5,880
5,330
4.890

0.10
0.20
0.30
0.40
0.501

9,600~
8,780
7,850
7,110
6,520

0.50'

7,000'
7,000'
7,000'
7,000'
(J) Type C Weaving Segments-65-milh Free-Flow Speed
Length of Weaving Segment (ft)
1,500
2,000
500
1,000

Volume Ratio,
VR
0.10
0.20
0.30
0.40
0.50i

6,740
6,010
5,420
4,930
4,540

Three-Lane Segments
7,050~
7,050b
6,570
6,870
6,310
5,970
5,480
5,810
5,070
5,400
Four-Lane Seaments
9,400~
9,400~
8,760
9,160
7,970
8,410
7,310
7,750

1

Five-Lane Segments

7,000'
Notes:
Refer to the last page of Exhibit 24-8.
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7,000'

9,600~
9,600~
9,590
8,750
7,000'

I

7,050~
7,050~
6,530
6,040
5,640

9,600~
9,600~
9,600b
8,750
7,000'

7,000'

2,500a

1

7,050~
7,050~
6,700
6,230
5,820
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EXHIBIT 24-8 (CONTINUED). CAPACITY FOR VARIOUS WEAVING SEGMEIITS

Volume Ratio,
VR

1
1

(K) Type C Weaving Segments-60-milh Free-Flow Speed
Length of Weaving Segment (fl)
1,500
2.000

I

1 1 1

0.50i

6,380
5,730
5,170
5,720
4,360

0.10
0.20
0.30
0.40
0.50i

8,500
7,640
6,900
6,300
5,820

0.10
0.20
0.30
0.40
0.50i

11,250
9,98Oc
8,88Oc
7,98OC
7,000'

0.10

!!2!

I

11000
Three-Lane Segments
6,830
6,900b
6,490
6,230
5,690
5,990
5,240
5,540
4,850
5,160
Four-Lane Seornents

9,100
9,200~
8,310
8,660
7,590
7,990
7,380
6,990
6,880
6,470
Five-Lane Segments
11,500~
11,500b
1O,72OC
10,820
9,980
9,68OC
8,750'
8,750'
7,000'
7,000'

I
1

6,900~

9,200~
8,910
8,260
7,660
7,000'
11,500b
11,140
10,330
8,750'
7,000'

(

2.5OOa

1

6,900~

9,200b
9,100
8,470
7,880
7,000'
11,500~
11,380
10,590
8,750'
7,000'

Notes:
Refer to the last page of Exhibit 24-8.
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EXHIBIT 24-8 (CONTINUED). CAPACITY FOR VARIOUS WEAVING SEGMENTS

Volume Ratio,
VR

(L) Type C Weaving Segments-55-mi/h Free-Flow Speed
Length of Weaving Segment (ft)
500
1,000
2,000
1,500

2,500a

Three-Lane Seaments
0.10
0.20
0.30
0.40
0.501

6,010
5,420
4,930
4,510
4,180

p
p

0.1 0
0.20
0.30
0.40
0.50i

8,020
7,230
6,570
6,020
5,570

0.10

1O,56OC

I

Four-Lane Segments
8,540
8,810
7,830
8,160
7,180
7,540
6,640
7,000
6,180
6,540
Five-Lane Segments
11,1OOC
11,020

1

8,980
8,360
7,800
7,260
6,800

1

11,230

9,000~
8,540
7,970
7,450
7,000'

1

11,250~

Notes:
a. Weaving segments longer than 2,500 f i are treated as isolated merge and diverge areas using the procedures of Chapter 25,
"Ramps and Ramp Junctions."
b. Capacity constrained by basic freeway capacity.
c. Capacity occurs under constrained operating conditions.
d. Three-lane Type A segments do not operate well at volume ratios greater than 0.45. Poor operations and some local
queuing are expected in such cases.
e. Four-lane Type A segments do not operate well at volume ratios greater than 0.35. Poor operations and some local queuing
are expected in such cases.
f. Capacity constrained by maximum allowable weaving flow rate: 2,800 pclh (Type A), 4,000 (Type B), 3,500 (Type C).
g. Five-lane Type A segments do not operate well at volume ratios greater than 0.20. Poor operations and some local queuing
are expected in such cases.
h. Type B weaving segments do not operate well at volume ratios greater than 0.80. Poor operations and some local queuing
are expected in such cases.
i. Type C weaving segments do not operate well at volume ratios greater than 0.50. Poor operations and some local queuing
are expected in such cases.

It is possible to do so using a spreadsheet properly programmed for such iteration.
Capacities have been determined for freeway facilities and are shown in Exhibit 24-8.
These capacities represent maximum 15-min flow rates under equivalent base conditions
and are rounded to the nearest 10 pclh. To find the capacity under a given set of
prevailing conditions Equation 24-7 is used.
c=cb*fHVtfp

(24-7)

where
c

= capacity under prevailing conditions stated as a flow rate for the peak

15 min of the hour (vehlh),
cb

= capacity under base conditions stated as a flow rate for the peak 15 min

fHV

= heavy-vehicle adjustment factor (basic freeway segments or multilane

of the hour in Exhibit 24-8 (pc/h),
highways), and
fp

= driver population factor (basic freeway segments or multilane

highways).
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If a capacity in terms of an hourly volume is desired, it may be computed using Equation
24-8.
ch=c*PHF
(24-8)
where
ch

= capacity under prevailing conditions expressed as an hourly volume

(vehlh), and
PHF

= peak-hour factor.

MULTIPLE WEAVING SEGMENTS
When a series of closely spaced merge and diverge areas creates several sets of
weaving movements (between different merge-diverge pairs) that share the same segment
of the roadway, a multiple weaving segment is created. In previous editions of this
manual, a specific procedure for analysis of two-segment multiple weaving segments,
involving two sets of overlapping weaving movements, was presented. Although it
constituted a logical approach, it did not address cases where three or more sets of
weaving movements overlapped, and it was not extensively supported by field data.
It is recommended that such cases be segregated into merge areas, diverge areas, and
simple weaving segments, as appropriate, and that each segment be analyzed accordingly.
Chapter 22 contains information on this procedure.
COLLECTOR-DISTRIBUTOR ROADWAYS
A common design practice often results in weaving segments that occur on collectordistributor roadways that are part of a freeway or multilane highway interchange.
Although the procedures of this chapter could be applied to such cases (using appropriate
free-flow speeds), whether the LOS criteria specified herein should apply is unclear.
Because many such segments operate at low speeds and correspondingly high densities,
stable operations may exist beyond the maximum densities specified herein, which are
intended for freeway or multilane highway weaving.

Ill. APPLICATIONS
The methodology of this chapter can be used to analyze the capacity and LOS of
freeway weaving segments. First, the analyst identifies the primary output. Primary
outputs typically solved for in a variety of applications include LOS, number of lanes
required (N), weaving segment length required (L), and weaving segment configuration
type (Type). Performance measures related to density and speed are also achievable but
are considered secondary outputs.
Second, the analyst must identify the default values or estimated values for use in the
analysis. Basically, the analyst has three sources of input data:
1. Default values found in this manual,
2. Estimates and locally derived default values developed by the analyst, and
3. Values derived from field measurements and observation.
For each of the input variables, a value must be supplied to calculate the outputs, both
primary and secondary.
A common application of the method is to compute the LOS of an existing or a
changed segment in the near term or distant future. This type of application is termed
operational, and its primary output is LOS, with secondary outputs for density and speed.
Another application is to check the adequacy of or to recommend the required number of
lanes, weaving segment length, or weaving configuration given the volume or flow rate
and LOS goal. This application is termed design since its primary outputs are geometric

Guidelines for required inputs
and estimated values are
given in Chapter 13
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attributes of the weaving segment. Other outputs from this application include speed and
density.
Another general type of analysis is termed planning. These analyses use estimates,
HCM default values, and local default values as inputs in the calculation. LOS or
weaving segment attributes can be determined as outputs, along with the secondary
outputs of density and speed. The difference between planning analysis and operational
or design analysis is that most or all of the input values in planning come from estimates
or default values, whereas the operational and design analyses use field measurements or
known values for inputs. Note that for each of the analyses, FFS of the weaving segment,
either measured or estimated, is required as an input for the computation.

COMPUTATIONAL STEPS

Operational (LOS)

Design (N, L, Type)

The worksheet for freeway weaving computations is shown in Exhibit 24-9. The
worksheet is also included in Appendix A. For all applications, the analyst provides
general information and site information.
For operational (LOS) analysis, all required input data are entered as input. After
converting volumes to flow rates, the unconstrained weaving intensity factor is used to
estimate weaving and nonweaving speeds. The number of lanes weaving vehicles must
occupy to achieve unconstrained operation is determined. If this value is less than the
maximum number of lanes, then unconstrained flow exists, and previously computed
speeds will apply to the analysis. If the number of lanes required for unconstrained
operation is greater than or equal to the maximum number of lanes, then weaving and
nonweaving speeds must be computed for constrained operation. Then the space mean
speed for all vehicles in the weaving segment is computed followed by density. Finally,
level of service is determined using the density value for the weaving segment.
The objective of design (N, L, Type) analysis is to estimate the length of a weaving
segment, the number of lanes, or weaving segment configuration type given volumes and
free-flow speed. A desired level of service is stated and entered in the worksheet. Then a
weaving segment length, number of lanes, and configuration type are assumed, and the
procedure for operational (LOS) analysis is performed. The level-of-service result with
the assumed parameters is then compared with the desired level of service. If the desired
level of service is not met, a new combination of parameter values is assumed. These
iterations are continued until the desired level of service is achieved.

PLANNING APPLICATIONS
Planning (LOS)
Planning (N, L, Type)

The two planning applications, planning (LOS) and planning (N, L, Type), directly
correspond to procedures described for operational and design analysis.
The first criterion that categorizes these as planning applications is the use of
estimates, HCM default values, or local default values on the input side of the calculation.
Another factor that defines a given application as planning is the use of annual average
daily traffic (AADT) to estimate directional design-hour volume (DDHV). Guidelines
for calculating DDHV are given in Chapter 8. The analyst typically has few, if any, of
the input values required to perform planning applications. More information on the use
of default values is contained in Chapter 13.

ANALYSIS TOOLS
The worksheet shown in Exhibit 24-9 and provided in Appendix A can be used to
perform operational (LOS), design (N, L, Type), planning (LOS), and planning (N, L,
Type) analyses.
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EXHIBIT 24-9. FREEWAY WEAVING WORKSHEET

I
1

1

FREEWAY WEAVING WORKSHEET
General Information

Site Information

Analyst
Agency or Company
Dale Performed
Analys~sT~mePerlod

FreewayIDireclion of Travel
Weaving Segment Location
Jurisdiction
Analys~sYear

Operational (LOS)

Design (N, L, Type)

Plann~ng(LOS)

0 Planning (N, L, Type)

inputs
Freeway free-flow speed. SFF=

milh

Weaving number of lanes. N =
Weaving segment length. L

1

I

1

1

fl

Terrain

Level

Rolling

Weaving type

Type A

Type B

volume ratio, VR

=$

Weaving ratio, R = 3~
vw

Sketch (show lanes, L, vol, v,~, vwl, vWZ)

Type C

I

1

Conversion to pclh Under Base Conditions
(pclh)

AADT

Maximum number of lanes, N,(max) (Exhibit 24-7)
If N, c N,(max) unconslra~nedoperallon

If N, 2 N,(max)

constrained operahon

Weaving Segment Speed, Density, Level of Service, and Capacity
Weavlng segment speed, S (m~lh)

1

".*.

Weaving segment density, D (pclmilln)
-

S

1

I

Level of service. LOS (Exhibit 24-2)
Capacity for base condition, cb (pclh)
(Exhibit 24-8)
Capacity as 15-min flow rale, c (vehlh)
c = c, f,, fp
Capacity as a full-hour volume, ch (vehlh)
ch = c(PHF)

;

Chapter 24 - Freeway Weaving
Applications

(adLl'1 'N) fiu!uueld
( a d L l ' l 'N) ufi!saa
(SOT)I ~ ~ O ! W J ~ ~ O
( ~ 0 1 I)E ~ O ! I ~ J ~ ~ O
(sol) I ~ ~ O / P J ~ ~ O
~0!~~3!lddy

s!sAleue A~!~!~!suas
6u!sn ~uawfiasf i u ! ~ e ae ~ufi!saa
S
aa!~asl o la~alpa~lsape J O luaufias
~
fiu!hea~~ o [ e ue ufi~saa
P
uo!1e~adopau!eqsuo3
q 1 ! ~luaufias fiu!~ea~-due)
e l o a y ~ a lo
s laha1 auiu~alaa
F
luaufias f i u ! ~ e a ~ - d ueel o~ aayas l o laha1 au!u~alaa
z
luaufias f i u i ~ e a~o!eu
~ e l o a a l ~ a sl o laha1 auy~alaa
1
uo!gd!~aaa
'ON WalqOJd

Highway Capacity Manual 2000

The Weaving Segmenf A major weaving segment on an urban freeway as shown on
the worksheet.

The Question

What are the level of service and capacity of the weaving segment?

The Facfs

4 PHF = 0.91,
4 Level terrain,
4 Drivers are regular commuters,
4 FFS = 65 milh for freeway, and
4 Weaving segment length = 1,500 ft.

4 Volume (A-C) = 1,815 vehlh,
4 Volume (A-D) = 692 vehlh,
4 Volume (B-C) = 1,037 vehlh,
4 Volume (B-D) = 1,297 vehlh,
4 10 percent trucks,
Commenfs

4 Use Chapter 23, "Basic Freeway Segments," to identify fHVand fp.

Outline o f Solufion All input parameters are known, so no default values are required.
Demand volumes are converted to flow rates, and weaving configuration type is
determined. Weaving and nonweaving speeds are computed and used to determine
weaving segment speed. The density in the weaving segment is calculated, and level of
service is determined. Finally, capacity is determined.
Sfeps
1.

Convert volume (vehlh) to flow
rate (pclh) (use Equation
24-1).

1a. Determine fp (use Chapter

v

v=

(PHF)(f~
)(f~p )
1,815
v(A-C) =
(0.91)(0.952)(1.000)
v(A-D) = 799 pclh
v(B-C) = 1,197 pclh
v(B-D) = 1,497 pclh
fp = 1.000

= 2,095

pclh

23).
1b. Determine fHV(use Chapter

23).

f~~

=

1
l+PT(ET -l)+PR(ER -1)

2.

Type B (Movement A-D requires one lane change;
Determine weaving segment
configuration type (use Exhibit Movement B-C requires none)

3.

Compute critical variables.

v, = 1,197 + 799 = 1,996 pclh
,v,
= 2,095 + 1,497 = 3,592 pclh
v = 1,996 + 3,592 = 5,588 pclh
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4.

1
1

5.

Compute weaving and
nonweaving speeds assuming
unconstrained operation (use
Exhibit 24-6 and Equations
24-3 and 24-4).
'

a(1+ VR)'(X)'

wi =

N, = 4[0.085

Check type of operation (use
Exhibit 24- 7).
Compute weaving segment
speed (use Equation 24-5).

7.

Compute weaving segment
density (use Equation 24-6).

8.

Determine level of service
(use Exhibit 24-2).

SFF -10
l+Wi

+ 0.703(0.357) + (234.8/1,500)

- 0.01 8(52.9 - 48.5)] = 1.65
= 3.5, therefore unconstrained operation

N,(max)
6.

Si =15+-

(Ud

~

v

=

-

5,588

= 51.2 milh

(6) [y)
-

D=--

C

c 4

= 27.3 pclmilln

LOS C

c, = c

' PHF = 7.721 ' 0.91 = 7.026 vehlh

The Results This weaving segment will operate at LOS C during the peak hour.
Weaving segment density is 27.3 pclmilln. The capacity of the weaving segment is
estimated as 7,720 vehlh (for the 15-min volume), or 7,030 vehlh (for the full-hour
volume).
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1

1

FREEWAY WEAVING WORKSHEET

1

General Information

1

Analyst
Agency or Company
Date Performed
Analysis Time Period

1a

Example Problem I

Site Information
FreewayIDireclion of Travel
Weaving Segment Locallon
Jurisdiction
Analysis Year

M.E.

CEI

8/3/99
AM-Peak

R Plannlng (LOS)

0 Deslgn (N, L, Type)

Operat~onal(LOS)

1999
Plannlng (N, L. Type)

Inputs
Freeway free-flow speed, SFF=

65

Weaving number of lanes, N =

4
b500 f l

Weavlng segmenl lenglh, L
Terrain

a

Weaving type

R Type A

Volume ratio, VR

=%

Level

R Rolling
Type B

milh

Type C

0.357

Weaving ratio, R =

0.400
V\Y

Sketch (show lanes, L, vOl. v02,,,v,

v,~~)

Conversion to pc/h Under Base Conditions
AADT
(vehlday)

(pclh)

K

D

Vo 1

1

Vniv
v

PHF

% HV

fHv

1,815

091

1
0

0952

1000

2,095

3,112
4.841

091
091

1
0
1
0

) 0952

1000
1000

3,592
5,588

V
(vehlh)

1

0952

fp

v=-----V
PHF ' fHv+f,

Weaving and Nonweaving Speeds
Unconstrained
Weaving (I = w)
Nonweaving (i = nw)

/

a (Exhibil24-6)
b (Exhibit24-6)
c (Exhibit 24-61
d (Exhibit 24-6)
Weaving intensily faclor, Wi
= al!+V,Wb
(v/NIc
, ,"

0.08
2.2

Constrained
Weaving (i = w)
Nonweaving (i = nw)

0.0020
6.0

0 70

I.-I )

0.50

0.50

0.643

0.450

Number of lanes requ~redfor unconstrained operabon, N, (Exhlblt24-7)
165
35
Maxlmum number of lanes. N,(max) (Exhlbit 24-7)
If N, < N,(max) unconslra~nedoperalion
If N, 2 N,(max) constra~nedoperallon

a

Weaving Segment Speed, Density, Level of Service, and Capacity
Weavlng segment speed, S (mllh)
s
=
Y

/k\
/h\

I

Weaving segment density, D (pclmilln)

o. "M
Level of service, LOS (Exhibil24-2)
Capaclly for base condition, cb (pclh)
(Exhlbil24-8)
Capacity as a 15-min flow rate, c (vehlh)
c = Cb fHV fp
Capacity as a full-hour volume, ch (vehlh)
r,

= rIPHFI

512
27.3
C

8.110
7,721
7,026
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The Weaving Segment
worksheet.
The Question

A ramp-weaving segment on a rural freeway as shown on the

What are the level of service and capacity of the weaving segment?

The Facts
d Flow rate (A-C) = 4,000 pclh,
d Flow rate (B-C) = 600 pclh,
4 FFS = 75 milh for freeway,

4 Flow rate (A-D) = 300 pclh,
4 Flow rate (B-D) = 100 pclh, and
4 Weaving segment length = 1,000 ft.

Outline of Solution All input parameters are known, so no default values are required.
Demand flows are given as equivalent passenger cars per hour under base conditions.
Thus, no conversion of flows is required. Weaving configuration type is determined.
Weaving and nonweaving speeds are computed, followed by weaving segment speed.
The density in the weaving segment is calculated, and level of service is determined.
Capacity is then determined.
Steps
1. Determine weaving segment
Type A (Movements A-D and B-C require one lane
configuration type (use Exhibit change)

1 2.

3.

24-9.
Compute critical variables.

Compute weaving and
nonweaving speeds assuming
unconstrained operation (use
Exhibit 24-6and Equations
24-3and 24-4).
W,

'

=

S, = 1 5 +

N,(max)

1
Chapter 24 - Freeway Weaving
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5.

Compute weaving segment
speed (use Equation 24-5).

S=

'

(I,
OOO)~.~~

75 1+ 0.867

=

=0.867

49.8 milh

= 1.4, therefore unconstrained operation
v

5,000
4,100

= 58.9 milh

Highway Capacify Manual 2000
6.

7.
8.

Compute weaving segment
density (use Equation 24-6).
Determine level of service
(use Exhibit 24-2).
Determine weaving segment
caoacitv (use Exhibit 24-8).

D=-=S
LOS C

58.9

= 21.2 pc/mi/ln

cb = 8,454 pc/h [Exhibit 24-8(A)]

This weaving segment will operate at LOS C during the peak hour. The
The Results
weaving segment density is 21.2 pc/mi/ln, and the capacity is estimated to be 8,450 pc/h.
Because neither the traffic composition nor the PHF is specified, capacities per full hour
and for prevailing conditions cannot be determined.
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Example Problem 2

FREEWAY WEAVING WORKSHEET

-

General lnformation
Analyst
Agency or Company
Dale Performed
Analysis Tlme Perlod

PI

Site Information
FreewayiD~recl~on
of Travel
Weavlng Segmenl Locallon
Jur~sd~ct~on
Analysls Year

ME
CEI

8/5/99
AM-Peak

Dperatlonal (LDS)

1999

Cl Plannlng (LDS)

Cl Deslgn (N. L, Type)

Cl Plannlng (N, L, Type)

inputs
L = 1.000 fl
A - - - - - - - - - - - - - - - - -C
- - - - - - - - - - - - - - - - - -

D

4000

75

4
~,000 f l

Weavlng segment length, L

7
- - - - - - - - - - 7

v

Freeway free-flow speed, SFF=
Weav~nqnumber o i lanes. N =
Terraln

Cl Level

Cl Rolllnq

Weavlng type

a Type A

Cl Type B

Volume ratlo, VR =

mlih

Cl Type C

0.180

Weaving ratio, R = %
v,

600
Skelch (show lanes. L,,,,v, ?,v,

,v,

vw7)

Conversion to pc/h Under Base Conditions
(pdh)

PADT
(vehlday)

1

/

K

D

PHF

V
(vehlh)

% HV

f ~ v

f,

,=--

V
PHF * fHv *fp
4,000

vo 1

v

1

I

5,000

Weaving and Nonweaving Speeds
Unconstra~ned
Weavlnq (I = w)
Nonweavinq (I = nw)
a (Exhlb~t24-6)
b (Exhlblt 24-6)
-I c (Exhlbll24-6)
d (Exhlbil24-6)
Weavlng Intensib factor, W,

01
5
0 97
0 80

0 0055
40
15
0 75

0 867

0 405

49 8

613

1
22

a i l +MoblvlNIC

(L)O
Weavlng and nonvieavln speeds, S, (mllh)
Srr - 1%
S,=15+ I+ ,V!

Constrained
Nonweavinq (I = nw)
Weavlng (I = w)

Number of lanes requlred for unconstrained operatlon, N, (Exhlblt 24-7)
101
14
Max~mumnumber of lanes, N,(max) (Exhlb~t24-7)
Ifl II N, c N,(max) unconslra~nedoperation
Cl If N, Z N,(max) conslralned operation

Weaving Segment Speed, Density, Level o f Service, and Capacity
Weaving segment speed, S (mlih)
s
=
Y

( 2)(+.A
Weavlng segmenl denslty. D (pcimliln)
=x
d'

58 9

Level of service, LDS (Exhibit 24-2)
Capacity for base condilion, cb (pdh)

C

Capacity as a 15-min flow rate, c (vehlh)
c = c, ',,f 'fp
Capacity as a full-hour volume, ch (vehlh)
c,, = c(PHF)
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The Weaving Segment
the worksheet.
The Question

A ramp-weaving segment on an urban freeway as shown on

What are the level of service and capacity of the weaving segment?

The Facts
-\I Volume (A-C) = 975 vehlh,
./ Volume (A-D) = 650 vehlh,
4 Volume (B-C) = 520 vehlh,
./ Volume (B-D) = 0 vehlh,
./ 15 percent trucks,

4
./
./
./
./

PHF = 0.85,
Rolling terrain,
Drivers are regular commuters,
FFS = 65 milh for freeway, and
Weaving segment length = 1,000 ft.

Comments
./ Use Chapter 23, "Basic Freeway Segments," to identify fHVand fp.
Outline of Solution
All input parameters are known, so no default values are
required. Demand volumes are converted to flow rates, and weaving configuration type is
determined. Weaving and nonweaving speeds are computed and used to determine
weaving segment speed. The density in the weaving segment is calculated, and level of
service is determined. Capacity is then determined.

1.

Convert volume (vehlh) to flow
rate (pclh) (use Equation
24- 1).

1a. Determine fp (use Chapter

Ib. Determine fHV(use Chapter
23).

V
( P H F ) ( f )(fp
~ ~)
975
v(A-C) =
= 1,406 pclh
(0.85)(0.816)(1.000)
v(A-D) = 937 pclh
v(B-C) = 750 pclh
fp = 1.000

f~~ =

1
l+PT(ET -l)+PR(ER -1)

1
=0.816
1+0.15(2.5-1)+0
Determine weaving segment
Type A (all weaving vehicles must make one lane
configuration type (use Exhibit 1 change)
f~~ =

2.

3.

Compute critical variables.

v, = 937 + 750 = 1,687 pclh
,v,
= 1,406 pclh
v = 1,406 + 1,687 = 3,093 pclh
VR=--1'687-0.545
3,093

750
R=-=0.444
1,687

Chapter 24 - Freeway Weaving
Example Problems

Highway Capacity Manual 2000
4.

Compute weaving and
nonweaving speeds assuming
unconstrained operation (use
Exhibit 24-6 and Equations
24-3 and 24-4).

65-10
Sw = 15 + = 38.9 milh
1+ 1.302

5.

Check type of operation (use
Exhibit 2 4 - 7).

W

1
6.

4

Snw = 15+ 65-10 = 43.5 milh
1+ 0.927
N, = 0.74(N)vRO.~~l
L ~ . ~ 0.438
~ ~ / S

N, = 0.74(3)(0.545°~57')(1,000~234)/38.9~438
= 1.59
N,(max) = 1.4, therefore constrained operation

Repeat Step 4 for constrained I
operation.

0.35(1+ 0.545) 2.2

3 093

0'97

= 3.037

(I, 0 0 0 ) ~ ~ ~ ~

Sw = 1 5 +

65-10
= 28.6 milh
1+ 3.037

,S,
7.

Compute weaving segment
speed (use Equation 24-5).

8.

Compute weaving segment
density (use Equation 24-6).

= 1 5 + 65 -I0= 50.9 milh
1+ 0.530
v
3,093
S=

= 35.7 milh

D = = - S
35.7
LOS D

- 28.9 pclmilln
Determine level ofservice
(use Exhibit 24-2).
10. Determine weaving segment
cb = 4,520 pclh [Exhibit 24-8(B)]
capacity (use Exhibit 24-8 and c = cb fHV fp = 4,520 * 0.81 6 * 1.000 = 3,688 vehlh
Equations 24-7 and 24-8).
c, = c PHF = 3,688 * 0.85 = 3,135 vehlh

9.

The Results
The weaving segment will operate at LOS D during the peak hour. The
weaving segment density is 28.9 pclmilln, and the capacity is estimated as 3,690 vehlh
(for the 15-min flow rate), or 3,130 vehlh (for the full-hour volume). Note that the threelane ramp-weave has a volume ratio of 0.545, which exceeds the maximum
recommended for such segments (0.45). Thus, operations may actually be worse than
predicted.
The capacity estimates must also be carefully considered. They reflect the maximum
VR that is tabulated for Type A, three-lane weaving segments (0.45). The actual value for
a VR of 0.545 would be expected to be lower than the values shown.
One approach to improving operations would be to change the configuration (Type A
segments do not handle volume ratios of 0.545 efficiently) to Type B by adding a lane to
the off-ramp on Leg D. This lane, not needed for general purposes, would have to be
Chapter 24 - Freeway Weavi~1
Example Problems
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dropped or designed into the ramp's other terminus. This calculation, in effect,
emphasizes the importance of configuration. The Type A configuration is not appropriate
for the balance of flows presented.

Example Problem 3

FREEWAY WEAVING WORKSHEET

1

General information

Site Information

Analyst
Agency or Company
Date Performed

CEI

Analysis Time Period

AM-Peak

l !k

M.E.

FreewayIDirection of Travel
Weavlng Segmenl Location
Jurisdiction
Analysis Year

8/9/99

Operational (LOS)

Design (N, L, Type)

I
1999

0 Planning (N, L. Type)

Planning (LOS)

I

Inputs
Freeway free-flow speed, SFF=

65

milh

Weavlng number of lanes. N =
Weaving segment lenglh. L

3
l.OOO

fI

Terrain

Level

E l Type A

Weaving lype

Skelch (show lanes. L, v,,

Rolling
Type B

Volume ratio. VR-:=-

0.545

Weaving ralio, R = -*'vw

0.444

Type C

vO2,vwl, vw2)

Conversion to pc/h Under Base Conditions
AADT
(vehlday)

(pclh)

1

K

D

3

V
(vehlh)

,

PHF

% HV

0

f ~ v

9

v=-

fP

V
PHF ,f',f

3

1

Weaving and Nonweaving Speeds
Unconstrained
Nonweavlng (I = nw)
Weaving (i = w)
a (Exhibit 24-6)
b (Exhibit 24-6)
c (Exhibit 24-6)
d (Exhibit 24-6)
Weaving intensity factor, Wi
W,. a(1 W b(vIN)'
+

0.15
2.2
0.97
0.80

0.0035
4.0
1.3
0.75

1.302

0.927

38.9

43.5

Constrained
Weaving (i = w)
Nonweaving (i = nw)

i

0.35
2.2
0.97
0.80

0.0020
4.0
1.3
0.75

3.037

0.530

28.6

50.9

1

(Lid

Weavlng and nonweavin speeds. Si (kmlh)
S,= 15 +

SFI - 1%

l+W,

Number of lanes requ~redfor unconstrained operabon, Nw (Exhlbll24-7)
159
14
Maximum number of lanes. N,&ax) (Exhlbll24-7)
If N, < Nw(max) unconstrained operallon
If N, 2 Nw(max) constra~nedoperation

a

Weaving Segment Speed, Densify, Level of Service, and Capacify
Weav~ngsegment speed. S (kmlh)
s
r
Y

35 7

/3\
E
!/L\
A

Weaving segme$idensity, D (pclkmlln)

28.9

D=-s

Level of service, LDS (Exhibit 24-2)
Capacity for base condition, cb (pclh)
(Exhibit 24-8)
Capacity as a 15-min flow rate, c (vehlh)
C = Cb ' fHV fp
Capacity as a full-hour volume, ch (vehlh)
ch = c(PHF)

D
4,520

i

3,688
3,135
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The Weaving Segment Alternative major weaving segments are being considered at a
major junction between two urban freeways as shown on the worksheets. Several design
constraints exist. Entry Leg A (left side) has two lanes; Entry Leg B (right side) has three
lanes. Exit Leg C (left side) has three lanes; Exit Leg D (right side) has two lanes. The
maximum length of the weaving segment is 1,000 ft. The FFS of all entry and exit legs is
75 milh.
The Question What are the required number of lanes and weaving segment
configuration to achieve LOS C?
The Facts
-\i Flow rate (A-C) = 2,000 pclh,
-\i Flow rate (A-D) = 1,450 pclh,
-\i Flow rate (B-C) = 1,500 pclh,

-\i
-\i
-\i

Flow rate (B-D) = 2,000 pclh,
FFS = 75 milh for both freeways, and
Weaving segment length = 1,000 ft.

Outline of Solution Demand flows are given in passenger cars per hour for equivalent
base conditions. Therefore, no conversion of flows is required. Weaving number of lanes
and configuration are assumed, and LOS is determined. If the LOS is below C, a better
configuration is assumed until LOS C or better is achieved.

,

Steps
1. Assume lane configuration
shown on the worksheet.
2.

Determine weaving
segment configuration
type (use Exhibit 24-5).

3.

Compute critical variables.

4.

Compute weaving and
nonweaving speeds
assuming unconstrained
o~eration(use Exhibit
24-6 and ~ ~ u a t i o 24-3
ns
and 24-4).

Type C (Movement B-C requires no lane change;
Movement A-D requires two lane changes).

a ( l + VRIb

wi =

fL \ ~
\

Si =15+-

,

SF, - 10
l+Wi

(
6
.
9
5
0
"
'

0.08(1+ 0 . 4 2 4 ) ~ , ~

Sw = 1 5 +

75 = 48.6 milh
1+ 0.934

Snw = 15 +-

Chapter 24 - Freeway Weaving
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(x)'

75-10
= 52.0 milh
1+0.758
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5.

Check type of operation
(use Exhibit 24-7).

N, = N10.761 + 0.047VR

- 0.0001 11- - 0.005(Sn,N, = 5[0.761 + (0.047 * 0.424) - (0.0001 1 * 1000)
- 0.005(52.0 - 48.6)] = 3.27
N,(max)

6.

S),]

= 3.0, constrained operation

Repeat Step 4 for
constrained operation.
W,

=

75-10
S, = 15 + = 39.7 mi/h
1+ 1.635
,S,
7.

Compute weaving
segment speed (use
Equation 24-5).

8.

Compute weaving
segment density (use
Equation 24-6).

9.

Determine level of service
(use Exhibit 24-2).

= 1 5 + 75 = 62.1 mi/h
1+ 0.379
v

S=

[X) [?)

D=--

-

- --

S

50.1

6,950

= 50.1 mi/h

- 27.7 pc/mi/ln

LOS C
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The trial design just meets the design objective of LOS C. There are other troubling
aspects of the results as well. The R value (0.492) exceeds the maximum recommended
for Type C segments (0.40), and the segment might, therefore, operate worse than
expected. The constrained operating condition produces a large difference in speed
between weaving and nonweaving traffic streams. That is also undesirable.
There is no additional length available, since the maximum of 1,000 ft has already been
used. The width cannot be made six lanes without adding lanes to entry and exit roadways
as well, where they are apparently not needed. The only other potential change would be to
alter the configuration to a Type B design. This is best accomplished by adding a lane to
Leg D. The lane will make weaving more efficient and can be dropped further downstream
on Leg D.
10. Assume lane configuration
shown on the worksheet.
11. Determine weaving
segment configuration
tvoe fuse Exhibit 24-9.

Type B (Movement 6-C requires no lane change;
Movement A-D requires one lane change).

12. Compute weaving and
nonweaving speeds
assuming unconstrained
operation (use Exhibit
24-6 and Equations 24-3
and 24-4).

13. Check type of operation
(use Exhibit 24- 3.

N, = N[0.085 + 0.703VR
N,

+ (234.8lL) - 0.01 8(Snw- S),]
= 510.085 + (0.703 * 0.424) + (234.8/1,000)

N,(max)
14. Compute weaving
segment speed (use
Equation 24-5).

S=

= 3.5, unconstrained operation

v

-

6,950

= 51.3 milh

15. Compute weaving
segment density (use
Equation 24-6).
16. Determine level of service
(use Exhibit 24-2).

LOS C

The Results
Whereas both alternatives provide the desired LOS C, there are many
other beneficial effects of providing the Type B configuration. Unconstrained operation
prevails, and the difference in speed between the weaving and nonweaving streams is
reduced substantially. This calculation illustrates the advantage of a Type B configuration
in handling high proportions of weaving traffic.
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Example Problem 4

1

1

FREEWAY WEAVING WORKSHEET
General Information

Site Information

Analyst
Agency or Company
Dale Performed
Analys~sT~mePer~od

FreewaylD~recl~on
of Travel
Weaving Segment Locallon
Jurisdiclion
Analysis Year

ME

CEJ
8/9/99
AM-Peak

q Operat~onal(LOS)

Des~gn(N, L, Type)

1999

q Plannlng (N, L, Type)

q Planning (LOS)

Inputs

-

L = 1,000 fl

Freeway free-flow speed, SFF=

- - - _ - -- - - - - - - - - - - c Weav~ngnumber of lanes, N =
>
- - _ - - - - - - - - - ----- - Weav~ngsegment lenglh, L
- - - - - - - - - - - - - - ---B- - - - - - - - - - - - - - - - - - - -5

A'-----

-

- - -D

2000

Sketch (show lanes. L, v,,

b

vO2.,,v,

1

vw2)

I

Terrain
0 Level
Weav~nglype O T y p e A

Volume ratio. VR

=+

Weaving ralio, R =*

milh

75
5
1,000

ft

q Roll~ng

QTypeB

OTypeC

0.424
0.492

vw

Conversion to pc/h Under Base Conditions
(pdh)

MDT
(vehlday)

K

D

V
(vehlh)

PHF

% HV

fHv

Number of lanes requ~redfor unconstrained operal~on,N, (Exh1b1l24-7) 2 84
Max~mumnumber of lanes, NJmax) (Exh~bit24-7)
35
If Nw < N,(max) unconslra~nedoperallon
q If N, 2 Nw(max) conslra~nedoperat~on

a

Weaving Segment Speed, Density, Level of Service, and Capacity

:

Weavlng segment speed, S (m~lh)

3

s

1YE\. /k\

Weaving segment density, D (pclmilln)
o = V'K
Level of service, LOS (Exhibil24-2)
Capacily for base condition, cb (pdh)
(Exhibit 24-8)
Capacity as a 15-min flow rate, c (vehlh)
c = Cb ' fHv fp
Capacily as a full-hour volume, ch (vehlh)
cb = c(PHF)
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51 3
27.1

G

fp

v=-

V
PHF * fHv "fp
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The Weaving Segment
a suburban area.

A major interchange is to be built to join two major freeways in

The Question What are the required number of lanes, length, and configuration of the
weaving segment to achieve LOS C operation?
The flows analyzed are shown in the weaving diagram below. The flow
The Facts
rates are given in passenger cars per hour under base conditions. Since the interchange
will join two future facilities, there is considerable flexibility in both the length and the width
of the segment. The free-flow speed is 75 milh.

The Results
Since the length, width, and configuration to be used are open to
question, so is the issue of whether to have a weaving segment at all. Speed, density,
and level of service will be determined from trial computations for a range of conditions
covering three, four, and five lanes, with the length ranging from 500 ft to 2,500 ft. All
three types of weaving configuration will also be evaluated. This is a time-consuming
process, and the use of a programmable calculator or spreadsheet is recommended. The
analysis results are shown in the table on the next page.
A number of points should be made concerning the results and the effect on the final
design decision.
1. Before all the potential solutions are examined, the configuration of entry and exit
legs should be considered. To provide for minimum LOS C, two lanes are needed on
each entry and exit leg. The five-lane option is eliminated because the four-lane option is
able to meet the criteria.
2. If the legs are simply connected, a four-lane Type A configuration will result, and
LOS C is produced. The main drawback of this configuration is that the operation is
constrained. This indicates serious imbalance between weaving and nonweaving flows.
Also, the VR of 0.405 is higher than the maximum recommended for Type A, 0.35. Traffic
operation may be worse than predicted here.
3. There is no easy way to produce a Type C configuration given the criteria for
entry and exit legs.
4. A Type B configuration can be achieved by adding one lane to Leg C. The
resulting four-lane Type B segment will operate within all recommended parameters and
meet minimum required LOS C for all lengths evaluated. A three-lane Type B
configuration will result if a lane is merged at the entrance to and diverged at the exit from
the segment. LOS C can also be met with three lanes if the length is 1,000 ft or longer.
The results do not yield a clear answer, but they provide the analyst with the
information to make a judgment. Obviously, the best operation will result from a long Type
B segment with four lanes. However, economic and environmental considerations will
also affect the final decision.
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I.

INTRODUCTION

A ramp is a length of roadway providing an exclusive connection between two
highway facilities. The facilities connected by a ramp may consist of freeways, multilane
highways, ~wo-lanehighways, suburban streets, and urban streets.
A ramp may consist of up to three geometric elements of interest:
Ramp-freeway junction,
Ramp roadway, and
Ramp-street junction.

Background and concepts for
this chapter are in Chapter 13,
"Freeway Concepts"

0

SCOPE OF THE METHODOLOGY
This chapter focuses on the operation of ramp-freeway junctions and on the
characteristics of ramp roadways themselves. These procedures may be applied, in an
approximate manner, to completely uncontrolled ramp terminals on other types of
facilities such as multilane and two-lane highways.
Procedures in this chapter allow for the identification of likely congestion at rampfreeway terminals [level of service (LOS) F] and for the analysis of operations at rampfreeway junctions and on ramp roadways at LOS A through E. Chapter 22, "Freeway
Facilities." provides procedures for the analysis of oversaturated flow as well as special
applications, including ramps on five-lane (one-direction) Sreeway segments, two-lane
ramps. major merge areas, and major diverge areas.
For additional discussion of the general concepts and principles affecting ramp
junction operation, consult Chapter 13, "Freeway Concepts."
This edition of ramp-freeway terminal analysis procedures results primarily from
studies conducted under National Cooperative Highway Research Program Project 3-37
(1). Some special applications resulted from adaptations of procedures developed in the
1970s (2). AASHTO policies (3)contain additional material on the geometric design and
geometric design criteria for ramps.

LIMITATIONS OF THE METHODOLOGY
The methodology in this chapter does not take into account nor is it applicable
(without modifications by the analyst) to
Special lanes, such as high-occupancy vehicle (HOV) lanes, as ramp entrance
lanes;
Ramp metering;
a Oversaturated conditions;
Posted speed limit, and extent of police enforcement; and
Presence of intelligent transportation system (ITS) features.

II. METHODOLOGY
Exhibit 25-1 illustrates input to and the basic computation order for the method for
ramps and ramp junctions. The primary outputs of the method are LOS and capacity.
As shown in Exhibit 25-2, the basic approach to modeling merge and diverge areas
focuses on an influence area of 1,500 ft including the acceleration or deceleration lane
and Lanes 1 and 2 of the freeway. Although other freeway lanes may be affected by
merging or diverging operations and the impact of congestion in the vicinity of a ramp
can extend beyond the 1,500-ft influence area, this defined area experiences most of the
operational impacts across all levels of service. Thus, the operation of vehicles within the
ramp influence area, as defined in Exhibit 25-2, is the focus of the computational
procedures.
Chapter 25 - Ramps and Ramp Junctions
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The inethodology has three major steps. First, flow entering Lanes 1 and 2
immediately upstream of the merge influence area (vI2) or at the beginning of the
deceleration lane at diverge is determined.
Second, capacity values are determined and compared with existing or forecast
demand flows to determine the likelihood of congestion. Several capacity values are
evaluated:
Maximum total flow approaching a major diverge area on the freeway (vF),
Maximum total flow departing from a merge or diverge area on the freeway (vFO),
Maximum total flow entering the ramp influence area (vRI2for merge areas and
v I 2 for diverge areas), and
Maximum flow on a ramp (vR).
The capacity of a merge or diverge area is always controlled by the capacity of its
entering and exiting roadways, that is, the freeway segments upstream and downstream of
the ramps, or by the capacity of the ramp itself. For diverge areas, failure most often
occurs because of insufficient capacity on the off-ramp. Research has shown that the
turbulence due to merging and diverging maneuvers does not affect the capacity of the
roadways involved, although there may be local changes in lane distribution and use.
Finally, the density of flow within the ramp influence area (DR) and the level of
service based on this variable are determined. For some situations, the average speed of
vehicles within the influence area (SR) may also be estimated.
Exhibit 25-2 shows the ramp influence areas and key variables and their relationship
to each other. A critical geometric parameter influencing operations at merge or diverge
areas is the length of the acceleration lane (LA)or deceleration lane (LD). This length is
measured from the point at which the left edge of the ramp lane or lanes and the right
edge of the freeway lanes converge to the end of the taper segment connecting the ramp
to the freeway. The point of convergence can be defined by painted markings or physical
barriers or by some combination of the two. Note that both taper area and parallel ramps
are measured in the same way.
All aspects of the model and LOS criteria are expressed in terms of equivalent
maximum flow rates in passenger cars per hour (pch) under base conditions during the
peak 15 min of the hour of interest. Therefore, before any of these procedures are
applied, all relevant freeway and ramp flows must be converted to equivalent p c k under
base conditions during the peak 15 min of the hour, using Equation 25-1.
v; =

v;
PHF * fHv * f,

where
= flow rate for movement i under base conditions during peak 15 min of
hour (pck),
V; = hourly volume for movement i (vehh),
PHF = peak-hour factor,
fHV = adjustment factor for heavy vehicles, and
fp = adjustment factor for driver population.
vi

Adjustment factors are the same as those used for analysis of basic freeway segments
and can be found in Chapter 23.

RAMP ROADWAYS
Because most operational problems occur at ramp terminals (either the rampfreeway terminal or the ramp-street terminal), little information exists regarding the
operational characteristics of ramp roadways themselves. Some basic design standards
exist in AASHTO policies ( 3 ) ,but these are not related to specific operational
characteristics. In the 1970s, this material was adapted (2) to provide a broader set of
Chapter 25 - Ramps and Ramp Junctions
Methodology

High way Capacity Manual 2000
criteria, which were, again. unrelated to specific operational characteristics. Thus.
information presented in this section is for general guidance only.
Ramp roadways differ from the freeway mainline in that
They are roadways of limited length and width (often just one lane);
Free-flow speed is frequently lower than that of the roadways connected,
particularly the freeway;
On single-lane ramps, where passing is not possible, the adverse impact of trucks
arid other slow-moving vehicles is more pronounced than on multilane roadways: and
At ramp-street junctions, queuing may develop on the ramp, particularly if the
ramp-street junction is signalized.
Exhibit 25-3 lists approximate criteria for the capacity of ramp roadways. These
capacities are based on research studies ( I ) and previously noted work conducted in the
1970s (2).
The values in the exhibit
are not capacities of
freeway terminals, but
rather of ramps
themselves

EXHIBIT 25-3. APPROXIMATE CAPACITY OF RAMP ROADWAYS
Capacity (pclh)
Single-Lane Ramps
Free-Flow Speed of Ramp, SFR(mi/h)
Two-Lane Ramps
2200
> 50
4400
4100
2100
> 40-50
2000
> 30-40
3800
3500
1900
2 20-30
3200
1800
< 20
Note that Exhibit 25-3 gives the capacity of the ramp roadway itself, not that of the
ramp-freeway terminal. There is no evidence, for example, that a two-lane on-ramp
freeway terminal can accommodate more vehicles than a one-lane ramp terminal.
It is unlikely that two-lane on-ramps can accommodate more than 2,250 to 2,400
pc/h through the merge area itself. The two-lane configuration will achieve a merge with
less turbulence and a higher LOS but will not increase the capacity of the merge, which is
controlled by the capacity of the downstream freeway segment. For higher on-ramp
flows, a two-lane on-ramp must be used in conjunction with a lane addition and a major
merge configuration.
Two-lane off-ramps can accommodate higher ramp flows through the diverge area
than can single-lane off-ramps. A major diverge configuration can also be considered,
which may more effectively balance the per-lane flows on each departing leg.
Where an off-ramp terminates at a signalized or unsignalized intersection, the
capacity of the ramp system may be controlled by the capacity of the ramp approach to
the intersection. Signalized intersections are analyzed using the techniques of Chapter
16, and procedures to analyze unsignalized intersections are provided in Chapter 17.

LOS
LOS in merge (and diverge) influence areas is determined by density for all cases of
stable operation, represented by LOS A through E. LOS F exists when the total flow
departing from the merge area (v) exceeds the capacity of the downstream freeway
segment. No density will be predicted for such cases. Refer to Chapter 22 for procedures
to analyze LOS F conditions.
LOS criteria for merge and diverge areas are listed in Exhibit 25-4. The density
values shown for LOS A through E assume stable operation, with no breakdowns within
the merge influence area.

Chapter 25 - Ramps and Ral 1 Junctions
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EXHIBll- 25-4. LOS CRITERIA FOR MERGE AND DIVERGE AREAS
LOS

Density (pc/mi/ln)
5 10
>

10-20

> 20-28
> 28-35
> 35
Demand exceeds caaacitv

MERGE INFLUENCE AREAS
The subsections below describe the three primary steps in the model for analysis of
merge areas. The model applies to single-lane, right-hand on-ramp merge areas.
Additional sections discuss the application of procedures to other geometric
configurations.

Predicting Flow Entering banes 1 and 2 (v,,)
The principal influences on flow remaining in Lanes 1 and 2 immediately upstream
of the merge influence area are
Total freeway flow approaching merge area (vF) (pclh),
Total ramp flow (vR) (pch),
Total length of acceleration lane (LA) (ft), and
Free-flow speed of ramp at point of merge area (SFR) (milh).
Ramps on four-lane, eight-lane, and ten-lane freeways are always analyzed as
isolated merge or diverge areas. The nature of the procedure for predicting v12 makes the
four-lane case trivial, and data are insufficient to determine the effects of adjacent ramps
on eight-lane and ten-lane freeways.
For six-lane freeways, however, sufficient data are available to take into account the
effect of adjacent ramps on lane distribution at a subject ramp. When nearby ramps
inject vehicles into or remove them from Lane 1, the lane distribution may be seriously
altered. Important variables determining this impact include the total flow on the
upstream (vU) or downstream (vD) ramp (or both), in p c h , and the distance from the
subject ramp to the adjacent upstream (LUp)or downstream (Ldown)ramp (or both), in
feet. For ramps on six-lane freeways, therefore, an additional analysis step is necessary
to determine whether adjacent ramps are close enough to affect lane distribution at the
subject ramp.
With all of these variables, the total approaching freeway flow has the most
dominant influence on flow in Lanes 1 and 2. Models are structured to account for this
phenomenon without distorting other relationships. Longer acceleration lanes encourage
less turbulence as ramp vehicles enter the freeway traffic stream and therefore lead to
lower densities in the influence area and higher flows in Lanes 1 and 2. When the ramp
has a higher free-flow speed, vehicles tend to enter the freeway at higher speeds, and
approaching freeway vehicles tend to move further left to avoid the possibility of highspeed turbulence.
Exhibit 25-5 lists equations used for predicting v12 immediately upstream of the
ramp influence area. These equations apply to six- and eight-lane freeways (with three
and four lanes in each direction, respectively). For four-lane freeways (two lanes in each
direction), only Lanes 1 and 2 exist, and v12 = VF by definition.

25-5
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EXHIBIT 25-5. MODELS FOR PREDICTING vI2 AT ON-RAMPS
v,, vR, v,, , and v, are in
pclh; LA, L,,, and Ldown
are in feet; S, is in mi/h

For 4-lane freeways
12 lanes each direction)
For 6-lane freeways
(3 lanes each direction)
For 8-lane freeways
(4 lanes each direction)

P, = 0.5775 + 0.000028LA
PFM= 0.7289 - 0.0000135 (v, + vR) - 0.003296
PFM= 0.5487 + 0.2628 vD/Ldown

+

0.000063Lu,

PFh4= 0.2178 - 0 . 0 0 0 1 2 5 ~+~0.01 1 15LA/SFR

(Equation 1)
(Equation 2)
(Equation 3)
(Equation 4)

The variables used in Exhibit 25-5 are defined as follows:
v12 = flow rate in Lanes 1 and 2 of freeway immediately upstream of merge
(pc/h),
vF = freeway demand flow rate immediately upstream of merge (pclh),
vR = on-ramp demand flow rate (pclh),
vD = demand flow rate on adjacent downstream ramp (pclh),
PFM = proportion of approaching freeway flow remaining in Lanes 1 and 2
immediately upstream of merge,
LA = length of acceleration lane (ft),
SFR = free-flow speed of ramp (milh),
LUp = distance to adjacent upstream ramp (ft), and
Ldown = distance to adjacent downstream ramp (ft).
The general model specifies that v12 is a proportion of the approaching freeway flow,
vF. For four-lane freeways, this is a trivial relationship since all approaching flow is in
Lanes 1 and 2. For eight-lane freeways, a single equation is used to determine this
proportion without regard to conditions on adjacent upstream or downstream ramps, or
both.
For six-lane freeways, the analysis is complicated by the fact that the effect of some
types of adjacent ramps can be predicted. Exhibit 25-6 lists the various sequences of
ramps that may occur on six-lane freeways and the appropriate equation from Exhibit
25-5 that should be applied in each case.
EXHIBIT 25-6. SELECTING EQUATIONS FOR PFM FOR SIX-LANE FREEWAYS
Adjacent Upstream Ramp
None
None
None
On
Off
On
On
Off
Off

Subject Ramp
On
On
On
On
On
0n
On
On
On

Adjacent Downstream Ramp
None
On
Off
None
None
On
Off
On
Off

Equation(s) Used
Equation 1
Equation 1
Equation 3 or 1
Equation 1
Equation 2 or 1 .
Equation 1
Equation 3 or 1
Equation 2 or 1
Eauation 3, 2, or 1

Equation 2 from Exhibit 25-5 addresses cases with an adjacent upstream off-ramp,
whereas Equation 3 addresses cases with an adjacent downstream off-ramp. Adjacent onramps do not affect subject ramp behavior, and the analysis proceeds using Equation 1.
Where an adjacent upstream or downstream off-ramp (or both) exists, the decision to
use Equation 2 or 3 versus 1 is made by determining the equilibrium separation distance
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(LEQ) between ramps. If the distance between ramps is greatcr than or equal to LEQ,
Equation 1 is always used. If the distance between ramps is less than LEQ,Equation 2 or
3 is used as appropriate.
LEQ is that distance for which Equation 1 and Equation 2 or 3, as appropriatc, yield
the same value of PFM. Thus, where an adjacent upstream off-ramp exists, Equation 2
must be considered. If Equation 2 is set equal to Equation 1, LEQ is shown in Equation
25-2.
LEQ = 0.214 (vF + vR) + 0.444LA + 52.32SFR- 2,403
(25-2)
where
L~~

= equilibrium distance when Equation 1 is set equal to Equation 2 from

Exhibit 25-5 (ft).
IfLL,p2 LEQ, Equation 1 is used. If LUp< LEQ. Equation 2 is used. Similarly, when a
choice between Equation 3 and Equation 1 must be made, Equation 25-3 is used to
compute LEQ:

where
L~~

= equilibrium distance when Equation 1 is set equal to Equation 3 from
Exhibit 25-5 (ft).

In this case, if the distance to the downstream off-ramp is greater than or equal to LEQ
(Ldown2 LEQ), Equation 1 is used. If Ldown< LEQ,Equation 3 is used.
A special case exists when both a downstream and an upstream adjacent off-ramp
exist. In such cases, two solutions for PFM may arise, depending on whether the analysis
considers the upstream or the downstream adjacent ramp, because they cannot be
considered simultaneously. In such cases, the analysis resulting in the largest value of
PFMis used.
Determining Capacity
The capacity of a merge area is determined primarily by the capacity of the
downstream freeway segment. Thus, the total flow arriving on the upstream freeway and
the on-ramp cannot exceed the basic freeway capacity of the departing downstream
freeway segment. There is no evidence that the turbulence of the merge area causes the
downstream freeway capacity to be less than that of a basic freeway segment.
Studies have also shown that there is a practical limit to the total flow rate that can
enter the ramp influence area. For an on-ramp, the flow entering the ramp influence area
includes v l 2 and v ~ Thus,
.
the total flow entering the ramp influence area is given
according to Equation 25-4.
' ~ 1 2= ' 1 2

+

'R

Two capacities are to bg
checked:
Total flow from merge, and
Total flow into merge
influence area

(25-4)

Exhibit 25-7 lists capacity flow rates for the total downstream freeway flow (v = vF +
vR) and maximum desirable values for the total flow entering the ramp influence area
(vRI2). TWOconditions may occur for a given analysis. First, the total departing freeway
flow (v) may exceed the capacity of the downstream freeway segment. Failure (LOS F)
is expected, and queues will form upstream from the merge segment. When the
downstream freeway capacity is exceeded, LOS F exists regardless of whether the flow
rate entering the ramp influence area exceeds its capacity.
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EXHIBIT 25-7. CAPACITY VALUES FOR MERGE AREAS

The second condition occurs when the total flow entering the ramp influence area
(vR12)exceeds its maximum desirable level but the total freeway flow (v) does not
exceed the capacity of the downstream freeway segment. In this case, locally high
densities are expected, but no queuing is expected on the freeway. The actual lane
distribution of entering vehicles is likely to consist of more vchicles in the outer lanes
than is indicated by the models herein. Overall, operation will remain stable, and LOS F
is not expected to occur.
When the total downstream flow exceeds the basic freeway capacity of the
downstream segment, LOS F exists. In such cases, no further computations are needed,
and LOS F is assigned. For all other cases, including cases in which V R I 2 exceeds its
stated limit, LOS is determined by estimating the density in the ramp influence area.

Determining L8S

Ehuation applicable only
to undersaturated flow
conditions

LOS criteria for merge areas are based on density in the merge influence area as
shown in Exhibit 25-4. Studies (2,4) have shown that there is an overlap in density
ranges in the area of capacity such that some breakdown operations may have lower
densities than those achieved under stable operation. This situation is due to the wavelike
motion of vehicles in a queue and the rather short length of the defined influence area, the
result being that the determination of LOS F is based solely on the comparison of demand
flows with capacity.
Equation 25-5 is used to estimate the density in the merge influence area. Note that
the equation for density applies only to undersaturated flow conditions.
where

DR = density of merge influence area (pclmilln),
vR = on-ramp peak 15-min flow rate (pch),
v I 2 = flow rate entering ramp influence area (pclh), and
LA = length of acceleration lane (ft).

Special Cases
A number of merge configurations do not involve single-lane, right-side on-ramps
These are dealt with using modifications to the basic merge analysis procedure and
adapting the results to the specific geometry being analyzed.

Two-Lane On-Ramps
Exhibit 25-8 illustrates a typical two-lane freeway on-ramp. It is characterized by
two separate acceleration lanes, each successively forcing merging maneuvers to the left.
Two-lane on-ramps entail two modifications to the basic methodology: the flow
remaining in Lanes 1 and 2 immediately upstream of the on-ramp is generally somewhat
higher than that for one-lane on-ramps in similar situations, and densities in the merge
area are lower than those for similar one-lane on-ramp situations. The lower density is
primarily due to the existence of two acceleration lanes and the generally longer distance
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over which the two acceleration lanes extend. Thus, the effectiveness of two-lane onramps is that higher ramp flows are handled more smoothly and at better levels of service
tl~anif the same flows were carried on a one-lane ramp with conventional merge design.
EXHIBIT 25-8. TYPICAL TWO-LANE ON-RAMP

In computation of v12 for two-lane on-ramps, the standard expression in Exhibit 25-5
is used:
v72 = V~ * PFM
For two-lane on-ramps, however, the following values of PFMare used instead of the
equations shown in Exhibit 25-5:
Four-lane freeways, PFM= 1.000;
Six-lane freeways, PFM= 0.555;
Eight-lane freeways. PFM= 0.209.
In computation of the expected density in the ramp influence area, Equation 25-5 is
applied except that the length of the acceleration lane, LA, is replaced by the effective
length of the acceleration lane, LAeff,as computed by Equation 25-6.

'

=2 L ~ 1
(25-6)
where LAl and LA2 are as defined in Exhibit 25-8.
The values governing maximum flow rates for v and V R I 2 are not affected by the use
of a two-lane on-ramp. The capacity of the downstream freeway segment continues to
control the total output capacity of the merge, and the maximum desirable number of
vehicles that may enter the influence area on Lanes 1 and 2 of the freeway is not
enhanced by the existence of a two-lane on-ramp. The values of Exhibit 25-7 are applied
without change.

Capacities of two-lane ramps
are the same as those for
one-lane ramps

Lane Additions
On-ramps are sometimes associated with the addition of a lane at the merge point.
Where a single-lane on-ramp results in a lane addition, the capacity of the ramp is
governed by the ramp geometry itself and not by the ramp-freeway junction. Where a
two-lane on-ramp results in a lane addition, the junction should be classified as a major
merge area.
Analysis of single-lane additions (and lane drops) is relatively straightforward. The
downstream segment is simply considered to be a basic freeway segment with an
additional lane. If, however, an added lane is dropped at a diverge point within 2,500 ft
of the point of addition, a weaving configuration will be formed, and the segment should
be analyzed using the methodology of Chapter 24, "Freeway Weaving."

Major Merge Areas
A major merge area is one in which two primary roadways, each having multiple
lanes, inerge to form a single freeway segment. The merging roadways may originate in
a freeway interchange or from an urban street or rural highway. Major merges are
different from one- and two-lane on-ramps in that each of the merging roadways is

25-9
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generally at or near freeway design standards and no clear ramp or acceleration lane is
involved in the merge.
Such major merge areas come in a variety of geometries, all of which fall into two
general categories, as illustrated in Exhibits 25-9 and 25-10. In Exhibit 25-9, the number
of lanes departing from the merge area is one fewer than the total number of approaching
lanes. This geometry is accomplished by having the right lane of the left merging leg and
the left lane of the right merging leg combine to form a single lane. In geometries of the
type illustrated in Exhibit 25-10, the number of lanes departing from the merge is the
same as the total number of lanes approaching it.
EXHIBIT 25-9. MAJOR MERGE AREA WITHONE FEWER LANE LEAVING INFLUENCE AREA

I

EXHIBIT 25-10. MAJOR MERGE AREA WITH EQUAL NUMBER OF LANES LEAVING INFLUENCE AREA

There are no effective models of performance for a major merge area. Therefore, the
analysis is limited to checking capacities on approaching legs and the departing freeway.
The capacity of each entering leg and the departing freeway is computed using the
general values of Exhibit 25-7. The capacity of each entering leg is compared with the
peak demand flow on each (converted to pch), whereas the capacity of the departing
freeway is compared with the sum of the two peak entering demands (also converted to
pch). Problems in major merge areas generally result from insufficient capacity of the
downstream freeway segment.

On-Ramps on Ten-Lane Freeway (Five Lanes in Each Direction)
Although it is not common, there are freeway segments in North America where five
lanes of traffic exist in each direction. A procedure is therefore needed to analyze a
single-lane, right-hand on-ramp on such freeway segments. The flow rate in Lane 5 of
the freeway is estimated and deducted from the approaching freeway flow. The
remaining approaching freeway flow consists of flow that would be expected on a similar
freeway of four lanes; thus standard procedures for analysis are used. The flow in Lane 5
of the freeway for on-ramps is estimated as shown in Exhibit 25-1 1.
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EXHIBIT 25-1 1. FLOW IN LANE 5 OF FREEWAY APPROACHING SIIVGLE-LANE, RIGHT-SIDE ON-RAMP
Total Approaching Freeway Flow, vF (pclh)

Approaching Freeway Flow In Lane 5, v5 (pclh)

t 8,500

2500
0.285~~
0.270~~
0.240~~
0.220~~

7,500-8,499
6,500-7,499
5,500-6,499
< 5,500
Source: AASHTO (3).

Once the anticipated approaching flow in Lane 5 is determined, normal procedures
are applied, assuming an eight-lane freeway (four lanes in one direction), with an
effective approaching flow computed using Equation 25-7.
'f4eff

= 'F -' 5

(25-7)

where
vMeff
vF
v5

= effective approaching freeway flow in four-lane (one-direction)
freeway segment (pclh),
= total approaching freeway flow in five-lane (one-direction) freeway
segment (pclh), and
= anticipated approach flow in Lane 5 of freeway, computed as in Exhibit
25-1 1 (pclh).

Left-Hand On-Ramps
Although not normally recommended, left-hand ramps do exist on some freeways
and occur quite frequently on collector-distributor roadways. The left-hand ramp
influence area covers the same length as that for right-hand ramps but now encompasses
the two left lanes plus an acceleration lane. For right-hand on-ramps, a critical
computation is the estimation of v I 2 For left-hand ramps, the two left lanes are of
interest. For a four-lane freeway, this flow rate remains v12 and there is no difficulty.
For a six-lane freeway, the entering flow of interest is v23, and for eight-lane freeways, it
is v34. Although there is no direct method for the analysis of left-hand on-ramps, some
rational modifications can be applied to right-hand on-ramp methodologies to produce
reasonable results (2).
It is suggested that the analyst first compute v12 using procedures for a right-hand
on-ramp and then multiply the v12 value by 1.00, 1.12, or 1.20 to obtain v12,v23, or vg4
for a left-hand on-ramp on four-, six-, or eight-lane freeways, respectively.
Remaining computations for density, speed, or both may continue, replacing v12with
v23 or v~~ as appropriate. All capacity values remain unchanged.

Effects of Ramp Control at On-Ramps
For the purposes of this chapter, procedures are not modified in any way to account
for the local effect of ramp control, except for the limitation the ramp meter may have on
vR. Research (4) has found that breakdown of a merge area may be a probabilistic event
based on the platoon characteristics of the arriving ramp vehicles. Ramp meters provide
for uniform gaps between entering ramp vehicles and may therefore reduce the
probability of a breakdown on the freeway mainline.

DIVERGE INFLUENCE AREAS
Analysis procedures for diverge areas follow the same general approach as that for
merge areas. Standard procedures have been calibrated from a research study (2) that
apply to single-lane, right-hand off-ramps. The same three fundamental steps are
followed: determine the approaching freeway flow in Lanes 1 and 2 of the freeway (v12),
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determine the capacity for the segment (vF and vI2), and determine the density of flow
within the ramp influence area (DR). These procedures are then modified and applied to
other diverge configurations and geometries.
Predicting Flow Entering Lanes I and 2 (v12)
Models for predicting freeway flow entering the diverge area in Lanes 1 and 2 of the
freeway are shown in Exhibit 25-12. The approach is similar to that for merge areas and
is affected by the same variables.
There are two major differences between merge-area analysis and diverge-area
analysis. First, approaching flow in Lanes 1 and 2 (v12) is predicted for a point
immediately upstream of the deceleration lane even if this point is upstream or
downstream of the beginning of the ramp influence area. Second, at a diverge area, v12
includes vR. Thus, the general model treats v12 as the sum of the off-ramp flow plus a
proportion of the through freeway flow.
EXHIBIT 25-12. MODELS FOR PREDICTING V,,
vF, vR, v I 2 , and vD are in
pclh; LD, L, and L,
are in feet
See Exhibit 25-2 for
definition of terms

= VR (VF- VR)PFD
PFD= 1.00

V72

For 4-lane freeways (2 lanes each direction)

AT OFF-RAMPS

+

For 6-ane freeways (3 lanes each direction)

PFD= 0.760 - 0 . 0 0 0 0 2 5 ~-~ 0 . 0 0 0 0 4 6 ~ ~
PFD= 0.717 - 0 . 0 0 0 0 3 9 ~+~0.604vu/L,,
PFD= 0.616 - 0 . 0 0 0 0 2 1 ~+ ~0.1248vD/Ldown

(Equation 5)
(Equation 6)
(Equation 7)

For 8-lane freeways (4 lanes each direction)

P,

(Equation 8)

= 0.436

The variables used in Exhibit 25-12 are defined as follows:
v I 2 = flow rate in Lanes 1 and 2 of freeway immediately upstream of diverge
(pclh),
= freeway demand flow rate immediately upstream of diverge (pclh),
VF
vR = off-ramp demand flow rate (pclh),
vU = demand flow rate on adjacent upstream ramp (pclh),
VD
= demand flow rate on adjacent downstream ramp (pclh),
PFD = proportion of through freeway flow remaining in Lanes 1 and 2
immediately upstream of diverge,
L,,,
=
distance to adjacent upstream ramp (ft), and
-r
Ldown = distance to adjacent downstream ramp (ft).
The general model specifies that v12 consists of the off-ramp flow (vR) plus a
proportion of the approaching freeway flow (vF) For four-lane freeways, this is a trivial
relationship since all approaching flow is in Lanes 1 and 2. For eight-lane freeways, a
single value is used without regard to conditions on adjacent upstream or downstream
ramps, or both.
For six-lane freeways, the analysis is complicated by the fact that the effect of some
types of adjacent ramps can be accommodated. Exhibit 25-13 shows the various
sequences of ramps that may occur on six-lane freeways and the appropriate equations
from Exhibit 25-12 that should be applied in each case.
Equation 6 from Exhibit 25-13 addresses cases with an adjacent upstream on-ramp,
and Equation 7 addresses cases with an adjacent downstream off-ramp. Adjacent
upstream off-ramps and adjacent downstream on-ramps do not affect subject ramp
behavior, and analysis proceeds using Equation 5.
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EXHIBIT 25-13. SELECTING EQUATIONS FOR PFD FOR SIX-LANE FREEWAYS
Ramp
None
None
On
Off
On
On
Off
Off

Off
Off
Off
Off
Off
Off

Off
None
None
On
Off
On
Off

Equation@) Used
Equation 5
Equation 5
Equation 7 or 5
Equation 6 or 5
Equation 5
Equation 6 or 5
Equation 7, 6, or 5
Equation 5
Equation 7 or 5

Wherc an adjacent upstream on-ramp or downstream off-ramp exists, or where both
exist, the decision to use Equation 6 or 7 versus 5 is made by determining the equilibrium
separation distance (LEQ) between ramps. If the distance between ramps is greater than
or equal to LEQ, Equation 5 is always used. If the distance between ramps is less than
LEQ, Equation 6 or 7 is used as appropriate.
LEQ is that distance for which Equation 5 and Equation 6 or 7, as appropriate, yields
the same value for PFD. Thus, where an adjacent upstream on-ramp exists, Equation 6
must be considered. If Equation 6 is set equal to Equation 5, the following relationship is
derived as Equation 25-8.

where
'-EQ

= equilibrium distance when Equation 5 is set equal to Equation 6, from

Exhibit 25-12 (ft).
and where all variables are as previously defined. If Lup 2 LEQ, Equation 5 is used. If
Lup < LEQ, Equation 6 is employed.
A similar analysis is conducted where an adjacent downstream off-ramp exists.
Equation 25-9 is used for the analysis.

where

L~~

= equilibrium distance when Equation 5 is set equal to Equation 7, from
Exhibit 25-12 (ft).

In this case, if the distance to the downstream off-ramp is greater than or equal to LEQ
(Ldown2 LEQ), Equation 5 is used. If Ldown< LEQ,Equation 7 is used.
A special case exists when both a downstream adjacent off-ramp and an upstream
adjacent on-ramp exist. In such cases, two solutions for PFDmay arise, depending on
whether the analysis considers the upstream or the downstream adjacent ramp since both
cannot be considered simultaneously. In such cases, the analysis resulting in the largest
value of PFDis applied.
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Determining Capacity
Three capacities are to
be checked:
Total flow that can
depart,
Maximum flow in
Lanes 1 and 2just prior
to the deceleration lane,
and
Maximum flow on both
downstream legs

The three limiting values that should be checked in a diverge area are the total flow
that can depart from the diverge, the capacities of the departing freeway leg or legs or
ramp, or both, and the maximum flow that can enter on Lanes 1 and 2 just prior to the
deceleration lane.
In a diverge area, the total flow that can depart is generally limited by the capacity of
freeway lanes approaching the diverge. In all appropriate diverge designs, the number of
lanes leaving the diverge area is either equal to or one greater than the number entering.
This flow (vF) is as previously defined. Exhibit 25-14 lists capacity values for this flow.
EXHIBIT 25-14. CAPACITY VALUES FOR DIVERGE AREAS

Maximum Upstream, vFI,or Downstream Freeway Flow, v
Freeway Free-Flow
Speed (milh)

Number of Lanes in One Direction

2

3

4

Max Flow Entering
Influence Area, vlp(pclh)
>4

Note:

For capacity of off-ramp roadways, see Exhibit 25-3.

The second limit is most important, since it is the primary reason that diverge areas
fail. Failure at a diverge is often related to the capacity of one of the exit legs, most often
the ramp. The capacity of each exit leg must be checked against the expected flow. For
a downstream freeway leg (at a major diverge area there may be two of these), capacity
values may be drawn from Exhibit 25-14 for the appropriate number of freeway lanes.
For off-ramp roadways, capacity values are provided in Exhibit 25-3.
The flow entering Lanes 1 and 2 just upstream of the deceleration lane is simply the
flow in Lanes 1 and 2 (v12),estimated as indicated in Exhibit 25-12. This flow includes
the off-ramp flow. Exhibit 25-14 lists maximum desirable values for v12.
Failure of the diverge segment (LOS F) is expected if any one of the following
conditions is found:
Capacity of the upstream freeway segment is exceeded by total arriving demand
flow,
Capacity of the downstream freeway segment is exceeded by the demand flow
proceeding on the downstream freeway, or
Capacity of the off-ramp is exceeded by the off-ramp demand flow.
When the total flow approaching the diverge influence area (vI2) exceeds its maximum
desirable level but total demand flows are within all other capacity values, some locally
high densities would be expected, but stable flow is still maintained. In such cases, it is
likely that more vehicles will use outer lanes than is indicated by this methodology. LOS
is determined by estimating the density in the ramp influence area, as indicated herein.
Determining LOS
LOS criteria for diverge areas are based on density in the diverge influence area.
The numeric criteria are the same as those for merge areas, as shown previously in
Exhibit 25-4.
Equation 25-10 is used to estimate density within the diverge influence area.
where

DR
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v l p = flow rate entering ramp influence area (pcth), and
Lo

= length of deceleration lane (ft).

As was the case for merge areas, the equation predicting density in the segment
(Equation 25-10) applies only to undersaturated flow conditions. Density is not
computed when capacity is exceeded. Thus. when demand flows exceed the capacity of
the approaching freeway segment or either the departing freeway segment or segments or
the ramp, LOS F is automatically applied. For all other cases, including those in which
the maximum flow is entering the ramp influence area (vI2), the density is computed
using Equation 25-10, and LOS is determined using the criteria of Exhibit 25-4.

Special Cases
As was the case for merge areas, there are a number of other diverge configurations
and geometries that do not conform to the single-lane, right-hand off-ramp case. These
are handled as special cases, with modifications or additions to the basic analysis
procedure to more accurately address these configurations.
Two-Lane Off-Ramps
Two common types of diverge designs are in use with two-lane, right-hand offramps. These are shown in Exhibit 25-15. In the first, two successive deceleration lanes
are introduced. In the second, a single deceleration lane is used. The left-hand ramp lane
splits from Lane 1 of the freeway at the gore area, without a deceleration lane. The
existence of a two-lane off-ramp affects the lane distribution of approaching vehicles and
thus the computation of v I 2 .
EXHIBll- 25-15. COMMON GEOMETRIES FORTWO-LANE OFF-RAMPS

-----------

r\------

Influence Area-

-

-\

'--,

The general equation for computing v12in a diverge area remains the same as that
shown in Exhibit 25-12:
V12 = VR

+

(VF - V R ) P , q

However, rather than using the standard equations of Exhibit 25-12, PFDfor two-lane offramps is found as follows:
Four-lane freeways, Pm = 1.000;
Six-lane freeways. Pm = 0.450; and
Eight-lane freeways, PFD= 0.260.
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To estimate the density in the diverge influence area, Equation 25-10 is used.
However, when the geometry of the two-lane off-ramp is similar to that shown in the top
part of Exhibit 25-15, the length of the deceleration lane is replaced in the equation by the
effective length, LDeff(Equation 25-1 1).
L ~ e f f= 2 L ~ 1 L ~ 2
+

(25-11)

When the geometry is similar to that shown in the bottom part of Exhibit 25-15, the
length of the deceleration lane is used without modification.
The capacity values associated with a two-lane off-ramp are the same as those
associated with a one-lane off-ramp. That is, the capacity for total flow through the
diverge is unchanged. However, its distribution is more flexible, since the two-lane offramp can accommodate more ramp traffic than a single-lane off-ramp.

Lane Drops
When a single-lane off-ramp results in a lane drop, the capacity of the ramp is
governed by its geometry, and it is analyzed as a ramp roadway. When a two-lane offramp results in a lane drop, it should be treated as a major diverge segment.
When a lane drop occurs 2,500 ft or less from a merge point at which a lane was
added, a weaving configuration is created and should be analyzed using the procedures of
Chapter 24. In all other cases, the entering and departing freeway segments are analyzed
as basic freeway segments having different numbers of lanes.

Major Diverge Areas
The two common geometries for major diverge areas are illustrated in Exhibits 25-16
and 25-17. In Exhibit 25-16, the number of lanes entering the diverge area is the same as
the number of lanes leaving the diverge area. In Exhibit 25-17, the number of lanes
leaving the diverge area is one more than the number entering the segment.
EXHIBIT 25-16. MAJOR DIVERGE AREA WlTH EQUAL NUMBER OF LANES EhlTERlhlG AhlD LEAVING
INFLUENCE AREA

-

EXHIBIT 25-17. MAJOR DIVERGE AREA WlTH MORE LANES LEAVING THAN ENTERING INFLUENCE AREA
-----------------___C
------------------ -

-------

The principal analysis of a major diverge area involves the capacity of entering and
departing roadways, all of which are generally built to mainline standards. The entering
demand and the departing demand on each exit leg must be checked against the capacity
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of the appropriate entry or departure leg. Equation 25-12 allows the densily across all
freeway lanes to bc estimated for a distance of 1,500 ft upstream of the gore area.

where
D

= average density across all freeway lanes for a distance of 1,500 ft

vF
N

= freeway flow rate approaching diverge area (pc/h/ln), and
= number of lanes on freeway segment approaching diverge area.

upstream of diverge (pclmi~ln),

This density can be compared with the LOS criteria in Exhibit 25-4 to determine the
LOS in the diverge area.

Off-Ramps on Ten-Lane Freeways (Five Lanes in One Direction)
Segments of freeway exist in some urban areas in which there are five lanes in each
direction. For off-ramps that must be analyzed on such sections, a special approach,
similar to that for on-ramps, is employed. The flow in the fifth lane, v5, is estimated
using the criteria of Exhibit 25-1 8. The remaining four lanes then have a flow equal to
as was the case for on-ramps (see Equation 25-7) on five-lane segments. The ramp is
then analyzed as if it were on an eight-lane freeway (four lanes in one direction), using
standard procedures and VF&ff as VF.
This special procedure applies only to single-lane, right-hand off-ramps on five-lane
segments.
EXHIBIT 25-18. FLOW IN IANE 5 OF FREEWAY APPROACHING SINGLE-LANE, RIGHT-HAND OFF-RAMP
Total Approaching Freeway Flow, vF (pclh)
2 7,000
5,500-6,999
4,000-5,499
< 4,000

Flow in Lane 5, v, (pclh)
0.200VF
0.150~~
O.lOoVF
0

Left-Hand Off-Ramps
Left-hand off-ramps do exist along some freeway segments. In this case, the ramp
influence area involves the two leftmost lanes of the freeway, not Lanes 1 and 2, except
in the case of a four-lane freeway, where Lanes 1 and 2 make up the rightmost and
leftmost lanes of the freeway.
To analyze such situations, v,, is estimated using the standard procedures of Exhibit
25-12. The flow in the two leftmost lanes entering the diverge influence area is then
estimated by multiplying the v12 value by 1.00, 1.05, or 1.10 for left-hand ramps on four-,
six-, or eight-lane freeways, respectively.
Remaining computations for density, speed, or both may continue, replacing v,, with
v~~ or v~~ as appropriate. All capacity values remain unchanged.
OVERLAPPING RAMP INFLUENCE AREAS
Whenever a series of ramps on a freeway is analyzed, it is possible that the 1,500-ft
ramp influence areas overlap. In such cases, the operation in the overlapping region is
determined by the ramp having the highest density.
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DETERMINING SPEED AT RAMP INFLUENCE AREAS

Speeds of vehicles
outside the ramp
influence area are
affected by merge and
diverge operations

To address freeway and multifacility LOS, it is necessary to predict average speeds
on long segments of a facility. Thus, it is useful to provide models for estimating average
speeds within ramp influence areas and on lanes outside the influence area (Lanes 3 and
4, where they exist) within the length of the 1,500-ft ramp influence area. From such
estimates, a space mean speed can be estimated for all vehicles traveling within the
1,500-ft length of the ramp influence area on all lanes of the freeway.
Note that this procedure reflects field observations that the average speeds of
vehicles outside the ramp influence area are also affected by merge and diverge
operations. Thus, it is not appropriate to assume that the speeds of vehicles in those outer
lanes are the same as those on basic freeway segments for similar per-lane flow rates. In
general, speeds in outer lanes in the vicinity of ramps will be somewhat reduced
compared with speeds for similar flow levels on basic freeway segments, except when
flow rates in those lanes are very low.
Exhibit 25-19 provides equations for estimating these speeds. Note that speeds can
be estimated only for stable flow cases. Capacity analysis for freeway facilities operating
with oversaturated flow conditions relies on deterministic queuing approaches, as
presented in Chapter 22.
The equations for average speed in outer lanes reflect average per-lane flow rates of
up to 2,988 veh/h/ln for merge areas and 2,350 vehlhfln for diverge areas. In the case of
merge lanes, this flow rate is well above the accepted average capacity of a freeway lane.
Note, however, that freeway capacity per lane is always stated as an average across all
lanes and that individual lanes will carry proportionally less or more flow. In merge and
diverge areas, through vehicles tend to move left to avoid turbulence, resulting in cases
where outer lanes are very heavily loaded compared with lanes within the ramp influence
area (i.e., Lanes 1 and 2). Thus, even such high flow rates represent stable flow cases that
have been observed in the field.
EXHIBIT 25-19. AVERAGE SPEEDS IN VICINITY OF FREEWAY-RAMP TERMINALS

The equations apply to
undersaturated
conditions but with perlane flows well above
accepted levels at merge

Average Speed in Ramp Influence Area
(rnilh)
Merge areas
(on-ram ps)

SR = SFF- (SFF- 42)Ms

Diverge areas
(off-ramps)

SR = SF, - (SF, - 42)Ds
D~ = 0.883 + 0 . 0 0 0 0 9 ~-~0.013SFR

Average Speed in Outer Lanes of
Ramp Influence Area (rnilh)

so = S~~
where VOA < 500 pclh
Ms = 0.321 + 0.0039 e(v~12"0001
- 0.002(LASFR/1000)
So = SFF- 0 . 0 0 3 6 ( ~-~500)
~
where voA = 500 to 2300 pclh
So = SFF- 6.53 - 0 . 0 0 6 ( ~-~2300)
~
where voA > 2300 pclh
So = 1.097SFF
where voA < 1000 pclh
So = 1.097SFF- o.oo39(voA - 1000)
where vo, 2 1000 pc/h

The variables used in Exhibit 25-19 are defined as follows:
S R = space mean speed of vehicles within ramp influence area (mi/h); for
merge areas, this includes all vehicles in VR12;for diverge areas, this
includes all vehicles in vI2;
=
space mean speed of vehicles traveling in outer lanes (Lanes 3 and 4,
So
where they exist) within 1,500-ft length range of ramp influence area
(mi/h);
=
free-flow
speed of freeway approaching merge or diverge area (milh);
SFF
SFR = free-flow speed of ramp (mih);
LA = length of acceleration lane (ft);
Chapter 25 - Ramps and Ramp Junctions
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vR
VRj2

vOA

M,
D,

= flow rate on ramp (pclh);
= sum of flow rates for ramp (vR) and vehicles entering ramp influence

area in Lanes 1 and 2 (v12)at a merge area (pch);
= average per-lane flow rate in outer lanes (Lanes 3 and 4, where they
exist) at beginning of ramp influence area (pc1Nln);
= intermediate speed determination variable for merge area; and
= intermediate speed determination variable for diverge area.

The average per-lane flow rate in outer lanes (vOA)is found according to Equation
25-13.

where

vOA
No
vF
vI2

= average per-lane demand flow in outer lanes (pchlln),
= number of outside lanes in one direction (not including acceleration or
deceleration lanes or Lanes 1 and 2),
= total approaching freeway flow rate (pclh), and
= demand flow rate approaching ramp influence area (pclh).

Once SR and So are determined, the space mean speed for all vehicles within the
1,500-ft length range of the ramp influence area may be computed as the harmonic mean
of the two according to Equation 25-14 for merge areas or Equation 25-15 for diverge
areas.

Note that for merge areas, the average speed in outer lanes never exceeds the freeflow speed of the freeway. For diverge areas, at low flow rates in the outer lanes, average
speeds may marginally exceed free-flow speed. Again, free-flow speed reflects the
average speed of freeway vehicles under conditions of low flow, and average speeds in
individual lanes may exceed the average or be less than the average. However, in all
cases, the maximum prediction of the average speed, S, should be limited to the free-flow
speed of the freeway. Thus, the average speed on the freeway in the vicinity of a ramp
will never be predicted to be higher than the free-flow speed of the facility.

1

Ill. APPLICATIONS
The methodology of this chapter can be used to analyze the capacity and LOS of
ramps and ramp junctions. First, the analyst identifies primary output. Primary outputs
typically solved for in a variety of applications include^^^, length of acceleration and
deceleration lanes (LA, LD), and number of ramp lanes (N). Performance measures
related to density (D) and speed (S) are also achievable but are considered secondary
outputs.

Guidelines for required inputs
and estimated values are in
Chapter 13
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Second, the analyst must identify the default values or estimated values for use in the
analysis. The analyst has three basic sources of input data: (a) default values found in
this manual, (b) estimates and locally derivcd default values developed by the analyst,
and (c) values derived from field measurements and observation. For each of the input
variables, a value must be supplied to calculate the outputs, both primary and secondary.
A common application of the method is to compute the LOS of an existing facility or
of a changed facility in the near term or distant future. This type of application is termed
operational, and its primary output is LOS, with secondary outputs for density and speed.
Another application is to check the adequacy or to recommend the required number of
ramp lanes or acceleration and dcceleration lane length given the volume or flow rate and
LOS goal. This application is termed design since its primary output is a geometric
attribute. Other outputs from this application include speed and density.
Another general type of analysis is termed planning. These analyses use estimates,
HCM default values, and local default values as inputs in the calculation. As outputs,
LOS, number of lanes, and length of acceleration or deceleration lane can be determined,
along with the secondary outputs of density and speed. The difference between planning
analysis and operational or design analysis is that most or all of the input values in
planning come from estimates or default values, whereas operational and design analyses
tend to use field measurements or known values. Note that for each of the analyses, freeflow speed of the mainline and ramp, either measured or estimated, is required as an input
for the computation.

COMPUTATIONAL STEPS

Operational (LOS)

Design (LA, LD, or N )

Planning (LOS)
Planning (LA,L,, or N )

The worksheet for computations is shown in Exhibit 25-20. For all applications, the
analyst provides general information and site information.
For operational analysis (LOS), both the geometry and demand volumes must be
fully specified. A sketch of the geometry of the ramp is entered into the upper portion of
the worksheet. All demand volumes are specified in mixed vehicles per hour for the full
hour under consideration and must be converted to flow rates (for the peak 15 min of the
hour) in passenger cars per hour under equivalent base conditions. Then the flow rate of
freeway vehicles remaining in Lanes 1 and 2 immediately upstream of the merge point or
at the beginning of the deceleration lane is computed. Once v l 2 is estimated, this value
can be combined with known values of vF and vR to find the checkpoint flow rates
needed to compare with the capacity values. If the operations are undersaturated, the
expected density in the ramp influence area is computed and LOS is determined by
comparing the resultant density with LOS criteria of Exhibit 25-4. If speeds are desired
as a secondary output or required for other analyses, they may be estimated.
Design (LA, LD, or N) analysis is used to establish the required number of lanes or
acceleration or deceleration lane length in a design application. The key to this
application is the establishment of design hourly volumes and the desired LOS. All other
input parameters are entered on the worksheet (see Exhibit 25-20) and assumed geometric
features are noted. Then the analyst follows the same procedure described in the
operational (LOS) application to determine LOS. The estimated LOS is compared with
the desired LOS. This process is repeated by increasing or decreasing the attribute or
attributes of a geometric feature until the estimated LOS matches or is better than the
desired LOS.

PLANNING APPLICATIONS
For the two planning applications, planning (LOS) and planning (LA, LD, or N),
procedures correspond directly to procedures described for the operational (LOS) and
design (LA, LD, or N) analyses in the previous section, respectively.
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EXHIBIT 25-20. RAMPS AND RAMP JUNCTIONS WORKSHEET

1
1

1.

Site Information
FreewayIDirection of Travel
Junction
Jurisdiction
Analysis Year

0 Design (LA, Lo, or N)

Upstream Adjacent Ramp

q yes

10

1

General Information
Analyst
Agency or company
Dale Performed
Analysis Time Period

q Operat~onal(LOS)

/

1

RAMPS AND RAMP JUNCTIONS WORKSHEET

No

O

q Planning (LOS)

Planning (LA, Ln, or N)

irrain
1

Do'wnslream Adjacent Ramp

-

O

q Off

1

~

1

q Off

ONo

1

fI
Ldom = -

L", =
V, =

vehlh

VD=

1
1

SFF= milh
SFR= milh
Sketch (show lanes. LA, Ln, VD, VC)

Conversion to ~ c / h
Under Base Conditions
K

D

1

V
(vehlh)

~

PHF

Merge Areas

= VF ' PFM

V12 = VR

PFM= using Equation

=

(Exhibil25-5)

1

L~o=VI?=

Capacity Checks

+

(VF - VR)PFD
(Exh~bit25-12)

pc/h

Capacity Checks
Max~mum

Aclual
v~o

See Exh1b1l25-7

V~12

4600 All

Actual

LOS F?

v~~= v~
"1 2
vFo = vF - vR
VR

Level-of-Service Determination (if not Fl
DR=
LOS =

v
PHF fHv ,f

(Equalion 25-8 or 25-9)

PFD= -using Equat~on

pclh

DR= 5 475 + 0 00734

v=-

I,

Estimation of vla

LEO= (Equation 25-2 or 25-3)
V I ~

1

Dtverge Areas

Estimation of vf2
V12

1
IHV

% HV

vehlh

VR +

0 0078 V l 2 - 0 00627 LA
pclm~lln
(Exhlbll254)

Max~mum
See Exhlblt 25-14
4400 All
See Exhlblt 25-14
See Exhlblt 25-3

LOS F?

Level-of-Service Determination (ifnot Fl
DR=
LOS =

DR= 4 252 + 0 0086 ~ 1 2 0 OW9 LD
pclm~lln
(Exh~b~l
25-4)

Speed Estimation

Speed Estimation

a

M, =
SR=
So =
S=

(Exh~b~t
25-19)
m ~ l h(Exhlbll25-19)
milh (Exhlbll25-19)
mtlh (Equat~on25-14)

S=

m ~ l h(Equat~on25-15)

The first criterion that categorizes these as planning applications is the use of
estimates, HCM default values, or local default values on the input side of the calculation.
Another factor that defines a given application as planning is the use of annual average
daily traffic (AADT) to estimate directional design-hour volume (DDHV). DDHV is
calculated using a known or forecast value of K (proportion of AADT occurring during
the peak hour) and D. Further guidelines for computing DDHV are given in Chapter 8.
In order to perform planning applications, the analyst typically has few, if any, of the
required input values. Chapter 13 contains more on the use of default values.
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ANALYSIS TOOLS
The worksheet shown in Exhibit 25-20 and provided in Appendix A can be used to
perform operational (LOS), planning (LOS), design (LA,LD, or N), and planning (LA,
LD, or N) analyses.
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1V.
Problem
N 0.
1
2
3
4

5
6

EXAMPLE PROBLEMS
Description

Determine LOS, density, and expected speed of an isolated on-ramp
Determine LOS, density, and expected speed of two consecutive off-ramps
Determine LOS, density, and expected speed of on-ramp, off-ramp pair
Determine LOS, density, and expected speed of a two-lane on-ramp
Determine LOS, density, and expected speed of an off-ramp
Determine LOS, density, and expected speed of a left-side on-ramp

App ication
Operational
Operational
Operational
Operational
Operational
Operational

(LOS)
(LOS)
(LOS)
(LOS)
(LOS)
(LOS)
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The Ramp

An isolated on-ramp (single lane) to a four-lane freeway.

The Question

What is the LOS during the peak hour?

The Facts
Isolated location,
./ Two-lane (in one direction) freeway
segment,
./ 1 2 8 lane width on freeway,
7/ 0 percent RVs,
d Ramp volume = 550 vehlh,
d 10 percent trucks on freeway,
d Acceleration lane length = 740 ft,
d FFS = 45 milh for ramp,

./
I/
./
./
d
d
d
d

One-lane ramp,
Level terrain,
Adequate lateral clearances,
FFS = 60 milh for freeway,
5 percent trucks on ramp,
Freeway volume = 2,500 vehlh,
PHF = 0.90, and
Drivers are regular commuters.

Comments
d Use Chapter 23, "Basic Freeway Segments," to identify fHVand ff,.

All input parameters are known; thus no default values are
Outline of Solution
required. Demand volumes will be converted to flow rates. Capacity will then be checked.
The density in the merge influence area will be calculated and LOS determined.
Steps
1.

1

V
= (PHF)(fHv)(fp)

Convert volume (vehlh) to flow
rate (pclh) (use Equation 25-1).

l a . Determine ,f (use Chapter23).

For both ramp and freeway, f, = 1.000

Ib. Determine fHv (use Chapter23).

(use Exhibit25-5,

f

1
~ 1 +~ PT(ET=
1) + PR(ER- 1)

v,

= vF * PFM= 2,918 * 1.000 = 2,918 pclh

2.

Compute v,

3.

Check capacity of downstream
segment (Exhibit 25-7 shows
4.600 ~ c h ) .

vFo = vF + v,
vFO= 2'91 8 + 626 = 3,544 p c h

4.

Check maximum flow entering
influence area (Exhibit 25-7
shows 4.600 ~c/h).

,v,,

1

PFM= 1.000).

1
5.

1

Compute density (use Equation
25-5).

6.

Compute merge area speed as
supplemental information (use
Exhibit 25- 19).

7.

Determ~neLOS (use Exhibit
25-4).

I

= 3,544 p c h

I
= 5.475

I

= 28.1 pclmilln

-

D,
D,

+ 0 . 0 0 7 3 4 ~+~0 . 0 0 7 8 ~-~0.00627LA
~
= 5.475 + 0.00734(626) + 0.0078(2,918) - 0.00627(750)

S, = SF, - (SF, - 42)M,
M = 0.321 + 0 . 0 0 3 9 e ( ~ ~0.002(750
~ ~ ~ ~ ~* 4511,000)
~ ~ ~ ~ )=0.388
S, = 60 - (60 - 42)(0.388) = 53.0 milh
S = S, = 53.0 milh
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The Results
This on-ramp merge influence area will provide LOS D during the peak
hour. The merge area density will be 28.1 pclmilln, and the speed in the merge area is
estimated as 53 milh.

Example Problem 1
RAMPS AND RAMP JUNCTIONS WORKSHEET
General Information

i

Site Information

Analyst
Agency or company
Dale Performed
Analysis Time Period

FreewaylDireclion of Travel
Junct~on
Jurisdiction
Analysis Year

RPK
Poiy
PM Peak

El Operal~onal(LOS)

Des~gn(LA, LD, or N)

1-1
Ramp #l

Plann~ng(LOS)

Plann~ng(LA, Lo, or N)

Inputs

1 Upslream Adjacenl Ramp 1 ~errain
I

/

Yes

v,, =

I

2,3"Jveh/h*
10%
Trucks

On

Lup =

I

I

Level

55iivehh
5% Trucks

-

----

1_

1

-

Downslream Adjacent Ramp
On
Off

750 fi b-

Ldo~=
VD =

vehlh

I

SFF=

60

milh

SF,=

milh

45

Merge Areas

v12 =

1000 uslng Equal~on
2,918 pclh

~12:
(Exhlbll25-5)

Max~mum

3,544

See Exh~bit25-7

No

v~12

3,544

4600 All

NO

uslng Equal~on

(Exh~b~t
25-12)

pclh
Aclual

v~~= v~
V12
vFo = vF - v,
VR

Level-of-Service Determination (if not F)
VR + 0 0078

28 1
D

~ 1 -2 0 00627 LA
pclm~lln
(Exh~b~t
25-4)

Speed Estimation

53 0

(VF- V ~ P F D

pFD --

LOS F7

v~o

0 388
53 0

+

(Equalion 25-8 or 25-9)

Capacity Checks

Actual

M, =
SR=
So =
S=

VR

LEO --V12=

Capacity Checks

D, =
LOS =

'

Estimation of v , ~

v ~ =7 V~ ' P~~
(Equat~on25-2 or 25-3)

DR= 5 475 + 0 00734

1

vehlh

Diverge Areas

Estimation of v12
LEO=
PFM=

I

Maximum
See Exhibit 25-14
4400 All
See Exhibit 25-14
See Exhibrt 25-3

LOS F7

Level-of-Service Determination (if not F)
D R = 4 2 5 2 + 0 0 0 8 6 ~ 1 2 - 0 0 0 9LD
DR=
LOS =

pclmilln
(Exh~b~t
25-4)

Speed Estimation
(Exh~b~t
25-19)
m ~ l h(Exhlb1125-19)
m ~ l h(Exh~b~t
25-19)
milh (Equation 25-14)

D, =
S, =
So =
S=

(Exhibit 25-19)
m ~ l h(Exhlbil25-19)
m ~ l h(Exh~bit25-19)
m ~ l h(Equal~on25-15)
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The Ramp
An off-ramp (single-lane) pair, 750 ft apart, from a six-lane freeway. The
length of the first deceleration lane is 500 ft and that of the second deceleration lane is
300 ft.
The Question

What is the LOS during the peak hour for the first off-ramp?

The Facts
d One-lane off-ramps,
d FFS = 60 mi/h for freeway,
d Rolling terrain,
d PHF = 0.95,
d 0 percent RVs,
d Drivers are regular commuters,
d FFS = 40 mi/h for first off-ramp,

d
d
d
d

Three-lane (in one direction)
freeway segment,
5 percent trucks on freeway and
off-ramps,
Freeway volume = 4,500 vehlh, and
First off-ramp volume = 300 veh/h.

Comments
d Use Chapter 23, "Basic Freeway Segments," to identify fHVand fp.
Outline of Solution All input parameters are known; thus no default values are
required. Demand volumes will be converted to flow rates. Capacity will then be checked.
The density in the diverge influence area will be calculated and LOS determined.
Computations for the first ramp are shown below.
Steps
1.

Convert volume (vehlh) to flow rate
(pclh) (use Equation 25- 1).

l a . Determine f, (use Chapter 23).
1b. Determine fHv (use Chapter 23).

V
= (PHF)(fHv)(fp)
4,500
VF =
= 5,093 pclh
(0.95)(0.930)(1.000)
300
= (0.95)(0.930)(1.000) = 340 pCIh
For ramps and freeway, f = 1.000
f~~

fHV

2.

Compute v12 (use Exhibit 25-12).

1
= 1 + PT(ET- 1) + PR(ER- 1)
1
( f wand
~
= 1 + 0.05(2.5 - I ) = 0.930

v12= vR + ( v -~vR)PFD
V,
= 340 + (5.093 - 340)(0.617) = 3.273 D C / ~

2a. Decide on which equation to use,
Equation 5 or 7 (use Equation 25-9).
750 ft > 657 ft L
(d
,,
2b. Compute PFD(use Exhibit 25-12).

0.617

4.

11 5.
6.
7.

8.

Check maximum flow entering diverge v12 = 3,273 pclh
influence area (Exhibit 25-14 shows
Check capacity of downstream
segment (Exhibit 25-14 shows 6,900
ac/h\.
Check capacity of off-ramp (use
Exhibit 25-3,. 2.000
.
.och).,
Compute density (use Equation
25- 10).
Compute speeds as supplemental
information (use Exhibit 25-19 and
Equations 25- 13 and 25- 15).
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PFD= 0.760 - 0 . 0 0 0 0 2 5 ~
-~0 . 0 0 0 0 4 6 ~ ~
PFD= 0.760 - 0.000025(5,093) - 0.000046(340) =

v, = 340 pclh
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1

8. (continued)

/

9.

So = 1.097SFF- 0.0039(~,~- 1,000)
So = 1.097(60) - 0.0039(1,820 - 1,000) = 62.6 milh

I

1

Determine LOS (use Exhibit 25-4).

LOS C

The first off-ramp diverge influence area will provide LOS C with a
The Results
diverge influence area speed of 53 milh, system speed of 56 milh, and density of 27.9
pclmilln.

i
1

i

RAMPS AND RAMP JUNCTIONS WORKSHEET
General Information

1

Site Information

Analyst
Agency or company
Date Performed
Analysis Time Period

FreewaylDireclion of Travel
Junction
Jurisdiction
Analysis Year

JMU
ForY

AM Peak

0 Design (LA, LD, or N)

Operational (LOS)

Example Problem 2 (Part I)

1-2
Ramp XI

1999

q Plann~ng(LOS)

q Piann~ng(LA, LD, or N)

Inputs
l~errain
Upstream Adjacent Ramp
q Yes

RoIh

Do'wnslream Adjacenl Ramp

------5
------i'500Vem

0 On

1

5% Tr3,rkc

Merge Areas

=

VD =

500

vehlh

(Exhibit 25-5)

LEO=
PFD=

657
0.617

(Equation 25-8 or 25-9)
using Equation
5

vl? =

3,273

pclh

Maximum

I

4600: All

LOS F?

1

1
vF0 = vF -v,
VR

Level-of-Service Determination (if not F)
DR= 5.475 + 0.00734 VR + 0.0078 vlp - 0.00627 LA
D, =
pclmilln
LOS =
(Exhi bit 25-4)

Sn =
So =
S=

fl

(Exhibit 25-12)

Capacity Checks

1

Speed Estimation
M, =

750

+

Capacity Checks

I

Ldm =

V12 = VR (VF- VR)PFD

= VF PFM

pclh

v~12

Off

Estimation of v12

LEO= (Equation 25-2 or 25-3)
PFM= using Equation
V

O

D~vergeAreas

Estimation of vf2
V12

q On

U N o

Aclual

4,753

1

340

1

Maximum

LOS F?

See Exhibit 25-14

NO

See Exhibit 25-3

NO

Level-of-Service Determination (if not F)
DR= 4.252 + 0.0086 ~
D, =
LOS =

27.9

C

-

1 2 0.009

1

LD
pclmilln
(Exhibit 25-4)

Speed Estimation
(Exhiblt25-19)
milh (Exhlbit25-19)
m i h (Exhibit 25-19)
m i h (Equation 25-14)

D, =
Sn =
So =
S=

0 394
52 9
62.6
56.0

25-27

(Exhlblt25-19)
m ~ l h(Exhlb~t25-19)
milh (Exhibil25-19)
milh (Equation 25-15)
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EXAMPLEPROBLEM2 (PART II)
The Ramp
An off-ramp (single-lane) pair, 750 ft apart, from a six-lane freeway. The
length of the first deceleration lane is 500 ft and that of the second deceleration lane is
300 ft.
The Question

What is the LOS during the peak hour for the second off-ramp?

Additional Facts
./ Second off-ramp volume = 500 veh/h, and
./ FFS = 25 mi/h for second off-ramp.
Comments
./ Use Chapter 23, "Basic Freeway Segments," to identify fHVand f,.
Outline of Solution All input parameters are known; thus no default values are
required. Demand volumes will be converted to flow rates. Capacity will then be checked.
The density in the diverge area will be calculated and LOS determined. Computations for
the second ramp are summarized below.

1.

Convert volume (vehlh) to flow rate
(pclh) (use Equation 25-1).

V
= (PHF)(fHv)(fp)
V, = 5,093 - 340 = 4,753 pclh
' ~ 2=

2.

Compute v,,

(use Exhibit 25- 12).

v,

500
(0.95)(0.930)(1.000) = 566

= v,

+ (v, - vR)PFD

v, = 566 + (4,753 - 566)(0.615) = 3,141 pclh
2a. Compute ,P,

(use Exhibit 25-12).

,P,

= 0.760

,P,

= 0.760

- 0 . 0 0 0 0 2 5 ~-~0 . 0 0 0 0 4 6 ~ ~
- 0.000025(4,753) - 0.000046(566) = 0.61 5

3.

Check capacity of upstream
segment (Exhibit 25-14 shows
6,900 pch) .

v, = 4,753 pclh

4.

Check maximum flow entering
diverge influence area (Exhibit
25-14 shows 4,400 pcr'h).

v,

5.

Check capacity of downstream
segment (Exhibit 25-14 shows
6.900 roc/hl.
,
Check capacity of off-ramp (use
Exhibit 25-3, 1,900 pc/h).

vFo = vF - v,
,,v = 4,753 - 566 = 4,187 pclh

= 3,141 pclh

- 7 - - -

6.
7.
8.

v, = 566 pclh

+ 0 . 0 0 8 6 ~-~0.009LD
~

Compute density (use Equation

D, = 4.252

L3- I U J .

D, = 4.252 + 0.0086(3141) - 0.009(300) = 28.6 pclmilln

".-

an,

Compute speeds as supplemental
information (use Exhibit 25-19 and
Equations 25- 13 and 25-15).

D, = 0.883 + 0.00009(566) - 0.013(25) = 0.609
SR = 60 - (60 - 42)(0.609) = 49.0 milh

3,141+1,612(1)

9.

Determine LOS (use Exhibit25-4).
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EXAMPLE PROBLEM3 (PART I)
The Ramp
An on-ramp and off-ramp (single-lane) pair, 1,300 ft apart, to an eightlane freeway. The length of both the acceleration and deceleration lanes is 260 ft.

The Question
area?

What is the LOS during the peak hour for the on-ramp merge influence

The Facts
-\I One-lane on- and off-ramps,
-\I Level terrain,
-\I 1 2 4 lane width on freeway,
-\I PHF = 0.90,
-\I Freeway volume = 5,500 veh/h,
-\I FFS = 30 mi/h for on-ramp,
-\I FFS = 60 mi/h for freeway,

-\I
-\I
-\I
-\I
-\I

Four-lane (in one direction)
freeway segment,
10 percent trucks on freeway,
5 percent trucks on on-ramp,
0 percent RVs,
On-ramp volume = 400 veh/h, and
Drivers are regular commuters.

Comments
-\I Use Chapter 23, "Basic Freeway Segments," to identify fHVand fp.
Outline of Solution All input parameters are known; thus no default values are
required. Demand volumes will be converted to flow rates. Capacity will then be checked.
The density in the merge influence area will be calculated and LOS determined.
Steps
1.

Convert volume (vehlh) to flow
rate (pclh) (use Equation 25-1).

V
= (p~~)(f~,)(f,)

5,500
= 6,419 p c h
(0.90)(0.952)(1.000)
400
' ~ 1 = (0.90)(0.976)(1.000) = 455
1
= 1 + PT(ET- 1) + PR(ER- 1)
1
f~~ (fWy)= 1 + 0.1 O(1.5 - 1) = 0'952
1
fHV(on-ramp) =
1 + 0.05(1.5 - I)= 0.976
v,, = vF * PFM= 6,419 * 0.258 = 1,656 pclh
PFM= 0.2178 - 0.000125vR + 0.01 115 LA/SFR
PFM= 0.21 78 - 0.000125(455) + 0.01 115(260/30) = 0.258
vFO= 6,419 + 455 = 6,874 p c h
VF

l a . Determine fHV(use Chapter23).

=

f~~

2. Compute v,, (use Exhibit 25-5).
2a. Compute PFM(use Exhibit 25-5).
3.
4.
5.

6.

Check capacity of downstream
segment (Exhibit 25-7shows
9,200 pch).
Check maximum flow entering
vR12= 1,656 + 455 = 2,111 pclh
merge influence area (Exhibit 25-7
shows 4,600 pc/h).
Compute density (use Equation
25-5).
D, = 5.475 + 0.00734(455) + 0.0078(1,656) - 0.00627(260) =
20.1 pclmilln
Compute speeds as supplemental S, = SFF- ( q F - 42)Ms
~

~

~

~

~

- ~0.002(260
~ M ~= 0.321
~ + 0.0039e(2*11111~000)
,
!
,
~ * 3011,000)
~
- = ~
0.338
S, = 60 - (60 - 42)(0.338) = 53.9 m i h
voA = (vF - v12)/N0 = (6,419 - 1,656)/2 = 2,382 p ~ h
So = SF, - 6.53 - 0 . 0 0 6 ( ~ ~2,300)
~So = 60 - 6.53 - 0.006(2,382 - 2,300) = 53.0 milh
2,111+2,382(2)

s=
7.

Determine LOS (use Exhibit 25-4). LOS C

Chapter 25 - Ramps and Ramp Junctions
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= 53.3

[g)+[*)

4

)
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The Results
This on-ramp merge influence area will provide LOS C with a merge
influence area speed of 53 mi/h, system speed of 53 mi/h, and density of 20.1 pc/mi/ln.

Example Problem 3 (Part I)

I

1

RAMPS AND RAMP JUNCTIONS WORKSHEET
General Information

I

Analyst
Agency or company
Date Performed
Analys~sT~mePer~od

1

Operal~onal(LOS)

I

I

Site Information
FreewayID~rect~on
of Travel
Junct~on
Jur~sd~ct~on
Analys~sYear

MMU
UNC
PM Peak

Design (LA, Lo, or N)

1-3
Rsmp #I

1999

Planning (LOS)

El Planning (LA, Lo, or N)

Upstream Adjacent Ramp

Downstream Adjacent Ramp

El Yes

El On

EJ Yes

U No

0 Off

o

veh/h '

v,, =

I

5% Trucks

SFF=

60

milh
SFR=
30
Sketch (show lanes, LA, Lo, vR, vF)

1

On

a off

NO

Ldovm=

1,300

fl

Vo =

600

vehlh

m~lh

Conversion to oc/h Under Base Conditions
(pclh)

v$!lK

V
(vehlh)

D

PHF

% HV

IHV

Merge Areas

Estimation of yj2

viz = VF PFM

1

V12 = VR

,L, =
PFM=

0256

(Equabon 25-2 or 25-3)
us~ngEquat~on
4

v17 =

1.656

pclh

(Exhiblt25-5)

v~12

2,111

Max~mum
See Exhlbll 25-7
4600: All

Level-of-Service Determination (if not F)
DR = 5 475 + 0 00734 VR + 0 0078 ~
DR =
20 1
LOS =
C

0 336
53 9
53 0
53 3

p FD -=

uslng Equat~on
pclh

Actual

LOS F7
No
No

v~~= v~
vi?
vFo = vF - vR
va

(Exhlblt25-12)

- 0 00627 LA
pclm~lln
(Exhiblt 25-4)

1
I

1

Max~mum
See Exh~blt25-14
4400 All
See Exhibit 25-14
See Exhibit 25-3

LOS F7

1
I

Level-of-Service Determination (if not F)
DR=4252+00086~12-0009LD

1 2

Speed Estimation
M, =
S, =
So =
S=

(VF- VRIPFD

(Equal~on25-8 or 25-9)

Capacity Checks

Aclual
6.674

+

LPI -VI.)

Capacity Checks

v~o

PHF fHv fp

Diverge Areas

Estimation of v j 2

/

v

v=-

f,

DR=
LOS =

pclm~lln
(Exh~b~t
25-4)

Speed Estimation
(Exhlbll25-19)
m11h(Exhlblt 25-19)
m11h(Exhibll25-19)
m ~ l h(Equat~on25-14)

D, =
SR=
So =
S=

(Exhlbll25-19)
m ~ l h(Exhiblt 25-19)
mllh (Exh~b~t
25-19)
m11h(Equal~on25-15)
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EXAMPLEPROBLENI3 (PARTII)
The Ramp
An on-ramp and off-ramp (single-lane) pair, 1,300 ft apart, to an eightlane freeway. The length of acceleration and deceleration lanes is 260 ft.
The Question
hour?

What is the LOS of the off-ramp diverge influence area during the peak

Additional Facts
d 10 percent trucks on off-ramp,
4 FFS = 25 milh for off-ramp, and

./

Off-ramp volume = 600 vehlh.

Comments
d Use Chapter 23, "Basic Freeway Segments," to identify fHV and fp.

./
./

Volume for freeway = 5,500 + 400 = 5,900 vehlh
OO
/

trucks on freeway = 5, 500(10) +400(5) = 9.7%
5,900

Outline of Solution
All input parameters are known; thus no default values are
required. Demand volumes will be converted to flow rates. Capacity will then be checked.
The density in the diverge influence area will be calculated and ILOS determined.
Steps
1.

V
= (PHF)(fHV)(f,)

Convert volume (vehlh) to flow rate (pck)
(use Equation 25-1).

600
' ~ 2= (0.90)(0.952)(1.000)

l a . Determine fHv (use Chapter23).
f~~

= 700
1
(iwy) = 1 + 0.097(1.5 - 1) = 0'954

fHv (off-ramp) =

/

v,, = v, + (v, - vR)PFD
v,, = 700 + (6,872 - 700)(0.436) = 3,391 pc/h

2.

Compute v,
0.436).

3.

Check capacity of upstream segment
vF = 6,872 pclh
(Exhibit 25- 14 shows 9,200 pc/h).
Check maximum flow entering diverge
v,, = 3.391 p c k
influence area (Exhibit25-14 shows 4.400

4,
5.
6.
7.

(use Exhibit 25-12, P,=

vFo = 6,872 - 700 = 6,172 pclh

Check capacity of downstream segment
(Exhibit 25- 14 shows 9,200 pch).
Check capacity of off-ramp (use Exhibit
25-3. 1.900 ~ ~ / h l .
Compute density (use Equation 25-10).

,v,

1
8.

Compute speeds as supplemental
information (use Exhibit 25- 19 and
Equations 25- 13 and 25- 15).

1
1 + o.lo(1.5 - I ) = 0.952

= 700 pclh

D, = 4.252 + 0 . 0 0 8 6 ~-~0.009LD
~
D, = 4.252 + 0.0086(3,391) - 0.009(260)
D, = 31 .I pclminn
SR = SF, - ( g F - 42)Ds
D, = 0.883 + 0.00009(700) - 0.01 3(25) = 0.621
S, = 60 - (60 - 42)(0.621) = 48.8 milh
voA = (v, - v,,)lNo

= (6,872 - 3,391)12 = 1,741 p c k
So = 1.097SFF- 0.0039(~~,
- 1,000)
So = 1.097(60) - 0.0039(1,741 - 1,000) = 62.9 milh

1

9.

Determine LOS (use Exhibit25-4).
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The off-ramp diverge influence area will provide LOS D with a diverge
The Results
influence area speed of 49 milh, system speed of 55 milh, and density of 31 .I pclmilln.

1
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/

/

/
/

General Information
Analyst
Agency or company

~

1
1

UNC

Date Performed
Analysis Time Period

( GI

1

MMU

PM Peak

Terrain

Freeway/Direction of Travel

1-3

Juncl~on

Ramp $2

Jurisdiclion
Analysis Year

1999

Planning (LOS)

Level

Downslream Adjacenl Ramp

B On

-----

5,900 veh/h

- -

9.7% Trucks

-------

-t--

Yes

On

-4-

No

0 Off

4811

0 Off

No

.........................

- 1I

-kCks

7

fl
Ldom = GOO vehlh

260 (I

veh/h

Shelch (show lanes, LA, Lo, v, vF)

K

,,4e/:!
-

D

VF

v~
-

-

VU

V
(vehlh)

PHF

I

% HV

,,f

f

v=&

PHF,f,f

9.7
5,900
0.90
0.954
1.000
6.572
I0
600
0.90
0.952 1.000
700
0.90
5
400
0.976
1.000
455

Merge Areas

D~vergeAreas

Estimation of vlp

Estimation of v,,

v12 :VR (VF- VRIPFD

v12 = VF PFM

+

LEO= (Equalion 25-8 or 25-9)

LEO= (Equalion 25-2 or 25-3)

PFD= 0.436

using Equal~on

v12 =

pc/h

(Exhibit 25-5)

PFM= using Equation
'412 = pc/h

1

Vo =

Conversion lo o c h dnder Base Conditions
(~c/h)

1

I

Planning (La, Ln, or N)

Upslream Adjacent Ramp

a Yes

1

1

Site Information

0 Design (LA, Ln, or N)

Operational (LOS)

Example Problem 3 (Part 11)

C a ~ a c i t vChecks

3.391

8

(Exhibil25-12)

1

C a ~ a c i t vChecks

Aclual

See Exhibit 25-7

VFI

= VF

V12

4600: All

Level-of-Service Determination (if not F)
DR = 5 475 + O 00734 v~ + 0 0078 v12- 0 00627 LA
DR =
pc/m~/ln
LOS =
(Exhlbll25-4)

vFo = vF - vR

1

VR

1

Aclual

6,872
3,391
6,172
700

Maximum
LOS F?
See Exhibit 25-14
NO
4400: All
No

1

See Exh~blt25-14
See Exhibil25-3

NO

1

NO

Level-of-Service Determination (if not F)
DR =
LOS =

DR=4252+00086v12-0009LD
31 1
pc/mi/ln
D
iExh1bil25-4)
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A two-lane on-ramp to a six-lane freeway. The length of the outer
The Ramp
acceleration lane is 500 ft and that of the inner acceleration lane is 900 ft.

I

The Question

What is the LOS of this ramp during the peak hour?

The Facts
4 Two-lane on-ramp,
4 Level terrain,
4 5 percent trucks on freeway and ramp,
4 0 percent RVs,
4 FFS = 50 milh for ramp,
4 PHF = 0.95,

4 Three-lane (in one direction)
freeway segment,

4 Freeway volume = 3,000 vehlh,
4 On-ramp volume = 1,800 vehlh,
4 Drivers are regular commuters, and
4 FFS = 65 milh for freeway.

Comments
4 Use Chapter 23, "Basic Freeway Segments," to identify fHVand fp.
Outline of Solution All input parameters are known; thus no default values are
required. Demand volumes will be converted to flow rates. Capacity will then be checked.
The density in the merge influence area will be calculated and LOS determined.
Steps
1.

V
= (PHF)(fH~)(f,)

Convert volume (vehlh) to flow rate (pclh)
(use Equation 25-1).

3,000
= 3,236 pch
(0.95)(0.976)(1.000)

1

vR =

1,800
= 1,941 pclh
(0.95)(0.976)(1.000)

1a. Determine fHV(use Chapter 23).

2.

Compute v, (PFM= 0.555 for 2-lane ramp
on 6-lane fwy).

v, = vF * PFM
v,, = 3,236 * 0.555 = 1,796 pclh

3.

Check capacity of downstream segment
(Exhibit 25-7 shows 7,050 pch).

vFo = 3,236 + 1,941 = 5,177 pclh

1

Check maximum flow entering merge
influence area (Exhibit 25-7 shows 4,600
pc/h).
5.

1

vRI2 = 1,796 + 1,941 = 3.737 p c h

Compute density (use Equation 25-5).
D, = 5.475 + 0.00734 (1,941) + 0.0078(1,796) 0.00627(1,400) = 25.0 pc/mi/ln

5a. compute L~
,
6.

(use Equation 25-6).

Compute system speed as supplemental
information (use Exhibit 25-19 and
Equations 25- 13 and 25- 14).

L ~ e f=
f 2

L +~L ~~ 2
LAe,, = 2(500) + 400 = 1,400 ft

M, = 0.321 + 0.0039e(3873711,0W)
- 0.002(1,400 *
5011,000) = 0.345
= 65 - (65 - 42)(0.345) = 57.1 m i h

1 S,

I

voA= (vF- V,,)lNo
1,440 pclh

Chapter 25 - Ramps and Ramp Junctions
Example Problems

25-34

= (3,236 - 1,796)11 =

I
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1

So = SF, - 0.0036(~~,- 500)

6. (continued)

So = 65 - 0.0036(1,440 - 500) = 61.6 milh

1

1

Determine LOS (use Exhibit 25-4).

7.

I

LOS C

The Results
The on-ramp merge influence area will provide LOS C with a merge
influence area speed of 57 milh, system speed of 58 milh, and density of 25.0 pc/mi/ln.

1

1

RAMPSAND RAMP JUNCTIONS WORKSHEET
General Information

Example Problem 4

Site Information
CMU

Analyst
Agency or company
Date Performed
Analysis Time Period

FreewayIDireclion of Travel
Junclion
Jurisdiclion
Analysis Year

Poiy
PM Peak

[r Operational (LOS)

Des~gn(LA, LD, or N)

Route 4

Ramp #I

1999

Planning (LOS)

Plann~ng(LA, LD, or N)

Inputs

Upstream Adjacent Ramp

Downstream Adjacent Ramp

Yes

On

Yes

On

No

Off

1 No

Off

Ldm=

ft
vehlh
-

LUP =
V,=

It

1800 vehlh
5% Trucks

vehlh

-

SFF=

VD=

65

milh
SF,=
50
Skelch (show lanes, LA, LD, v, vF)

milh

Conversion to pc/h Under Base Conditions

I

I

Merge Areas

Estimation of vq2

Diverge Areas

Estimation of vI2

V12 = VF ' PFM

viz = VR (VF- VR)PFD
+

LEO= (Equal~on25-2 or 25-3)
PFM= 0555
using Equal~on.-uecia1case(E~h1bil25-5)

1

v12=

1.796

pclh

Capacity Checks
Actual
vF0
"~12

I

5,1n

3,737

Max~mum
See Exhib1t25-7
1

I

1

I
1

4600: All

--

Level-of-Service Determination (if not F)
DR = 5 475 + 0 00734 VR + 0 0078 ~ 1 -2 0 00627 LA
DR=
25 0
pclm~lln
LOS =
C
(Exhibit 25-4)

Speed Estimation
M, =
0345
SR=
So =
S=

57 1
61 6
563

(Exh~b~t
25-19)
milh (Exhlb1125-19)
milh (Exhlb1125-19)
milh (Equal~on25-14)

L, =
(Equal~on25-8 or 25-9)
PFD= -using Equat~on

1

V12 =

(Exhibll25-12)

pclh

Capacity Checks
Aclual

LOS F?
NO

No

I

v~~= v~
v,"
IL

V F =~ VF

vn
'"

I

I

1

I

- VR

1

LOS F?
Maximum
See Exh1b1125-14
4400 All
I
See Exh~b~t
25-14
SPPF ~ h r h 75-1
~l
1

I

Level-of-Service
DR= 4 252 + 0 0086 ~ 1 -2 0 009 LD
D, =
LOS =

pdmilln
(Exhlbit25-4)

Speed Esttmation
D, =
SR=
So =
S=

25-35

(Exhlbll25-19)
m ~ l h(Exh~b~t
25-19)
m11h(Exhiblt 25-19)
m11h(Equat~on25-15)
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The Ramp
An off-ramp (single-lane) from a 10-lane freeway. The length of the
deceleration lane is 725 ft.
The Question

What is the LOS during the peak hour for current conditions?

The Facts
.\i One-lane off-ramp,
.\i Rolling terrain,

4 Five-lane (in one direction)
freeway segment,

.\i 10 percent trucks on freeway and ramp,

4 PHF = 0.95,

4 0 percent RVs,
4 Off-ramp volume = 400 vehlh,
4 Commuter traffic,

4 One-way peak-hour freeway
volume = 7,200 vehlh,
4 FFS = 45 milh for off-ramp, and

.\i FFS = 60 milh for freeway.
Comments
4 Use Chapter 23, "Basic Freeway Segments," to identify fHVand f
P' v, is 20
4 Estimate eight-lane equivalent freeway segment flow rate assuming
percent of v.,
Outline of Solution Demand volumes will be converted to flow rates. An eight-lane
equivalent freeway segment flow rate will be established. Capacity will then be checked.
Density will be calculated and ILOS determined.
Steps
I

1.

V
= (PHF)(fHV)(fpI
7,200
= 8,711 pclh
(0.95)(0.870)(1.000)
400
V~ = (0.95)(0.870)(1.000) = 484
1
f ~ 1 +~PT(ET
= - 1) + PR(ER- 1)
1
fHV ( f wand
~
= 1 + O.lO(2.5 - I ) = 0'870

Convert volume (vehlh) to flow rate
(pclh) (use Equation 25- 1).

1a. Determine fHV(use Chapter 23).

v, = 0 . 2 0 ~
=~
0.20(8,711) = 1,742 pclh
VFdeff = 8,711 - 1,742 = 6,969 pc/h
3.

Compute v,,
0.436).

(use Exhibit 25-12, PFD = v, = v, + (vF - v,)Pm
v, = 484 + (6,969 - 484)(0.436)
= 3,311 pclh
..
Check capacity of upstream segment
v, = 6,969 pclh
(Exhibit 25- 14 shows 9,200 pc/h).
,c

4.

6.

4,400 pch).
Check capacity of downstream
segment (Exh~bit
25- 14 shows 9,200
pc/h).

8.

Compute density (use Equation 25-10).

9.

Compute speeds as supplemental
information (use Exhibit 25- 19 and
Equations 25- 13 and 25- 15).

Chapter 25 - Ramps and Ramp Junctions
Example Problems

vFO= 6,969 - 484 = 6,485 pclh

~

1

D, = 4.252 + 0.0086v,, - 0.009 LD
D, = 4.252 + 0.0086(3.311) - 0.009(725) = 26.2 pclmilln
SR = SFF- (&F - 42)Ds
D, = 0.883 + 0.00009(484) - 0.013(45) = 0.342
S, = 60 - (60 - 42)(0.342) = 53.8 milh

High way Capacity Manual 2000
9. (continued)

1

3!311+1,829(2)

10. Determine LOS (use Exhibit 25-4).

1

So = 1.097SFF- 0.0039(v0,1,000)
So = 1.097(60) - 0.0039(1,829- 1,000) = 62.6 milh
= 58.1

LOS C

The off-ramp diverge influence area will provide LOS C with a diverge

The Results

influence area speed of 54 milh, system speed of 58 milh, and density of 26.2 pclmilln.
I

!

General Information

Site Information

Analyst
Agency or company

1

1
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I

RPR

Poly

Date Performed
Analysis Time Period

1

AM Pcak

a Operational (LOS)

-

FreewayIDireclion of Travel
Junction
Jurisdiction
Analysis Year

i;l Design (LA, Lo, or N)

1-5
Ramp #I
-

1999

Planning (LA, Lo, or N)

i;l Planning (LOS)

I

Upstream Adjacent Ramp

a

Terraln

_-

I

I

Roiilng

.- -

Yes

On

No

Off

1
i

~nputs

-

Example Problem 5

; ; ; ; ;oj ; ;

--

t-

---- - - ---------

6011

I
Downstream Adjacent Ramp
On

I

d N o

Oif

L,,p =

fI

Ldom = -

fi

V, =

vehlh

V, =

vehlh

SF, =

60

mllh
SF, =
45
Sketch (show lanes. LA, LD, ,v vF)

m~/h

4
v
D
V
PHF
% HV
v=(pdh)
f ~ v
i,
PHF fHv f,
(vehlh)
vyg K
VF

"R

095
095

7,200
400

I

10
10

0870
0870

Merge Areas

I

v12 = VF * PFM

(Equation 25-2 or 25-3)
PFM= using Equation
V12 = pclh
LEQ=

+

Pro=
v12=

using Equation
pclh

0.436
3.311

8

(Exhibit25-12)

1

Capacity Checks
Max~mum

VFO

See Exhlb~t25-7

'~12

4600 All

Actual

LOS F?

Level-of-Service Determination (If not F)
DR = 5 475 + 0 00734 VR + 0 0078 vlp - 0 00627 LA

S, =
S, =
S=

484

Estimation o f v f p
~ 1 =2 VR (VF- VRIPFD
LEO=
(Equation 25-8 or 25-9)

(Exhibit 25-5)

Capacity Checks

Speed Esfimation
M, =

8.711

Diverge Areas

Estimation o f v12

Actual

1000
1.000

- (Exhlblt 25-19)

m ~ l h(Exhlblt 25-19)
m ~ l h(Exhtblt25-19)
mllh (Equallon 25-14)

v~~= v~
"1 2
VFO = VF - VR

6,969
3,371
6,485

VR

484

Max~mum
See Exhlb~t25-14
4400 All
See Exhlb~t25-14
See Exhlb1125-3

LOS F?
NO

No
NO
NO

Determination (if not F)
DR= 2 642 + 0 0053 ~ 1 -2 0 0183 LD

Levelsf-Service

1

Speed Estimation
D,=
S, =
So =
S=

0 342
53 8
62 6
58 1

25-37

(Exhlblt25-19)
mllh (Exhiblt25-19)
mllh (Exhlblt25-19)
mllh (Equat~on25-15)
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The Ramp
An on-ramp (single lane on the left-hand side of freeway) to a six-lane
freeway. The length of the acceleration lane is 820 ft.
The Question

What is the LOS during the peak hour?

The Facfs
4 Left-side one-lane on-ramp,
4 Level terrain,
4 5 percent trucks on ramp,
4 Freeway volume = 4,000veh/h,
4 FFS = 30 mi/h for on-ramp,
4 FFS = 65 mi/h for freeway,

4 Three lanes in one direction,
4 15 percent trucks on freeway,
4 PHF = 0.90,
4 On-ramp volume = 500 veh/h,
4 Commuter traffic, and
4 o percent RVS.

Comments
4 Use Chapter 23,"Basic Freeway Segments," to identify fHVand fp.
4 On a six-lane freeway, the flow in the left two lanes is 1.I2times the flow in Lanes
1 and 2 if the ramp is on the left side.
Outline to Solution

Demand volumes will be converted to flow rates, v , ~
is computed

as if the ramp were on the right-hand side, then adjusted by a factor to account for the lefthand ramp. Two capacity values will then be checked (freeway departing and total flow
entering the influence area). Density will be calculated and LOS determined.

Steps
1.

V

Convert volume (vehlh) to flow rate (pclh)
(use Equation 25- 1).

1
l a . Determine fHV(use Chapter 23).

2. Compute v, (use Exhibit25-5).
2a. Compute PFM(use Exhibit 25-5).
3.
4.
5.

1

6.

Compute density (use Equation 25-5).

7.

Compute speeds as supplemental
information (use Exhibit 25- 19 and
Equations 25- 13 and 25- 14).

8.

Determine LOS (use Exhibit 25-4).
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4,000
= 4,779 pclh
(0.90)(0.930)(1.000)
500
V~ = (0.90)(0.976)(1.000) = 569
1
f ~ 1 +~ PT(ET
= - 1) + PR(ER- 1)
1
f~~ (fWy) = 1 + 0.15(1.5 - I)= 0'930
1
fHV
= 1 + 0,05(1,5 - I ) = 0.976
v,, = vF PFM= 4,779 ' 0.600 = 2,867 pclh
vF =

PFM= 0.5775 + 0.000028(820) = 0.600
,v, = 2.867(1.12) = 3.21 1 D C ~
vFo = vF + vR = 4,779 + 569 = 5,348 pclh

Com~utev.,
Check capacity of downstream segment
(Exhibit 25-7 shows 7,050 pch).
,
(Exhibit 25-7 shows 4,600
Check,,v
nc/h\.

= (PHF)(fH~)(f,)

vR2, = v2,
I

1
I

+ V,

= 3,211 + 569 = 3,780 pclh

DR= 5.475 + 0 . 0 0 7 3 4 ~+~0 . 0 0 7 8 ~-~0.00627LA
~
D, = 5.475 + 0.00734(569\ + 0.0078(3,211)
~.
.0.;0627(820)
= 29.6 pclmijln
SR= SFF- (%F - 42)M,
M, = 0.321 + 0.0039e(3~78611~000)
- 0.002(820 '
3011..OOO\, = 0.443
S, = 65 - (65 - 42)(0.443) = 54.8 m i h
voA = (vF - v2,)IN0 = (4,779 - 3,211)11 = 1,568 P
So = SF, - 0.0036(vOA- 500) = 61.2 milh
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RAMPS AND RAMP JUNCTIONS WORKSHEET
General Information

Site Information

Analyst
Agency or company
Date Performed
Analysis Time Period

FreewayIDirection of Travel
Junction
Jurisdiction
Analysis Year
-

(Btional

(LOS)

-

0 Design (LA, LD, or N)

q Planning (LOS)

q Planning (LA, LD, or N)

Inputs
I

Terrain
Upstream Adjacent Ramp

Downstream Adjacent Ramp

I 0 Yes

OOn

10 No

0 Off

I VU=

I

I

1

vehlh

1
1

(
SFF=

m11h
SFR=
Sketch (show lanes, LA, LD, VR, vF)

q yes

0 on

ON0

0 Off

VD'

vehlh

(

1
1

milh

Conversion to pc/h Under Base Conditions
D

V

v :---v---

% HV

PHF

Merge Areas

Estimation of v12
V12

=VF PFM

V12

(Equation 25-2 or 25-3)

LEQ=
PFM=
'412

Estimation of v12

using Equation

=

LEQ=
PFD=

(Exhibit 25-5)

pclh

'412

Capacity Checks

1

Actual

1

Maximum

I

4600: All

LOS F?

I

(Exhibit 25-4)

Speed Estimation
SR =
So =
S=

using Equation

(Exhibit 25-12)

pclh

1Actual
Maximum
-

I

LOS F7

See Exhibit 25-14
4400: All
v17
See Exhibit 25-14
vFo = vF - vR
See Exhibit 25-3
VR
VFI

= VF

Level-of-Service Determination (if not FJ

Level-of-Service Determination (if not F)

LOS =

(Equation 25-8 or 25-9)

Capacity Checks

See Exhibit 25-7
v~12

=

= VR + (VF- VR)PFD

1

LOS =

(Exhibit 25-4)

Speed Estimation
(Exhi bit 25-19)
milh (Exhibit 25-19)
milh (Exhibit 25-19)
milh (Equation 25-14)

D, =
SR =
So =
S=

(Exhibit 25-19)
milh (Exhibit 25-19)
milh (Exhibit 25-19)
milh (Equation 25-15)
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This chapter presents general material for analyzing interchange ramp terminals
involving freeways, major highways, and urban streets. Although the chapter presents
ideas and concepts laelatingto most types of interchanges that include two intersections, it
focuses primarily on signalized, two-intersection diamond interchanges. The close
proximity of' the two signalized intersections forming the diamond creates interactive
effects that complicate the analysis. A complete methodology for predicting the impact
of these effects is not yet available; this chapter therefore is primarily conceptual in
content.
TYPES OF INTERCHANGES

Several interchange types are recognized in the literature. The common types that
may result in two closely spaced surface intersections are illustrated and discussed here.
The single-point diamond interchange, with only one signalized intersection, also is
illustrated. The teim freeway is used here to denote a freeway, expressway, or a major
through highway.
Diamond Interchanges

Most forms of diamond interchanges result in two or more closely spaced surface
intersections, as illustrated in Exhibit 26-1. On a diamond interchange, only one
connection is made for each freeway entry and exit, with one connection per quadrant.
Left- and sight-turning movements are used for entry to or exit from the two directions of
the surface facility; diamond interchanges require left-turn movements. In rural areas, the
junction of diamond interchange ramps with the surface facility is often controlled by
stop or yield signs. If traffic demand is high, signalization becomes necessary.
There are many variations on the diamond interchange. The typical diamond has
three subcategories defined by the spacing of the intersections formed by the ramp-street
connections. Conventional diamond interchanges provide a separation of 800 ft or more
between the two intersections. Compressed diamond interchanges have intersections
spaced between 400 ft and 800 ft, and tight urban diamond interchanges feature spacing
of less than 400 ft.
Split diamond interchanges have freeway entry and exit ramps separated at the street
level, creating four intersections. Diamond configurations also can be combined with
continuous one-way frontage roads. The frontage roads become one-way arterials, and
turning movements at the intersections created by the diamond interchange become even
more complex, due to the additional need to serve movements to and from the frontage
road. Separated U-turn lanes also may be added, removing U-turns from the signal
scheme, if there is a signal. A partial diamond interchange has fewer than four ramps, so
that not all of the freeway-street or street-freeway movements are served. A three-level
diamond interchange features two divided levels, so that ramps are necessary on both
facilities to allow continuous through movements. Two interlocking split diamonds are
created.
A single-point diamond interchange combines all the ramp movements into a single
signalized intersection and has the advantage of operating as such. The design eliminates
the critical issue of coordinating the operation of two closely spaced intersections.
All of these foilns of diamond interchanges are depicted in Exhibit 26-1.
Partial Cloverleaf Interchanges

Partial cloverleaf interchanges--or parclos-are depicted in Exhibit 26-2. A variety
of partial cloverleaf interchanges can be created with one or two loop ramps. In such
cases, one or two of the outer ramps take the form of a diamond ramp, allowing a
movement to take place by making a left turn. In some partial cloverleaf configurations,
left turns also may be made onto or off of a loop ramp.
Chapter 26 - Interchange Ramp Terminals
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EXHIBIT 26-2. TYPES OF CLOVERLEAF INTERCHANGES

Diamond Plus One Loop
(Loop in any one of four quadrants)

1

Parclo AB, 2 Quadrants

Parclo A, 4 Quadrants

Parclo AB, 4 Quadrants
I

I

Parclo A, 2 Quadrants

I

Parclo B, 4 Quadrants

I

- - - - - Possible configuration of signal bypasses operating as unsignalized movements

Influence of lnterchange Type on Turning Movements
The type of interchange has a major influence on turning movements. Movements
that involve a right-side merge in one configuration become left turns in another.
Movements approaching the interchange on the surface facility are also affected by the
interchange type, depending on whether the ramp movements involve left or right turns.
Lane-changing and weaving movements also are affected.
Exhibit 26-3 shows the impact of interchange type on turning movements. The eight
basic movements between the freeway or major highway and the surface facility are
listed. The exhibit indicates whether the movement is a merge (M), diverge (D), or
turning (T) movement at the surface facility terminal, and whether the movement
involves a right-side (R) or left-side (L) maneuver.
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EXHIBIT 26-3. EFFECTS OF INTERCHANGE TYPE ON TURNING MOVEMENTS

Type of Interchange
Diamond
Split Diamond
Parclo A - 4 Quad
Parclo A - 2 Quad
Parclo B - 4 Quad
Parclo B - 2 Quad
Parclo AB - 4 QuadC
Parclo AB - 2 QuadC

S-E
TRa
TRa
DR
TL
TRa
TRa
DR
TRa

Type of Movement Required for:
From Surface Street
From FreewayIHighway
N-W
S-W
E-N
N-E
E-S
W-N
TL
TRa
TRb
TL
TL
TITL
TRb
TRa
TL
TL
TL
DR
TRb
DR
DR
TL
TI.
TRa
TRb
TL
TL
TRa
TL
TL
MR
MR
TRa
TL
MR
TL
TL
TL
TRa
TR~
TR~
TL
MR
TR
DR
MR
TI.
DR
TRb
TL
TL
TL
MR

W-S
TR
TR
TR
TR
MR
TL
TR
TL

~
~
~
~

~

Notes:
Assumes freeway movements are eastbound and westbound. Movement types are with respect to surface street. Merges and
diverges may be with or without conflicting flows.
T = turn against conflicting flow
R = right-side movement
L = left-side movement
M = merge with traffic
D = diverge from traffic
a. Could be diverge.
b. Could be merge.
c. Movements are correct only if loop ramps are on east side.

In selecting an appropriate type of interchange, the impacts on the turning
movements should be considered. Left-turning movements are always the most difficult
in terms of efficiency of operation, and high-volume left-turning movements should be
avoided, if possible. By selecting a type of interchange that requires left turns only of
minor movements, the overall operation can be enhanced considerably. However, it is
not always possible to accomplish this. Right-of-way limitations may preclude the use of
loop ramps, and economic and environmental constraints may make multilevel structures
undesirable. In the final analysis, a diamond configuration may be required even though
it generates heavy left-turn volumes.

I

UNIQUE OPERATIONS AT SIGNALIZED DIAMOND INTERCHANGES
The signalized diamond interchange presents several unique situations for analysis.
In effect, the diamond interchange configuration-except for that of the single-point
diamond-places two signalized intersections in proximity, with heavier-than-usual leftturning and right-turning movements as vehicles enter and exit the freeway or major
highway. The two intersections do not operate in isolation-each affects the other in
ways that are unique to the configuration. Some of these effects, however, also may
occur at other signalized intersections that are closely spaced and that have a large
amount of left-turn movements. Two-quadrant parclos, for example, typically encounter
the same types of problems because their three-phase signalization is similar to that of
diamond interchanges. These concepts, therefore, also can apply to similar
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noninterchange situations in which closely spaced signalized intersections-including
closely spaced intersections adjacent to interchange ramp terminals-interact.
Exhibit 26-4 shows a typical signalized diamond interchange. For simplicity, the
drawing focuses on one direction of the surface street. Similar impacts occur in the other
direction.
EXHIBIT 26-4. TYPICAL SIGNALIZED DIAMOND INTERCHANGE

Each of the signalized intersections of the diamond interchange (in the subject
direction) consists of two approaches, labeled A and B for the upstream intersection, and
C and D for the downstream intersection. The downstream intersection is fed by
movements U1 and U3 of the upstream intersection. Exiting freeway traffic forms a
stream that is movement U3 at the upstream intersection and part of movement D l at the
downstream intersection. Entering freeway traffic is part of movement U1 at the
upstream intersection, and all of movement D2 at the downstream intersection. The
interaction of these movements creates special problems at signalized diamond
interchanges.
Queuing Characteristics

The most critical features of a signalized diamond interchange, therefore, are the
interdependency of movements and the distance between intersections, both of which
influence queuing. The distance separating the intersections limits the amount of queuing
that can occur downstream without blocking the upstream intersection. The extent of
queuing at the downstream intersection depends on several factors, including the timing
at the upstream and downstream signals, the number and use of the lanes at both
intersections, and the flow rates in the movements (U1 and U3) that feed the downstream
intersection.
Queuing from the downstream intersection can have one of the following three
impacts on the discharge from the upstream intersection:
1. Conditions at the downstream intersection are not severe enough to affect the
upstream intersection.
2. Queuing from the downstream intersection does not completely block the
upstream discharge but reduces its rate due to the proximity of the back of the queue.
3. Queuing from the downstream intersection effectively blocks the discharge from
the upstream signal during portions of its green period.
Queued vehicles within a short segment (or link) limit the effective length of the link.
Vehicles can travel freely only from the upstream stop line to the back of the downstream
queue. Because this distance may be small, the impact on upstream discharge rate is
significant.
Complicating the situation is that this process is iterative. Downstream queues affect
upstream discharges; upstream discharges affect downslream queues by metering the

Impacts from downstream
queuing
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nu~nberof vehicles that call enter the short link between the diamond intersections. This
con~plexrelationship has not bcen fully studied and documented; therefore, the material
in this chapter is conceptual and is not based on a definitive model for signalized
diamond interchange operations.

Lane Change Movements
Internal links

Because of the turning movements at diamond interchanges, the internal link of the
surface street (the link between the two signalized diamond intersections) is subject to
abnoi-mally high numbers of lane-changing maneuvers. Exhibit 26-5 depicts this
phenomenon.
EXHIBIT 26-5. LANE CHANGE MOVEMENTS AT A DIAMOND INTERCHANGE

The lane changes occur because of origin-destination patterns. The turbulence of the
lanc changing can decrease the normal link speed. In addition, if there is queuing on the
link. it reduces the effective weaving or lane-changing distance, increasing the turbulence
and its potential effects on the traffic. In many cases, drivers try to pre-position
themselves in the appropriate upstream lane, and left turns from the surface street can
enter a turn bay at the entry point on the internal link. This tends to minimize lanechanging turbulence.

Lane Utilization
Because of the potential for heavy turning flows at signalized diamond interchanges,
lane utilization may differ from that at other signalized intersections. At the downstream
intersection, heavy left-turning and through flows normally will segregate, and lane-use
regulations generally encourage maximum segregation. While this might occur at any
signalized intersection with turning flows, the difference is in the impact on the upstream
intersection. Because the internal link generally is short, segregation may occur at the
upstream intersection by driver selection or by designated signing and striping. Thus, the
upstream approach flow can be segregated substantially into two flows, both of which are
through flows at the upstream intersection: one will turn left at the downstream
intersection, and one will continue through it. This can create lane-use imbalances that
exceed those at normal intersections but that must be taken into account by creating
separate lane groups for through vehicles at the upstream intersection.

Platoon Behavior
Because of the high volume of turns at a diamond interchange, it is difficult to
maintain platoons as vehicles pass through the two intersections. It is also difficult to
maintain the signal progression through the interchange. Platooned arrivals at the
downstream intersection come from two sources: left turns from an interchange ramp,
and through movements from the surface street. The ramp may contribute a higher
volume than the surface street and therefore would be the primary candidate for
progressed movement. In any case, the two sources arrive from two different signal
Chapter 26 - Interchange Ramp Terminals
Introduction

Highway Capacity Manual 2000
phases. No matter what signalization is adopted, one of the movements will be
disadvantaged. Some portion of the lesser movement will arrive at the downstream
intersection during a red period, and the queued vehicles then will alter the platoon
structure that proceeds down the surface link.
Although heavy turning movements froin the interchange ramps add vehicles to
platoons on the surface link, heavy left-turning movements of vehicles onto the freeway
or inajor highway remove significant numbers of vehicles. creating gaps in the platoons.

Demand Starvation
Demand starvation occurs when portions of the green at the downstream intersection
are not used because conditions prevent vehicles at the upstream intersection from
reaching the downstream stop line. These conditions at the upstream intersection can
include delays or blockage due to queue overflow from another lane group. Demand
starvation occurs in one of two ways:
1. Queues from the downstream intersection effectively block departures from the
upstream intersection during part or all of the upstream green. This reduces the effective
green time for flow at the upstream location during the green time at the downstream
intersection.
2. Signal coordination between the two intersections is suboptimal even without
downstream queuing. As a result, sometimes the upstream signal is red while unsaturated
flow conditions prevail during the green at the downstream signal.

Signal Phasing and Timing Strategies
Because of the unique operational characteristics of signalized diamond
interchanges, special signal phase plans and timing often are appropriate. Appendix A
covers the signalization of diamond interchanges in greater detail. Capacitj of
I?zterchat~geRamp Tennitlals ( I ) describes a range of interchange signalization practices.
The key point is that interchange performance is closely linked to signal timing, due to
the interdependence of flows, queuing, and timing.

Appendix A provides more
information about the
signalization of diamond
interchanges

!I. METHODOLOGY
Because this chapter outlines only a conceptual approach for analyzing signalized
diamond interchanges, it does not present a detailed analytic methodology with
applications. The conceptual methodology has two primary components:
* A level-of-service (LOS) framework, and
A framework for estimating saturation flow rates.

LOS FRANIEWORK
The recommended framework for LOS is to treat the diamond interchange as a point
rather than as a segment or system, and to focus on the total control delay experienced by
drivers as they move through the interchange.
Exhibit 26-6 shows the various movements at the diamond interchange. In the
exhibit, movements are labeled as coming from the west intersection (W) or the east
intersection (E). An r designation indicates that the movement originates from one of the
ramps. The next two letters indicate whether the movement is a left turn (L), a right turn
(R), or a through movement (T) first at the upstream intersection and then at the
downstream intersection, if both intersections are traversed. For example, the designation
WrLT means a left turn from the west intersection ramp proceeding straight through the
east intersection.

26-7
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EXHIBIT 26-6. MOVEMENTS IN A DIAMOND INTERCHANGE

west Intersecton

m

\\\

East Intersection
ErR

Exhibit 26-7 indicates the components of delay that must be included in the LOS
analysis of each movement. Each movement experiences the delay of each lane group it
uses while passing through the interchange. Since the diamond interchange is being
considered as a point, the recommended LOS framework does not account for the travel
time between the two diamond intersections.
EXHIBIT 26-7. COMPONENI'S OF INTERCHANGE DELAY
Movement
WTL

wrr
WR
WrR
WrLT
WrLL
ETL
ETT
ER
ErR
ErLT
ErLL

Control Delay from Lane Groups of Approacha
A and B
A and B
A only
C only
C and B
C and B
D and E
D and E
D only
F only
F and E
F and E

Note:
a. See Exhibit 26-6 for approach designations.

The control delay for each of the approach lane groups can be estimated using the
signalized and unsignalized intersection methodologies of Chapters 16 and 17, taking into
account progressive flows by estimating an appropriate arrival type. Unsignalized yield
and free-flow movements are to be included in the analysis, because performance
differences between alternative interchange forms can be seen only by considering all
ramp terminal movements. For instance, the benefits of free-flow movements may be
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hidden unless delays and volun~esof all movements are incorporated, as shown in the
example in Appendix B.
LOS for the individual groups is then determined from Exhibit 26-8, which uses LOS
criteria for signalized intersections described in Chapter 16. If any lane group performs
poorly-that is, if it falls in the LOS E or F range-the impact on the rest of the
interchange likely will not be identified unless queuing is analyzed in greater detail. If
there is severe queuing or upstream blockage, timing or design changes should be
considered, regardless of the LOS. In all cases, spillback onto the mainline freeway
should be avoided because of the potential for high-speed rear-end accidents. To reduce
ramp queuing, the timing may be adjusted so that the surface street approaches, rather
than the exit ramp approaches, perform at LOS F.
EXHIBIT 26-8. LOS CRITERIA FOR IIVTERCHANGES
Delay (slveh)
Level of Service
A
< 10
B

> 10-20
> 20-35
> 35-55

C

> 55-80

A comprehensive analysis would consider the interaction of flows, queues, and
signal timing. The LOS analysis could be based on complete movements through the
interchange, as defined in Exhibits 26-6 and 26-7. Such a procedure may be presented in
future editions of this manual.
Finally, a combined average control delay per vehicle for the interchange is
computed:

where
dlNT
di

= average control delay per vehicle for the interchange (slveh),
= average control delay for Lane Group i on Approaches A-F (slveh),

and
vi

= demand flow rate for Lane Group i (vehlh).

The equation includes the delays and the flow rates from all lane groups in A through
F. The computed delay therefore is the weighted average intersection delay of the two
ramp terminal intersections. LOS is determined using the criteria in Exhibit 26-8.

SATURATION FLOW RATES FOR INTERCHANGE LANE GROUPS

.

The estimation of saturation flow rates at signalized intersections within a diamond
or other interchange generally follows the procedures of Chapter 16. However, there are
necessary modifications for the unique interactions that occur in closely spaced,
signalized intersections with high turning volumes. Currently, there are no fully
developed and evaluated methodologies for making these modifications, although some
have been proposed and are under study.

I

I
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Without a complete methodology, specific applications cannot be discussed or
illustrated. However, the methodologies of Chapters 16 and 17 can be applied as a rough
approximation, as presented above, and the LOS criteria listed in Exhibit 26-8 then can be
used to estimate LOS.
Nonetheless, such an application does not take into account all of the unique
operating conditions that affect operations at interchanges. Exhibit 26-9 lists the
principal components of the framework for a complete interchange analysis.

Traffic characteristics,
Geometries, and
Control characteristics.

*

*
*

*

*
*

Signalized Movement Analysis
Generally follow Chapter 16;
Modify to include
- Appropriate lane group definition, including pre-positioning,
- Blockage by downstream queues,
- Proximity to downstream queues (reduced speed),
- Traffic pressure and interchange site effects,
- Left- and right-turn radius effects, and
- Demand statvation, and
Analyze resulting capacity, queuing, delay, and 1.0s.
Weaving and Merge Movements
Consider operational effects (no procedure defined in HCM) and
Analyze capacity, queuing, delay, and LOS.
Uns~gnalizedMovements
Apply Chapter 17 methodology and
Analyze resulting capacity, queuing, delay, and LOS.
Evaluation
Measure performance (including queuing effects) of approach lane groups and movements through the
interchange;
Perform an iterative analysis, to account for queue interactions;
Determine average performance of interchange;
Determine overall LOS of interchange; and
Analyze short interchange area segments comprising three to four closely spaced intersections.

When determining the LOS for diamond interchanges, the analyst should identify
several components integral to operational analysis, including, but not limited to,
Interchange geometry, including the number of lanes and storage;
Lane use and utilization;
Peak-hour turning volumes; and
Anticipated signal phasing and cycle lengths.
The first step is to determine the current or projected queuing by lane group and by
traffic signal phase. If the queuing between traffic signals is due to the signal phasing
and if this is causing backups that cannot be stored, then alternative signal phasing should
be identified so that the interchange may operate more efficiently within its geometric
limitations. However, the ramifications of this new signal phasing must be explored to
determine its impact on the operational efficiency of the interchange.
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An example of analyzing phasing would be to determine if the traffic queuing and
storage for three-phase operation at a diamond interchange will function without causlng
queue spillback and additional traffic delays. If three-phase operation causes queue
spillback and is inefficient, then changing to four-phase operation may be necessary.
Four-phase signal timing basically allows each of the four approaches to the interchange
to operate on a separate phase. There are many different ways to achieve four-phase
operation, by changing phase order and by sequencing signal overlaps. Three-phase
operation allows two directions of travel to move concurrently most of the time, but fourphase operation requires that three phases wait while one is served. Changing from threephase to four-phase operation at a diamond interchange normally creates a significant
adverse impact on delays and LOS.
There are many other phasing sequences and offset relationships to consider.
Variations on the basic sequence should stem from the interchange configuration, the
ability to store queues, system coordination elements, and the location of queue storage.
The selection of leading or lagging (or both) left-turn arrows and overlap phasing may be
necessary, as well as choice of protected, permissive, or protected-and-permissive leftturn phasing. Actuated operation is another factor. Appendix A presents signal timing
considerations for signalized diamond interchanges; more discussion on this complex
topic can be found elsewhere (1,2).

IV.

EXAMPLE PROBLEMS

Example problems are omitted from this chapter because a complete methodology is
not specified. However, Appendix B presents a numerical exercise illustrating the
simplified approach described earlier.
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APPENDIX A. TIMING CONSIDERATIONS FOR SIGNALIZED DIAMOND
INTERCHANGES
The signalization of two closely spaced intersections with heavy turning movements,
as in a signalized diamond interchange, presents several major challenges. Most of these
involve the queuing of vehicles between the two intersections on the inside link, affecting
operations as described in this chapter. In addition, virtually every signalized diamond
interchange involves heavy left-turning movements, necessitating multiphase
signalization at both intersections and making progression and platoon cohesion along the
surface street difficult to maintain.
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PHASING OPTIONS
Signalized diamond interchanges usually employ integrated phasing-that is, they
use a slnglc, oftcn semiactuated controller for both intersections. Although there are
several subalternatives, the basic decision is whether to use a three-phase or a four-phase
system. The three-phase system provides a more efficient use of time, but can lead to
qucuing problems on the inside link. The four-phase system is less efficient in use of
time but avoids most queuing problems. Both are illustrated in Exhibit A26-1.

EXHIBIT A26-I. COMMON SIGNALIZATION SCHEMES FORDIAMOND INTERCHANGES
Three Phase
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The basic three-phase scheme features a phase for through movements on the surface
street, a phase for movements from all inside links, and a phase for ramp movemcnts. As
an alternative, Phases 2 and 3 can be switched.
The primary problem occurs in Phase 3. Left-turning vehicles from both ramps are
entering the inside link and begin to queue at the downstream signal during the phase,
which is now red. If queuing can cause a problem, this scheme should be avoided. The
number of vehicles that will accumulate on the inside link can be estimated by taking the
effective green time for Phase 3 and applying an estimated discharge rate for left-turning
vehicles for each ramp. Given the number of lanes and the length of the inside link, the
general impact of queued vehicles (in each direction) can be assessed.
Note that in the three-phase sequence of Exhibit A26-1, Phase 1 follows Phase 3 and
introduces another set of vehicles into the inside link. If Phases 2 and 3 are switched, a
phase discharging the inside link would follow and should help to reduce the impact of
the queues.
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If it is clear that queuing on the inside link will be a regularly occurring problem in
the three-phase configuration, the four-phase option is a better choice. Each of the four
approaches from which intcrchange traffic originates is given a clear phase through both
intersections. Queuing is minimized because vehicles are stopped from entering the
inside link at the same time that vehicles are stopped from leaving it. Although it
constrains the negative impacts of qucuing, a four-phase plan generally decreases the
effective green time per cycle (g/C) ratio for major movements, so that expected delays
are higher than for a three-phase plan-assuming in both cases that there are no flow
breakdowns due to queuing.
Exhibit A26-2 shows a four-phase plan with overlaps that is more efficient than the
simple four-phase plan. In Overlap Phases 1 and 4 of this plan, an opposing through
vehicle is allowed to enter the inside link during a phase in which it cannot exit the link.
The timing of these overlap phases is critical to proper operation and is related to the
ideal offset between the two diamond intersections. The initiation of Phase 2 with respect
to Phase 1 should be the ideal offset on the inside link in the eastbound direction, while
the initiation of Phase 5 with respect to Phase 4 should be the ideal offset on the inside
link in the wcstbound direction.
EXHIBIT A26-2. FOUR-PHASE PLAN WITH OVERLAP
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~

1 1
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ESTABLISHING OFFSETS
An offset is the difference, in seconds, between the start of green time at the two
signalized intersections of a diamond interchange; it is used to coordinate the through
traffic passing through the internal link. Both intersections in either the basic three-phase
or four-phase signalization are commonly timed from a single controller. The signal
phases and overlaps installed in the timing pattern can be established to allow traffic to
move through the interchange, reducing the probability of stopping. The two
intersections sometimes are timed by separate controllers and linked together; the offsets
then should be established to minimize unnecessary stopping.
26- 13
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Optimizing offsets

When the through traffic on the surface street is a dominant feature and the ramp
flows are no larger than the nor~nalturning volumes at other intersections, the standard
ideal offset may be used; this offset is equal to the travel time from the upstream to the
downstream stop line at the average running speed of traffic.

where
By

L
S

= offset for through movements at Intersections i and j, between the start
of the downstream through green and the upstream green (s);
= length of the link (i-j) from the upstream stop line to the downstream
stop line (ft); and
= average running speed on the surface street (ftls).

Normally, however, ramp movements are significant enough to create queuing on the
inside link. In such cases, the ideal offset should be based on clearing the queue at the
downstream intersection:

where
P

= proportion of vehicles arriving on green,

v

= arrival flow rate at the downstream intersection (vehk),
C = cycle length (s), and
s = saturation flow rate at the downstream intersection (vehth).
A third guideline for optimizing offsets is also available ( I ) . This criterion is based
on minimizing demand starvation and is related to the maximum storage on the inside
link. To minimize demand starvation, the offset should be greater than or equal to the
computation produced by Equation A26-3.

where
N
I

= number of lanes on link i-j, and
= queue storage length per vehicle (ft).

In general, the selection of an offset must consider many factors, including the flow
level, the traffic pattern, and the degree of saturation at the downstream signal. However.
to enhance the throughput efficiency during high-volume conditions, the offset should be
greater than or equal to the larger value produced by Equations A26-2 and A26-3.
Ideal offsets often can be provided only in a single direction. Once an ideal offset is
established in one direction, the offset in the other is often already determined. Although
multiphase operation at most interchange signals can provide some flexibility, other
signal timing requirements can dictate the opposing offset. In such cases, it is necessary
to consider both offsets and to determine a plan that is most effective for the overall
operation of the interchange, even though neither offset may be ideal.

APPENDIX B. ASSESSMENT OF ALTERNATIVE INTERCHANGE
CONFIGURATIONS
Assessment
Three alternative configurations are presented for an interchange.
Volumes (vehth) and control delay (stveh) are given for each movement. Control delay
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and overall LOS are determined to compare the alternatives and to illustrate the effect of
including all interchange movements in the calculations.

Alternative 1. Diamond, no free-flow movements or right turn on red (RTOR)

Movement No.

Volume (vehlh)

Delay (slveh)

1

800

30
30
20
35
50
50
40

2

3
4

5
6
7
8
9
10

40
45
25
45
45

11
12

Calculations
Total interchange delay (all 12 movements), 217,500 veh-s;
Total interchange
- volume (all 12 movements), 5,800 vehlh; and
Average interchange control delay = 2171500 -37.5 slveh (LOS D).
5.800

Alternative 2. Diamond with free-flow right turns to and from ramps

/

Movement No.

Volume (vehlh)

Delay (slveh)

1

800

30
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Calculations
Total interchange delay (all 12 movements), 159,000veh-s;
Total interchange volume (all 12 movements), 5,800vehlh;
Total volume (excluding free-flow movements), 4,400vehlh;
- 27.4slveh (LOS C),
Average interchange control delay (all volumes) = 59'OoO .

5,800

and
Average interchange control delay
free-flow volumes) =
. (excluding
.

159 000
4,400

A=

36.1 slveh (LOS D).

Alternative 3. Two-quadrant Parclo A with free-flow right-turn exit ramps

Calculations
0

Total interchange delay, 168,000veh-s;
Total interchange volume, 5,800vehlh;
Total volume (excluding free-flow movements), 4,400vehlh;

168 000
= 29.0 slveh
5,800

Average interchange control delay (all volumes) = ---

(LOS C); and
Average interchange control delay (excluding free-flow volumes) =
-A 681000- 38.2slveh (LOS D).

4,400

Results
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Diamond, no free-flow movements or RTOR
Diamond, with free-flow right turns tolfrom ramps
Two-quadrant Parclo A, with free-flow right-turn
exit ramps

DelayILOS
Using all Volumes
Excluding Free-Flow Volumes
37.5lD
37.5lD (no change)
27.4lC
36.1/D
29.0/C
38.21D

Considering all interchange volumes, the last two alternatives, which include free-flow
movements, outperform Alternative 1 by one service level. They perform about the same
for the given conditions. If free-flow volumes had been excluded, however, the benefits of
this design feature would have been masked-the average delay and ILOS of all three
alternatives would be the same, as shown on the right side of the results summary.
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8.

lNTRODUCTlON

This chapter presents methodologies for calculating the vehicle and person capacities
of transit modes that operate on street, namely, buses, streetcars, and light rail.
Procedures are presented for bus loading areas, bus stops, busways and freeway highoccupancy-vehicle (HOV) lanes, exclusive arterial street bus lanes, mixed-traffic lanes
used by buses. and rail lines. Furthermore, this chapter presents procedures for
calculating bus and rail travel speeds and gives guidance on sizing passenger waiting
areas at transit stations.
In addition, procedures for calculating transit quality-of-service measures for transit
service from the passenger's point of view are presented for transit stops and route
segments. Unlike the highway-oriented chapters in the HCM, which address individual
roadway facilities and generally present a single service measure for determining level of
service (LOS), this chapter addresses all on-street transit facilities and operations and as a
result presents four service measures.
This chapter should be used in conjunction with Chapter 14, Transit Concepts, which
describes basic concepts and definitions, not repeated in this chapter. Transit capacity
and quality-of-service procedures and applications related to multimodal corridor and
system analysis are presented in Chapters 29 and 30, "Corridor Analysis" and "Areawide
Analysis." Capacity and speed estimation methods for off-street transit modes as well as
more detailed information about transit capacity and quality-of-service procedures may
be found in the Transit Capaciv and QualiQ of Service Manual published by the
Transportation Research Board (I).

For background and concepts,
see Chapter 14

RELATIONSHIP TO OTHER ANALYTICAL PROCEDURES
Capacity estimation methods and concepts provided in other HCM chapters are
required in some of the methods given in this chapter for estimating the capacity of onstreet transit operations. Methodologies in Chapters 15, 16, and 17, "Urban Streets,"
"Signalized Intersections," and "Unsignalized Intersections," in particular, should be
reviewed when on-street transit operations are analyzed. Methodology in Chapter 23,
"Basic Freeway Segments," is also useful in evaluating busway and HOV-lane capacity.
The effect of transit on roadway operations is addressed in many of the other
chapters in Part I11 of this manual, usually in the form of a passenger vehicle equivalence
factor for buses. The method in Chapter 16, "Signalized Intersections," also accounts for
the number of buses stopping at an intersection.
Transit passengers are usually also pedestrians, bicyclists, or motorists at one or both
ends of their transit trip. Chapters 18, "Pedestrians," and 19, "Bicycles," should be
consulted regarding the availability of pedestrian and bicycle facilities and the LOS
provided. Methodologies in Chapter 18 can also be used in sizing passenger waiting
areas at bus stops and transit stations.
The interactions of automobiles, transit, and other modes and their joint role in
moving people as part of a transportation system are addressed in Part IV of this manual,
where methods for assessing multimodal facilities, corridors, and larger areas may be
found. Finally, comparisons of the capacity, speed, and quality of service offered by onstreet transit modes with those offered by off-street modes may be found in the Transit
C a p a c i ~and Qualizy of Service Manual (I).
The methods presented in this chapter are reflective of North American transit
capacity and quality-of-service experience and are not necessarily reflective of conditions
in other parts of the world. Experience in Europe and Asia, in particular, indicates that
greater maximum person capacities are possible than those presented in this chapter.
These greater capacities create greater levels of crowding and a lower quality of service
for passenger loads.

For auidelines on multimodal
analj/ses of a system, see
Part IV
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LIMITATIONS OF THE METHODOLOGY
This chapter presents methodologies for bus and light rail operations within the
limits of highway rights-of-way and for off-street operations only to the extent that offstreet capacity constrains on-street capacity. It does not address transit operations that
have their own exclusive dedicated facilities. The chapter also does not provide
procedures for the analysis of oversaturated conditions.

II. METHODOLOGY
The methodology in this chapter is for the analysis of capacities of transit modes like
buses, streetcars, and light rail in on-street operation.

QUALITY OF SERVICE
This section presents transit quality-oi-service measures for transit availability and
comfort and convenience of transit stops and route segments, as well as other
performance measures that analysts may want to consider for specific applications.
These measures are presented to give all users of the HCM an understanding of the
overall magnitude of and interrelationships within transit quality of service (I).
The four service measures related to transit facilities (transit stops and route
segments) per the transit quality-of-service framework presented in Chapter 14 are
service frequency, hours of service, passenger loads, and reliability. Two other
performance measures relating to transit systems, service coverage, and transit or
automobile travel time and their application to corridor and areawide analysis are
discussed in Chapters 29 and 30 of this manual.
Each quality-of-service measure has been divided into six LOS, each representing a
range of values defined by the characteristics of a particular service measure. Where
appropriate, descriptions of the changes in conditions that occur at LOS thresholds are
provided with each service measure.

Availability Measures
Transit service availability can be used as a measure of quality of service.
Availability measures for transit stops and route segments are described in the following
sections.

Senlice Frequency at Transit Stops
From the transit user's perspective, transit service frequency determines the number
of times an hour a user has access to the transit mode, assuming that transit service is
provided within acceptable walking distance (measured by service coverage) and at the
times the user wishes to travel (measured by hours of service). Service frequency also is
a measure of the convenience of transit service to choice riders and is one component of
overall transit trip time (helping to determine how long one waits for a transit vehicle).
Because of the different characteristics of urban scheduled transit service, paratransit
service, and intercity scheduled transit service, these characteristics are used to define the
LOS for each. Frequency LOS can vary by time of day or week: for example, a service
may operate at LOS B during peak hours, LOS D at midday, and LOS F at night.
Similarly, paratransit service may operate at LOS D on weekdays but at LOS F on
weekends if no service is offered.
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Urban Scheduled Transit Service
Urban scheduled transit service includes all scheduled service within a city as well as
servicc betwcen cities within a larger metropolitan arca. Deviated-route bus service is
included in this category bccause the basic service is scheduled, even if specific stops are
not. For thc purpose of determining service frequency LOS, commuter rail is treated as
intercity service.
The service frequency LOS measure for urban scheduled transit service is headway;
howevcr, for convenience, Exhibit 27-1 shows LOS both by headway and by the
corresponding number of vehicles per hour. It should be emphasized that although
headways are given as continuous ranges for the purposes of determining LOS,
passengers find it easier to understand schedules when clock headways are used
(headways that are evenly divisible into 60). When clock headways are used, transit
vehicles arrive at the same times each hour. The threshold between LOS E and F is
service once an hour; this service corresponds to the typical analysis period and to the
minimum service frequency applied when hours-of-service LOS is determined.

Urban scheduled transit
sen/ice includes deviated
fixed-route bus service

Headway determines service
frequency LOS for urban
scheduled transit service

EXHIBIT 27-1. SERVICE FREQUENCY LOS FOR URBAN SCHEDULED TRANSIT SERVICE
LOS

1 Headwav (min) i

Vehlh

I

Comments
Passengers don't need schedules
Frequent service; passengers consult schedules
Maximum desirable time to wait if busltrain missed
Service unattractive to choice riders
Service available during hour
Service unattractive to all riders

Service frequency LOS is determined by destination from a given transit stop, since
several routes may scrve a given stop but not all may serve a particular destination. Some
judgment must be applied for bus stops located near timed transfer centers. There is a
considerable difference in service from a passenger's perspective between a bus that
arrives every 10 min and three buses that arrive in sequence from a nearby transfer center
every 30 min, even though both scenarios result in six buses per hour serving the stop. In
general, buses on separate routes serving the same destination that arrive at a stop within
3 min of each other should be counted as one bus for the purposes of determining service
frequency LOS. Exhibit 27-1 gives LOS ranges for scheduled service.

Paratransit Service
Paratransit includes all unscheduled transit service obtained by notifying the service
provider that a pickup is desired. However, as noted above, deviated fixed-route service,
which is scheduled, is evaluated using the urban scheduled transit service procedures.
The measure of service frequency for paratransit service is access time, the minimum
amount of time from when a passenger requests service to the time a pickup can be
guaranteed to occur. Standing reservations, where a passenger is picked up every day at a
given time unless the service provider is notified otherwise, are convenient for the
passenger and potentially require less work on the part of the service provider; however,
random reservations are assumed in calculating access time. Exhibit 27-2 summarizes
LOS thresholds for service frequency of paratransit service. The threshold between LOS
E and F is one day's advance notice for obtaining a ride. At a higher LOS, service can be
provided the day it is requested.

Service frequency LOS is
measured by access time for
paratransit operation
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EXHIBIT 27-2. SERVICE FREQUENCY LOS FOR PARATRANSIT SERVICE
Comments
Fairly prompt response
Acceptable response
Tolerable response
Poor response, may require advance planning
Requires advance planning
Service not offered every weekday or at all

lntercity Scheduled Transit Service
lntercity transportation
sentices help fill the
mobility needs of smaller
communities

Transportation services between communities can be just as important as services
within communities, especially for rural areas where medical, educational, and other
services may not be readily available. Intercity transportation services, whether bus,
train, or ferry, help to fill these mobility needs by linking smaller communities to larger
communities and to other transportation modes.
The number of transit vehicles per day between one community and another
establishes the LOS for intercity service. Exhibit 27-3 summarizes LOS thresholds for
service frequency of intercity scheduled transit service. The threshold between LOS E
and F is a minimum of two round trips per day, allowing a return to one's origin the same
day with sufficient time in the destination city for the trip to be useful. With just one
round trip a day, a transit vehicle would likely return to its origin soon after arriving, not
allowing time for a passenger to do anything useful in the destination community and still
return home that day.

EXHIBIT 27-3. SERVICE FREQUENCY LOS FOR INTERCITY SCHEDULED TRANSIT SERVICE
LOS
VehIDav
Comments
Numerous trips throughout the day
Midday and frequent peak-hour service
Midday or frequent peak-hour service
Minimum service to provide choice of travel times
Round trip in one day is possible
Round trio in one dav is not oossiblea
Note:
a. Technically, a round trip might be possible, but the transit vehicle would likely return to its origin soon after arriving at its
destination, not allowing any time for errands.

Accessibility at Transit Stops
Pedestrian, bicycle, automobile, and ADA (Americans with Disabilities Act of 1990)
accessibility to transit stops is difficult to quantify. An evaluation of pedestrian
accessibility should consider whether sidewalks are provided, the condition of the
sidewalks, terrain, traffic volumes on streets that pedestrians must cross to access a transit
stop and the kind of traffic control provided on those streets, and whether out-of-direction
travel is required. Sidewalks are usually needed on arterial or collector routes used by
buses, especially at the bus stop. Sidewalks are less critical on low-volume local streets
with bus service. One possible measure could be pedestrian travel time to a stop from a
certain point, with different walking times assigned to different walking environments
and with delays involved in waiting for a Walk indication at signalized intersections and
waiting for a sufficiently large gap in traffic in order to cross a street at an unsignalized
intersection accounted for. The Manual otz Uniform Traffic Control Devices ( 2 )and the
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ITE Manual of Trnrrsportatiotz Engineering Studies (3)provide guidance on pedestrian
travel speeds and assessing gaps in traffic.
Research has provided a method for assessing the ADA accessibility of bus stops and
the routes leading to bus stops (4). (Since the ADA regulations may change in the future,
this method should be used for guidance in developing accessible routes for bus stops, but
the current version of the regulations should be relied on for determining legal
compliance with ADA.)
Assessment of bicycle access should consider the availability and condition of
bicycle facilities on the roadways leading to a transit stop, traffic volumes on the
roadways leading to transit stops, the provision of bicycle racks on buses and whether
demand exceeds rack capacity, the provision of bicycle storage lockers at high-volume
boarding locations, and the ability to load bicycles onto rail vehicles during peak periods.
Assessment of automobile access should consider the capacity of park-and-ride or
transit station parking lots relative to demand and the pedestrian environment within
parking lots and between lots and the transit stop. For transit systems that use a zonebased fare system, consideration should be given to the parking requirements of transit
stops located near a zone boundary where a drop in fare occurs.

ADA accessibility to transit

Bicycle accessibility

Automobile accessibility

Passenger Loads at Transit Stops
Although passenger loads are generally more of a comfort and convenience factor
than a transit availability factor, when a transit vehicle is full as it arrives at a stop,
passengers waiting at the stop are unable to board and transit service is not available to
those passengers at that time. Transit vehicle scheduling should provide sufficient
frequency along routes to accommodate peak passenger demand volumes and avoid
passing up waiting passengers. Special consideration should be given to providing
sufficient transit vehicles to locations with strong peaking characteristics (such as
airports, sports stadiums, or concert venues), when many people will want to board transit
vehicles at the same time. Unusual weather conditions, such as snow and ice in some
areas, can cause people who normally drive to use transit instead, resulting in
overcrowded conditions.

Passenger loads can be a
transit availability concern
when too few vehicles are
scheduled or at locations with
strong passenger peaking
characteristics

Route Segment Hours of Senlice
Hours of service, also known as service span, is simply the number of hours during
the day when transit service is provided along a route, a segment of a route, or between
two locations. It plays as important a role as frequency and service coverage in
determining the availability of transit service to potential users.
Exhibit 27-4 summarizes hours-of-service LOS thresholds for a transit route. Hoursof-service LOS is measured similarly for fixed-route and paratransit services. For fixedroute service, LOS is based on the number of hours per day when transit service is
provided at least once an hour (corresponding to a minimum LOS E for service frequency
and compatible with a typical 1-h analysis period). For paratransit service, LOS is based
on the number of hours per day when service is offered. As with frequency, hours-ofservice LOS can vary by day. Hours-of-service LOS is intended only for transit service
provided within cities; intercity service should use only the frequency LOS measure,
which is based on the number of trips provided per day.

Route Segment Accessibility
The same accessibility considerations that apply to transit stops also apply to route
segments. A potential measure of pedestrian, bicycle, and ADA accessibility for a route
segment could include the percentage of transit stops along the segment that meet certain
accessibility criteria. Assessment of automobile access should also consider the
frequency of park-and-ride lots along a route, to minimize the number of vehicle-miles
traveled on the area's roadway system by motorists traveling to transit.
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EXHIBIT 27-4. HOURS-OF-SERVICE LOS
Hours per Day
Comments
> 18-24
Night or owl service provided
Late evening service provided
> 16-18
> 13-16
Early evening service provided
> 11-13
Daytime service provided
Peak-hour service/limited midday service
> 3-1 1
0-3
Very limited or no service

LOS
A
B
C
D
E
F

Notes:
Fixed route: number of hours per day when service is provided at least once an hour.
Paratransit: number of hours per day when service is offered.

Comfort and Convenience Measures
Comfort and convenience measures of transit service quality are described in the
following sections.

Passenger Loads at Transit Stops

Passenger loads are
measured as space per
person

From the passenger's perspective, passenger loads reflect the comfort level of the onboard vehicle portion of a transit trip both in terms of being able to find a seat and in
terms of overall crowding levels within the vehicle. From a transit operator's
perspective, a poor LOS may indicate the need to increase service frequency or vehicle
size in order to reduce crowding and to provide a more comfortable ride for passengers.
A poor passenger load LOS indicates that dwell times will be longer for a given
passenger boarding and alighting demand at a transit stop and, as a result, travel times
and service reliability will be negatively affected.
Passenger load LOS for bus and rail uses the same measure-square meters per
passenger-but the ranges used to determine the LOS differ between the two modes
because of differences in the level of crowding that passengers will tolerate and because
most rail modes (with the notable exception of commuter rail) provide more standing area
than do buses. Passenger load LOS can be measured by time of day (e.g., LOS D peak,
LOS B off peak) or by the amount of time a certain condition occurs (e.g., some
passengers must stand for up to 10 rnin).
The Transit Capacity and Quality of Service Manual ( I ) can be used to estimate the
passenger area provided within different kinds of transit vehicles. Alternatively, the load
factors (passengers per seat) shown in Exhibit 27-5 can be used to estimate LOS.

EXHIBIT 27-5. PASSENGER LOAD LOS
Rail
p/seata
ft2/p
p/seata
Comments
O.OC-O.50 < 19.90
O.OC-O.50 No passenger need sit next to another
0.514.75 14.0h19.90
0.514.75 Passengers can choose where to sit
0.76-1.00 10.2h13.99
0.76-1.00 All passengers can sit
1.01-1.25 5.4h10.19
1.01-2.00 Comfortable loading for standees
1.26-1.50 3.2h5.39
2.01-3.00 Maximum schedule load
> 1.50
Crush loads
< 3.20
> 3.00

Bus
LOS
A
B
C
D
E
F

ft2/p
> 12.90

8.6h12.89
6.5M.59
5.4h6.49
4.3h5.39
< 4.30

Note:
a. Approximate values for comparison. LOS is based on area per passenger.

Amenities at Transit Stops
The amenities provided at transit stops are usually a matter of agency policy, based
on the number of boarding riders that would benefit from a particular amenity as well as
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other factors. Exhibit 27-6 lists typical amenities, daily boarding volumes, and other
factors to consider.
EXHIBIT 27-6. TYPICAL TRANSIT STOP AMENITIES
Typical Daily Boarding
Volumes at Stop
10 (rural)
25 (suburban)
50-100 (urban)

Amenity
Shelter

1

--

Landing pad

Trash receptacles

Source: References

I

Somewhat lower than
shelter thresholds

Bench

Information signs

Other Factors to Consider

1
1
1
I

100

--

I
I
I
I

I

Number of transfers at a stop
Available space to place shelter
ADA requirements
Availability of alternative shelter
Average passenger waiting time
Insufficient space for shelter
Walls, stairs, etc., that attract passengers onto adjacent
property
Stops used by elderlyldisabled
Wheelchair deployments at stop
Muddy waiting areas
Waiting areas damaging adjacent property
Major trip generators and transfer points
Number of routes using a stop
Room to install display
Evidence of litter problem at a stop
Availability of sponsor for maintenance
Room to install adjacent to the bus stop

5-7.

Route Segment Reliability
Several different measures of reliability are used by transit systems. The most
common of these are
On-time performance,
Headway adherence (the consistency or evenness of the interval between transit
vehicles),
Missed trips, and
Distance traveled between mechanical breakdowns.
On-time performance is the most widely used measure in the transit industry. It is a
measure to which users can relate and encompasses several of the factors listed earlier
that influence transit reliability. However, when vehicles run at frequent intervals,
headway adherence becomes important to passengers, especially when vehicles arrive in
bunches, causing overcrowding on the lead vehicle and longer waits than expected.
Most transit systems define a fixed-route transit vehicle as late when it is more than
5 min behind schedule (8, 9). Some systems consider transit vehicles to be on time when
they depart 1 to 3 min early, but the majority of systems consider an early departure as
not being on timc. From the perspective of a passenger waiting for a transit vehicle, an
early departure is often equivalent to a vehicle's being late by the amount of one
headway. Reliability LOS considers on-time performance for fixed-route service as a
departure from a published time point 0 to 5 min after the scheduled time or an arrival at
the end of the route no more than 5 min after the scheduled time. Early departures are not
considered on time.
In the case of deviated fixed-route service, in which a bus travels to the rider rather
than the riders traveling to meet a bus, early arrivals and departures are not as critical.
Also, maintaining a consistent schedule from day to day is more difficult. Therefore,
reliability LOS considers on-time performance for deviated fixed-route service as a
pickup within 10 min of the scheduled time. The only paratransit on-time performance

I

Headway adherence is
important for frequent service,
since bunched vehicles lead
to overcrowding and longer
waits than expected
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measure identified in the literature ( 8 )defines a pickup within 20 min of the scheduled
time as on time, and this is the criterion used for the reliability LOS for paratransit
service.
Exhibit 27-7 lists reliability LOS grades for transit service operating with frequencies
of fewer than six buseslh scheduled. The LOS thresholds are based on the systemwide
on-time performance reported by 83 transit properties (8).
EXHIBIT 27-7. RELIABII-ITY LOS FOR ON-TIME PERFORMANCE
LOS
A
B
C
D
E
F

On-Time Percentage

97.5-1 00.0
95.0-97.4
90.0-94.9
85.0-89.9
80.M4.9
< 80.0

Commentsa

1 late bus per month
2 late buses per month
1 late bus per week
1 late bus per direction per week

Notes:
Applies to routes with frequencies of fewer than 6 buseslh scheduled.
a. User perspective, based on 5 round tripslweek of their travel on a particular transit route with no transfers.
On-time = 0-5 min late departing published time point (fixed route)
arrival within 10 min of scheduled pickup time (deviated fixed route)
arrival within 20 min of scheduled pickup time (paratransit)

For transit service operating at frequencies of six buseslh scheduled or more,
headway adherence is used to determine reliability. The measure is based on the
coefficient of variation of headways of transit vehicles serving a particular route arriving
at a stop, c,, which is calculated by Equation 27-1.
C,

=

sfandard deviation of headways
scheduled headway

Exhibit 27-8 summarizes headway adherence LOS thresholds by coefficient of
variation.
EXHIBIT 27-8. RELIABILITY LOS FOR HEADWAY ADHERENCE
LOS
A
B
C
D
E
F

Coefficient of Variation

O.OM).I 0
0.1 1 4 . 2 0
0.214.30
0.314.40
0.414.50
> 0.50

Note:
Applies to routes with frequencies greater than or equal to 6 buseslh scheduled.

Route Segment Travel Speed
Travel speed is a
measure useful for
analyzing systems

,
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Travel speed is a useful route segment performance measure because it reflects how
long a trip may take without depending on how long a route segment might be. Transit
priority measures, improvements to fare collection procedures, use of low-floor buses,
and other similar actions implemented along a route segment will be reflected as
improvements in travel speed. The methods presented later in this chapter can be used to
estimate transit travel speeds along a route segment. Research has provided suggested
LOS ranges based on bus speeds for buses operating on arterial bus lanes (10).
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PARAMETERS OF BUS FACILlTlES
Regardless of the kind of bus facility-loading area, bus stop, or bus lane-being
analyzed, there are some fundamental components common to each that are required to
calculate the facility's vehicle and person capacity. Dwell time is the most important of
these, but all have some effect on capacity. This section presents procedures for
calculating each of these components.

Dwell Time
Dwell time is the amount of lime a bus spends while stopped to serve passengers.
When buses operate in mixed traffic and stop in a travel lane, the reduction in the
roadway capacity is directly related to the amount of time the buses stop. It is the time
required to serve passengers at the busiest door plus the time required to open and close
the doors. A value of 2 to 5 s for door opening and closing is reasonable for nonnal
operations.
Dwell time, td, can be measured in the field. Field measurement of dwell time is best
suited for determining the capacity and LOS of an existing transit line. In the absence of
other infonnation, dwell time can be assumed to be 60 s for central business district
(CBD), transit center, major on-line transfer point, or major park-and-ride stops; 30 s for
major outlying stops; and 15 s for typical outlying stops (11).
Equation 27-2 can be used to compute dwell time.
where
td
Pa

= dwell time (s),
= alighting passengers per bus through busiest door during peak 15 min

Pb

(P),
= passenger alighting time (slp),
= boarding passengers per bus through busiest door during peak 15 min

tb
to,

(PI>
= passenger boarding time (slp), and
= door opening and closing time (s).

t,

Peak Passenger Volumes
Estimates of hourly passenger volume are required for the highest-volume stops.
The peak-hour factor is used to adjust hourly passenger volumes to reflect 15-min
conditions (see Equations 27-3 and 27-4).
PHF =-

P

4P~5

where
PHF
P
PI5

= peak-hour factor,
= passenger volume during peak hour (p), and
= passenger volume during peak 15 min (p).

If buses operate at frequencies longer than four buseslh scheduled, the denominator of
Equations 27-3 and 27-4 should be adjusted accordingly. Typical PHFs range from 0.60
to 0.95 for transit service (12, 13), with a value close to 1.0 indicating possible
underservice of the route.

Boarding and Alighting Times
Boarding and alighting times for base conditions are determined using the values in
Exhibit 27-9. Note that if standees are present, 0.5 s should be added to the boarding
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tiines shown. For certain special conditions, the base values are multiplied by 1.2 (12);
0.6 (14,15), and 0.9 (16) for heavy two-way flow through a single door or double-stream
door and for a low-floor bus, respectively.
EXHIBIT 27-9.TYPICAL BUS PASSENGER BOARDING AND ALIGHTING SERVICE TIMES FORSELECTED BUS
TYPES AND DOOR CONFIGURATIONS
Available Doors or Channels
Bus Type

Number

Location

Conventional (rigid body)

1
1
2
2
2
4
3
2
2
6
6

Front
Rear
Front
Rear
Front, rearc
Front, reard
Front, rear, center
Rear
Front, centerc
Front, rear, centerc
3 double doorsf

Articulated

Special single unit

Typical Boarding Service
Typical Alighting
Timesa (s/p)
Prepaymentb Single Coin Service Times
Fare
@/PI
1.7 to 2.0
2.6 to 3.0
2.0
1.7 to 2.0
NA
2.0
1.2
1.0to1.2
1.8to2.0
1.2
NA
1.0 to 1.2
1.2
NA
0.9
NA
0.7
0.6
NA
0.9d
0.8
----NA
1.2e
--------0.6
0.5
NA
0.4
0.5
NA
0.4

Notes:
NA: data not available.
a. Typical interval in seconds between successive boarding and alighting passengers. Does not allow for clearance times
between successive buses or dead time at stop. If standees are present, 0.5 s should be added to the boarding times.
b. Also applies to pay-on-leave or free transfer situation.
c. One each.
d. Less use of separated doors for simultaneous loading and unloading.
e. Double-door rear loading with single exits, typical European design. Provides one-way flow within vehicle, reducing internal
congestion. Desirable for line-haul, especially if two-person operation is feasible. May not be best configuration for busway
operation.
f. Examples: Denver 16th Street Mall shuttle; airport buses used lo shuttle passengers to planes. Typically low-floor buses with
few seats serving short, high-volume passenger trips.
Source: Cunlill and Watts (17).

Wheelchair Accessibility Adjustment
All new transit buses in the United States are equipped with wheelchair lifts or
ramps. When a lift is in use, the door is blocked from use by other passengers. Typical
wheelchair lift cycle times are 60 to 200 s, and the ramps used in low-floor buses reduce
the cycle times to 30 to 60 s (including the time required to secure the wheelchair inside
the bus). The higher cycle times relate to a minority of inexperienced or severely
disadvantaged users. When wheelchair users regularly use a bus stop to board or alight,
the wheelchair lift time should be added to the dwell time.

Bicycle Adjustment
Some transit systems provide folding bicycle racks on buses. When no bicycles are
loaded, the racks typically fold upright against the front of the bus. (Some systems also
use rear-mounted racks, and a very few allow bikes on board on certain long-distance
routes.) When bicycles are loaded, passengers deploy the bicycle rack and load their
bicycles into one of the available loading positions (typically two are provided). The
process takes approximately 20 to 30 s. When bicycle rack usage at a stop is frequent
enough to warrant special treatment, the dwell time of a bus is determined using the
greater of the passenger boarding and alighting time or the bicycle loading and unloading
time.
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Coefficient of Variation of Dwell Times
The coefficient of variation of
dwell times is the standard
deviation of dwell times
divided by the mean dwell
time

The effect of variability in bus dwell times is reflected by the coefficient of variation
of dwell times, which is the standard deviation of dwell time observations divided by the
mean. On the basis of reported field observations of bus dwell times in several U.S.
cities, the coefficient of variation of dwell times typically ranges from 40 to 80 percent,
with 60 percent suggested as an appropriate value in the absence of field data (10).

Clearance Time
Clearance time defined

Clearailce time includes two components, the time for a bus to start up and travel its
own length while exiting a bus stop and (for off-line stops only) the reentry delay
associated with the wait for a sufficient gap in traffic to allow a bus to pull back into the
travel lane. Various studies have looked at these factors, either singly or together.
Research has found that bus start-up times range from 2 to 5 s (5). The time for a bus to
travel its own length after stopping is approximately 5 to 10 s, depending on acceleration
and traffic conditions. Other research recommends a range of 10 to 15 s for clearance
time (10).
Start-up and exiting time may be assumed to be 10 s. Reentry delay can be measured
in the field or, at locations where buses reenter a traffic stream, may be estimated from
Exhibit 27-10 on the basis of traffic volumes in the adjacent travel lane. If buses must
wait for a queue from a signal or for traffic to clear before they can reenter the street or if
traffic arrives randomly, values from Exhibit 27-10 should not be used; instead, reentry
delay should be estimated using the average queue length (in vehicles), the saturation
flow rate, and the start-up lost time (see Chapter 16).
EXHIBIT 27-10. AVERAGE BUS REENTRY DELAY INTO ADJACENT TRAFFIC STREAM
(RANDOM VEHICLE ARRIVALS)
Adjacent-Lane Mixed-Traffic Volume (vehth)
100

Exhibit 27-70applies on1 to
off-line stops and only wkkre
buses must yield to other
traffic when they reenter a
street, traffic arrives randomly,
and the stop is located away
from the influence of a queue

Average Reentry Delay (s)
0

Reentry dela can be reduced
or e/iminatedby using on-line
stops, queue jumps at signals,
or laws requiring traffic to yield
to buses

Some states have passed laws requiring that other traffic yield to transit vehicles that
are signaling to exit a stop. In these locations, the reentry delay can be reduced or even
eliminated, depending on how well motorists comply with the law. Transit priority
measures, such as queue jumps at signals, can also eliminate reentry delay.

Failure Rate
The probability that a queue of buses will not form behind a bus stop, or failure rate,
can be derived from basic statistics. Z , represents the area under one tail of the normal
curve beyond the acceptable levels of probability that a queue will form at a bus stop.
Typical values of Z , for various failure rates are listed in Exhibit 27-1 1. A design failure
rate should be chosen for use in calculating a loading area capacity. Higher design failure
rates increase bus stop capacity at the expense of schedule reliability. Capacity occurs
under normal conditions at a 25 percent failure rate (18,19).

1

One-tail normal variate, Z,
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EXHIBIT 27-1 1. VALUES OF PERCENT FAII-IJRE ASSOCIATED WITH Z,
Failure Rate (%)

z,

Suggested values of Z, are the following (12):
CBD stops: Z, values of 1.440 down to 1.040 should be used. They result in
probabilities of 7.5 to 15 percent, respectively, that queues will develop.
Outlying stops: A Z, value of 1.960 should be provided wherever possible,
especially when buses must pull into stops from the travel lane. This value results in
queues beyond bus stops only 2.5 percent of the time. Z, values down to 1.440 are
acceptable, however.
Passenger Loads
Load factor defined

Maximum schedule loads
defined

Crush loads defined

Minimum passenger
space requirements

Passenger loads are the number of passengers in a single transit vehicle. The
occupancy of the vehicle is typically related to the number of seats, expressed as a load
factor. A factor of 1.0 means that all of the seats are occupied. The importance of
vehicle loading varies by the type of transit service. In general, bus transit provides a
load factor at or below 1.0 for long-distance commute trips and high-speed, mixed-traffic
operations. Inner-city service can approach a load factor of 1.5 to 2.0.
Maximum scheduled load is synonymous with capacity, assuming a reasonable
number of standees. It represents the upper limit for scheduling purposes. Maximum
scheduled loads are typically 125 to 150 percent of seating capacity (e.g., 54 to 64
passengers on a typical 40-ft bus).
Crush loads, typically loads above 150 percent of seating capacity, subject standees
and other passengers to unreasonable discomfort. Such loads are unacceptable to
passengers. Crush loads prevent circulation of passengers at intermediate stops, induce
delay, and reduce vehicle capacity. Although crush loading represents the theoretically
offered capacity, it cannot be sustained on every bus for any given period, and it exceeds
the maximum utilized capacity. Therefore, crush loads should not be used for transit
capacity calculations. Note, however, that when maximum schedule loads are used, some
buses will experience crush loading because of the peaking characteristics of passenger
demand.
Design guidelines for seats and passenger areas in transit vehicles are based on
human factors. For buses, comfortable loading for design should provide at least 5.40
ft2/passenger and maximum schedule loads should provide a minimum of 4.30 ft2/p
where relatively short trips allow standees (20). High-speed express bus service should
not allow standees, and scheduling should be guided by the number of seats provided.
Skip-Stop Operation

Capacity adjustment for
availability of adjacent
lane
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When buses stop at every curbside bus stop in an on-line loading area arrangement,
use of the adjacent lane becomes necessary only to pass obstructions in the curb lane.
The ability to spread out stops, alternating route stop patterns along an urban street, can
substantially improve bus speeds and capacities.
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Many largc transit systems have instilutcd lwo- or lhree-block stop patterns for bus
slops along urban strccts. This block-skipping patlern allows for a faster trip through the
section and reduces the number of buses stopping at each bus stop.
These alternating block stopping palterns enable the bus lane capacity to nearly equal
the sum of the capacities of the stops involved. Thus, an urban street with an alternating
two-block stopping pattern would ideally have a capacity equal to the sum of the two
stops, assuming unimpeded use of the adjacent lane. In reality, this capacity may not
always be achievable because of the irregularity of bus arrivals and lraffic signal delays.

DETERMINING LOADING AREA CAPACITY
The maximum number of buses per loading area per hour, Bbb, is given by Equation
27-5.

where
Bbb
g1C

t,
td

Z,
c,

= maximum number of buses per berth per hour (buseslh),

= effective green time per signal cycle (1.0 for a stop not at a signalized
intersection),
= clearance time between successive buses (s),
= average dwell time (s),
= one-tail normal variate corresponding to probability that queues will
form behind bus stop, and
= coefficient of variation of dwell times.

These maximum capacities assume adequate loading area and bus stop geometry.
Guidelines for the spacing, location, and geometric design of bus stops are given in TCRP
Report 19 (6).

DETERMINING BUS STOP CAPACITY
As shown in Exhibit 27-12, increasing the number of linear loading areas at a bus
stop has an ever-decreasing effect on capacity as the number of loading areas increases.
Doubling the number of linear loading areas at a bus stop does not double capacity
because the linear loading areas of multiple-berth stops typically are not used equally.
When more than three loading areas are required, sawtooth, pull-through, or other
nonlinear designs should be considered.
The values suggest that four or five on-line linear loading areas have the equivalent
effectiveness of three loading areas. Note that to provide two effective on-line loading
areas, three physical loading areas would have to be provided, since partial loading areas
are never built. All other types of multiple loading areas are 100 percent efficient: the
number of effective loading areas equals the number of physical loading areas.
The vehicle capacity of a bus stop in buses per hour is given by Equation 27-6.

Sawtooth and other nonlinear
designs are more effective
than linear loading areas
when four or five loading
areas are required

Person capacity of a bus stop
is related to number of people
boarding and alighting

3,600($)
Bs = NebBbb = Neb

(27-6)

where
B,
Neb

= maximum number of buses per bus slop per hour, and

= number of effective loading areas, from Exhibit 27-12.
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EXHIBIT 27-1 2. EFFICIENCY OF MULTIPLE LINEAR LOADING AREAS AT BUS STOPS
Loading Area
No.
1
2
3
4
5

On-Line Loading Areas
No. of Cumulalive
Efficiency, %
Effective Loading Areas
100
1.oo
85
1.85
60
2.45
20
2.65
5
2.70

Off-Line Loading Areas
Efficiency, %
No. of Cumulative
Effective Loading Areas
100
1.oo
1.85
85
2.60
75
3.25
65
3.75
50

Note: On-line values assume that buses do not overtake each other.
Source: References 19. 21. and 22.

BUS FACILITIES ON FREEWAY HOV LANES AND BUSWAYS

Capacity of a busway
depends on the capacity
of major stops

Average bus speed is
determined by
running speed,
stop spacing, and
* dwell time.
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Freeway HOV lanes are designed to increase the person capacity of a freeway by
reserving one or more lanes, either part time or full time, for the use of vehicles with a
multiple number of occupants. When the regular freeway lanes experience congestion,
vehicles in the HOV lane should still travel freely. As a result, persons in the HOV lane
are provided a time-savings benefit compared with those in general traffic.
Exclusive busway vehicle capacity can be computed using appropriate assumptions
regarding the type of bus used, maximum allowable bus loading, the distribution of
ridership among stops, the peak-hour factor, and the type of loading area. Chapter 14
presents typical busway vehicle capacities in CBD areas.
The person capacity of a busway or HOV lane at its maximum load point may be
computed by multiplying the product of number per hour of each type of vehicle and the
number of seats available per vehicle by a peak-hour factor. However, the vehicle
capacity and therefore the person capacity will be constrained by bus stop capacity.
High-speed bus service on busways and HOV lanes should not allow standees, so
capacity calculations should assume that every passenger is seated. Chapter 14 provides
illustrative busway person capacities at the maximum load point.
Exhibit 27-13 shows how the number of channels, or doors, and number of loading
areas increase the maximum load point capacity. This exhibit can be used to estimate the
number of passengers per hour that can be accommodated by various numbers and types
of loading areas. The exhibit assumes that passenger loading is concentrated in the CBD
area as opposed to being dispersed along the busway. Note that increasing the number of
doors available for boarding (e.g., by using prepaid fares at busway stations or through
use of smart card technology) greatly increases the person capacity of a busway.
The average speed of a bus operating on a busway or freeway HOV lane depends on
three factors: the running speed of the bus in the lane, bus stop spacing, and dwell time at
bus stops.
Chapter 23, "Basic Freeway Segments," may be used to estimate the running speed
of a bus in a busway or freeway HOV lane given the free-flow speed of the lane, the
traffic volume in the lane, and the mix of passenger vehicles and buses using the lane.
The time required to travel through a given length of busway or HOV lane without
stopping can be calculated from this running speed.
Bus stop spacing affects the number of times a bus must dwell as well as the number
of times the bus experiences added delay due to acceleration and deceleration. A rate of
4.0 ft/s2 may be assumed for acceleration and deceleration in the absence of local data
(10). Exhibit 27-14 lists average travel speeds in miles per hour for a selection of running
speeds, dwell times, and off-line bus stop spacings. As would be expected, average bus
speeds decrease as the stop spacing increases or as the average dwell time per stop
increases.
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EXHIBIT 27-13. TYPICAL BUSWAY LINE-HAUL PASSENGERVOLUMES

16,000

8000

I

1

2

3

4

Number of Loading Areas

- - - Six channels, off-line stops
- - A

Two channels, off-line stops
Single channel, off-line stops

- - - - - - - - Six channels, on-line stops
-

--

- - -- --

1

Two channels, on-line stops
Single channel, on-line stops

Note: SIX-channel configurations assume 60-passenger (seated) articulated buses.

EXHIBIT 27-14. ESTIMATED AVERAGE SPEEDS OF BUSES OPERATING IN FREEWAY H O V LANES
Dwell Time (s)

Stop
Spacing (mi)

15

1.O
1.5
2.0
2.5
3.0

34.2
38.2
40.6
42.2
43.3

1.O
1.5
2.0
2.5
3.0

35.8
40.5
43.4
45.3
46.7

1.O

37.1

30
50-milh Running Speed
29.9
34.5
37.4
39.4
40.8
55-milh Running Speed
31.1
36.4
39.8
42.1
43.8
60-milh Running Speed
32.1

45

60

26.6
31.5
34.7
37.0
38.7

23.9
29.0
32.4
34.8
36.7

27.6
33.1
36.7
39.3
41.3

24.7
30.3
34.1
36.9
39.1

28.3

25.4

Note:
Values are in miles per hour.
Assumes constant 4.0-ft/s2 acceleration-deceleration rate as buses enter and exit the freeway from off-line stops.
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EXCLUSIVE URBAN S f REEf BUS FACILITIES
Exclusive urban street bus facility capacity and speed determination processes are
given in the following sections. The procedure applies for three lane types, namely, Type
1 , bus lanes with no adjacent lane; Type 2, bus lanes with partial use of an adjacent lane;
and Typc 3, bus lanes with two lanes for the exclusive use of buses. These types of bus
lane treatments are described in Chapter 14. Illustrations 27-1 through 27-3 depict Types
1 , 2 , and 3 exclusive bus lanes. respectively.

Denver, Colorado

Los Angeles, California

Illuslration 27-1. Examples of Type 1 exclusive bus lane.

Portland, Oregon

Montreal, Canada

lllustralion 27-2. Examples of Type 2 exclusive bus lane.

New York, New York

Miami, Florida (single lane with off-line stops)

llluslration 27-3. Examples of Type 3 exclusive bus lane.

Vehicle Capacity
The vehicle capacity of an exclusive bus lane depends on several factors:
* Bus lane type,
Whether skip-stop operation is used,
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Whether buses using the lane are organized into platoons,
Volume to capacity ratio of the adjacent lane for Type 2 bus lanes, and
Bus stop location and right-turning volumes from the bus lane.
If no special bus operational procedures, such as skip-stop, are used and if right turns
by nontransit vehicles are prohibited, the bus lane vehicle capacity is simply the vehicle
capacity of the critical bus stop along the bus lane. However, when skip-stop operation is
used or when right turns are allowed, adjustments must be made to this base vehicle
capacity.

Adjustment for Right Turns
Right-turning traffic physically competes with buses in the bus lane for space at an
intersection. The traffic generally turns from the bus lane, although in some cases right
turns are made from the adjacent lane. Vehicles may queue behind buses at a near-side
bus stop to make a right turn. Conversely, right-turning traffic may block buses or
preempt green signal time. The interference of right-turning traffic on bus operations can
be further magnified by significant pedestrian crossing volumes blocking right-turn
movements. The placement of the bus stop at the intersection, whether near-side, farside, or midblock, can also influence the amount of delay induced by, and to, the rightturning traffic.
The effects of right turns on bus lane vehicle capacity can be estimated by
multiplying the bus lane vehicle capacity without right turns by an adjustment factor.
The values of this adjustment factor, f,, may be estimated using Equation 27-7.

Capacify adjustment for
effects of right-turning traffic

where
f,
fl

v,

c,

= right-turn adjustment factor;
= bus stop location factor, from Exhibit 27-15;
= volume of right turns at specific intersection (vehh); and
= capacity of right turns at specific intersection (vehh).

Suggested factors for the bus stop location factor, f,, are listed in Exhibit 27-15.
Where right turns are allowed, the factors range from 0.5 for a far-side stop with the
adjacent lane available for buses to 1.0 for a near-side stop with all buses restricted to a
single lane. A factor of 0.0 is used for Type 3 lanes, since right turns by nontransit
vehicles are not allowed from this type of bus lane. These factors reflect the likely ability
of buses to move around right-turn queues.
EXHIBIT 27-15. BUS STOP LOCATION FACTORS
Bus Lane Type
Bus Stop Location
Near-side
Midblock
Far-side

Type 1
1.I1
0.9
0.8

Type 2
0.9
0.7
0.5

Type 3
0.0
0.0
0.0

Note:
f, = 0.0 for contraflow bus lanes and median bus lanes regardless of bus stop location or bus lane type, since right turns are
either prohibited or do not interfere with bus operations.
Source: S t Jacques and Levinson ( l o ) .

Adjustment for Skip-Stop Operation
The total number of buses per hour that can be accommodated by a series of skip
stops represents the sum of the capacities of bus routes using each stop multiplied by an
impedance factor, fk, reflecting nonplatooned arrivals and the effects of high volumes of
Chapter 27 - Transit
Methodology

Highway Capacif y Manual 2000
vehicular traffic in the adjacent lane. Equation 27-8 represents the factors that impede
buses from fully utilizing the added capacity provided by skip-stop operations (10).

where
fk

K

a
Ns

= capacity adjustment factor for skip-stop operations;
= adjustment factor for ability to fully utilize bus stops in a skip-stop
operation: 0.50 for random arrivals, 0.75 for typical arrivals, and 1.00
for platooned arrivals;
= adjacent-lane impedance factor, from Equation 27-9; and
= number of alternating skip stops in sequence.

where

v
c

Exclusive urban street
bus lane vehicle capacity

= traffic volumes in adjacent lane (vehh), and
= capacity of adjacent lane (vehh).

These values result in added capacity with skip stops, even when the adjacent lane is
fully utilized by passenger vehicles, since nonstopping buses have zero dwell time at the
stop. When there is no spreading of stops, no increase in capacity is rendered by the
adjacent lane.
Exhibit 27-16 gives representative values for the impedance factor, fk, for various
types of bus lanes and stopping patterns. As indicated previously, these factors are
applied to the sum of the capacities in the sequence of bus stops. Thus, they reflect the
actual dwell times at each stop. Exhibit 27-17 gives adjustment factors for a Type 2 bus
lane with alternating two-block stops. In general, the traffic impacts of the adjacent lane
only become significant when that lane operates above 75 percent of its capacity.
The set of adjustment factors for skip-stop operations and the impact of right turns
define the following equations for estimating exclusive urban street bus lane vehicle
capacity:
(27-10)
Non-skip-stop operation: 6 = 6 , = BbbNebfr
Skip-stop operation: 6 = fk(B1 + B2 + ... + Bn)

(27-1 1)

where
= bus lane vehicle capacity (busesh),
= bus loading area vehicle capacity at critical bus stop (busesh),
Neb = number of effective loading areas at critical bus stop,
fr = capacity adjustment factor for right turns at critical bus stop,
fk = capacity adjustment factor for skip-stop operations, and
= vehicle capacities of each set of routes at their respective critical bus
B . . ,B
stops that use the same alternating skip-stop pattern (busesh).
B

Bbb

Several bus stops may
have to be tested to
determine the critical bus
stop, because either
dwell times or rightturning volume may
control

Chapter 27 - Transit
Methodology

The capacities B,, B2, B, used in Equation 27-1 1 are calculated separately for each
set of routes using Equation 27-10. When the critical stop or stops are determined,
several bus stops may have to be tested to determine which one controls the bus lane
vehicle capacity, because one stop may have high dwell times but another may have
severe right-turning traffic interference.
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EXHIBIT 27-16. TYPICAL VALUES OF ADJUSTMENT FACTOR, fk, FOR AVAILABILITY OFADJACENT LANES

1

Condition

Arrivals

stops every block

I

Adjacent Lane
v/c
Type 1 Bus Lane

0to1

a

I

0to1

1

N, - 1

1

K

o

1

o

fk

1.00

Tvoe 2 Bus Lane
Stops every block
Alternating 2-block stops

Random

Alternating 2-block stops

Typical

Alternating 2-block stops

Platooned

Alternating 2-block
Alternating 2-block
Alternating 2-block
Alternating 3-block
Alternating 3-block
Alternating 3-block

Random
Random
Random
Random
Random
Random

Otol
1
O.za
1
0.2a
1
O.za

Otol
0
1
0
1
0
1
T V D3~ Bus Lane

stops
stops
stops
stops
stops
stops

0
0
0
0
0
0

1
1
1
1
1
1

1
1
1
2
2
2

0.50
0.75
1.00
0.50
0.75
1.OO

'

0.75
0.88
1.00
0.67
0.83
1.00

Note:
a. Approximate.
Source: St. Jacques and Levinson (lo).

EXHIBIT 27-17. VALUES OF ADJUSTMENT FACTOR, fK, FOR TYPE 2 BUS LANES WITH ALTERNATING
TWO-BLOCK SKIP STOPS
Adjacent Lane v/c

0.0
0.5
0.6
0.7
0.8
0.9
1.o

Arrival Pattern
Typical

0.88
0.84
0.81
0.77
0.71
0.65
0.58

Platooned
I

1.oo
0.95
0.92
0.87
0.80
0.71
0.60

Source: St. Jacques and Levinson ( l o ) .

Bus Effects on Adjacent-Lane Capacity
The introduction of single or dual bus lanes reduces vehicle capacity for other traffic.
The extent of this reduction is determined by the bus lane type, the number of buses using
the bus lane, and whether the bus lane replaces a curb parking lane.
The effects of bus lane operations on the adjacent general travel lane can be
expressed by multiplying the adjacent-lane vehicle capacity by the adjustment factor
given in Equation 27-12. The factor is applied to saturation flow similar to the other
saturation flow adjustments, including the factor for bus blockage.

Saturation flow adjustment
factor for bus use of adjacent
lane

where
fp

Np

= bus-passing activity factor, and
= number of buses making maneuver from curb lane to adjacent lane,
from Equation 27- 13.
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The delay to through traffic in the adjacent lane is minimal unless buses leave the bus
lane. Therefore, an adjustment is needed to determine the actual number of buses, Np,
that would pass other buses using the curb lane. Simulations and field observations (10)
indicate that when buses operate at less than one-half the vehicle capacity of the bus lane,
they have little need to pass each other even in a skip-stop operation because of the low
arrival headways relative to capacity. Bus use of the adjacent lane increases at an
increasing rate as bus activity approaches capacity. Thus, Np may be approximated using
Equation 27- 13.

where

Ns
vb

= number of stops skipped,
= volume of buses in bus lane (busesh), and

cb = bus vehicle capacity of bus lane (busesh).
As expressed in Equation 27-13, the number of buses in the adjacent lane would be
half the total bus flow when an alternating two-block skip-stop operation approaches
capacity. Two-thirds of the buses would use the adjacent lane for a three-block pattern.
However, these impacts would not take full effect until the bus volumes approached
capacity.

Person Capacity
Bus lane person capacity
at the maximum load
point is the product of
bus lane vehicle
capacity,
allowed passenger
loads, and
0 peak-hour factor.

The person capacity at the maximum load point of an urban street bus lane can be
determined by multiplying the product of bus lane vehicle capacity given by Equation 2710 or Equation 27-1 1, as appropriate, and the allowed passenger loads on board an
individual bus by a peak-hour factor.

Speed
The best way to determine bus travel speeds on urban street bus lanes is to measure
them directly. When this is not possible (for example, in planning future service), speeds
can be estimated by driving the route and making an average number of stops with
simulated dwells, with two or three runs during both peak and off-peak times, or by
scheduling buses on similar routes and adjusting running times as needed on the basis of
operating experience. Alternatively, the analytical method described below can be used
to estimate speeds.
Bus speeds on exclusive urban street bus lanes are influenced by bus stop spacing,
dwell times. delays due to traffic signals and right-turning traffic, skip-stop operations,
and interference caused by other buses. These factors are reflected in Equation 27-14,
which can be used to estimate bus travel speed, St, on urban streets. Bus running time is
determined from Exhibits 27-1 8 and 27-19, accounting for the effects of stop spacing,
dwell times, and traffic and signal delays. This running time is then converted into a
speed and adjusted to account for the effects of skip-stop operations and the interference
of other buses operating in the lane.

where
St
t,,

= base bus running time (midmi),

tr,l

= bus running time losses (midmi),
= skip-stop speed adjustment factor, and
= bus-bus interference adjustment factor.

fs
fb
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EXHIBIT 27-18. ESTIMATED BASE BUS RUNNING TIME, tr,O
Stops per mi
Dwell
Time (s)

2

4

5

6

7

8

9

10

12

10
20
30
40
50
60

2.40
2.73
3.07
3.40
3.74
4.07

3.27
3.93
4.60
5.27
5.92
6.58

3.77
4.60
5.43
6.26
7.08
7.90

4.30
5.30
6.30
7.30
8.30
9.30

4.88
6.04
7.20
8.35
9.52
10.67

5.53
6.87
8.20
9.53
10.88
12.21

6.23
7.73
9.21
10.71
12.21
13.70

7.00
8.67
10.33
12.00
13.67
15.33

8.75
10.75
12.75
14.75
16.75
18.75

Notes:
Values are in minutes per mile.
Data based on field measurements.
Interpolation between shown values of dwell time is done on a straight-line basis.
Source: St. Jacques and Levinson (23).

EXHIBIT 27-19. ESTIMATED BUS RUNNING TIME LOSSES, trBl
Condition

Bus Lane

Bus Lane No
Bus Lane with
Right-Turn Delays
Right Turns
Central Business District

1.2
0.6
1.5-2.0

Typical
Signals set for buses
Signals more frequent
than bus stops

2.0
1.4
2.5-3.0

Bus Lanes
Blocked by Traffic

MixedTraffic Flow

2.5-3.0

3.0

3.0-3.5

3.54.0

Streets Outside the CBD
Typical
Range

0.7
0.5-1 .O

1.0
0.7-1.5

Notes:
Values are in minutes per mile.
Data based on field measurements. Traffic delays shown reflect peak conditions.
Source: St. Jacques and Levinson (23).

Bus Travel Time Rates
Exhibits 27- 18 and 27- 19 together provide an estimate of bus running times as a
function of stop spacing, average dwell time per stop, and operating environment. These
values were derived from field observations (23). First, a base bus running time is
determined from Exhibit 27-18. This running time reflects the speed buses would travel
without signal or traffic delays. Next, running time losses are determined from Exhibit
27- 19, accounting for the effects of signals and other traffic sharing the bus lane. If
actual observed delays are available, they could be used in lieu of the estimates given in
Exhibit 27-19. The two running times are added and divided into 60 to determine a base
bus speed for use in Equation 27-14.
Average speeds can be calculated for any distance and series of stop patterns. When
a corridor is examined, the length of the study area, the number of bus stops, and the
dwell times at each stop will affect the speed results. The capacity calculation should be
made at the critical point along the urban street, where the combination of dwell time and
dwell variation results in the lowest calculated capacity. Sections chosen for analysis
should have generally homogeneous characteristics in terms of street geometry, bus lane
features, stop frequency, and dwell times. The average dwell times and v/c ratios in each
section should be used in estimating speeds. Ideally, each section should be at least
1,300 ft long.
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In applying Exhibit 27-19, the additional running time loss selected from a possible
range of losses should consider both signal timing and enforcement efforts (or the lack
thereof) to keep nonauthorized vehicles out of an exclusive bus lane.

Adjustment for Skip-Stop Operation
Skip-stop operations spread buses out among a series of bus stops, allowing for an
increase in speeds. The analytical method accounts for skip-stop operations by
considering only the bus stops in the skip-stop pattern. For example, if bus stops are
located 400 ft apart at each intersection, a two-block skip-stop pattern provides 800 ft
between stops for a bus using that pattern. A bus with a two-block pattern would be able
to proceed at about twice the speed of a bus with a one-block stop pattern and a bus with
a three-block stop pattern at about three times the speed, assuming uniform block
distances and dwell times. The ability of buses to leave the curb bus lane to pass stopped
buses becomes a factor in the ability to attain the two- or threefold increase in speed.
This ability depends on the availability of the adjacent lane or the provision of an off-line
bus stop. Where dual bus lanes or off-line bus stops are provided, the anticipated bus
speed can be calculated using the distance between the bus stops served. Where
congestion in the adjacent lane results in essentially no passing-lane availability, the
buses will progress as if they were stopping at each stop with a zero dwell time at the
inteimediate stops. When partial use of the adjacent lane is available, the bus speed will
be somewhere in between.
Equation 27-15 expresses the speed adjustment factor for skip-stop operation, f,, as a
function of both the traffic in the adjacent lane and the buses in the curb lane (10). This
factor reduces the faster base running time that results from the longer distance between
stops used in the skip-stop pattern. If skip stops are not used, f, = 1.0, and the base
running speed is based on the actual stop spacing.

where
f,

L,
L2
v
c
vb
cb

= skip stop speed adjustment factor,

= distance for one-block stop pattern (ft),
= distance for multiple-block stop pattern (ft),
= volume in adjacent lane (vehh),
= vehicular capacity of adjacent lane (vehh),
= volume of buses in bus lane (buseslh), and
= bus vehicle capacity of a single bus lane (busesk).

Exhibit 27-20 illustrates the effects of increasing bus vlc ratio and general traffic vlc
ratio in the adjacent lane on the skip-stop speed adjustment factor. The exhibit assumes a
two-block skip-stop pattern. It can be seen that until the volume of the adjacent lane
becomes more than about 50 percent of the bus lane capacity, the ability to achieve the
twofold increases in speed is not reduced, regardless of the bus lane vlc ratio. At higher
VICratios, both the bus lane volumes and the adjacent-lane volumes play an important
role in determining bus speeds. When skip-stop operations are used, speeds should be
calculated separately for each skip-stop pattern used.
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EXHIBIT 27-20. SKIP-STOP SPEED ADJUSTMENl' FACTOR fs

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Adjacent Lane v/c Ratio

~

- - Bus v/c = 0.1

Bus v/c = 0.0

.............. Busv/c= 0.4
Bus vlc = 0.8

-

-

...

-- .-. -. Bus V/C = 0.9

-

Busv/c= 0.5

- - - - Busv/c=O.Z

------- Bus v/c = 0.3

Busv/c=O.B

Bus vic = 0.7

-

1
I

Bus v/c = 1.0

Note: Assumes two-block skip-stop pattern.

Adjustment for Bus-Bus Interference
Bus speeds within a bus lane along an urban street decline as the lane becomes
saturated with buses because as the number of buses using the lane increases, there is a
greater probability that one bus will delay another bus, either by using available loading
areas or by requirjng passing and weaving maneuvers. Research (22) and field
observations have shown a sharp drop in bus speeds as bus volumes approach capacity
(10). Exhibit 27-21 lists values of the speed adjustment factor for bus-bus interference.
Exhibit 27-22 shows the effects of increasing bus lane volumes on bus speeds. There
is little effect on bus speeds until approximately 70 percent of the bus lane capacity is
being used.
EXHIBIT 27-21. BUS-BUS INTERFERENCE FACTOR, fb

Bus Lane vb/cbRatio

Bus-Bus Interference Factor

0.5
0.5
0.6
0.7
0.8
0.9
1.O
1.I

1.OO
0.97
0.94
0.89
0.81
0.69
0.52
0.35

c

Source: St. Jacques and Levinson (lo).
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EXHIBIT 27-22. BUS LANEVOLUMES AND SPEEDS

20

0

1

I

I

I

0

0.1

0.2

0.3

1 _ _ _2 stopdmi

I

I

I

I

0.4
0.5
0.6
0.7
Bus Lane VolumelCapacity Ratio

- - --- ---

8 stopdmi

4 stopdmi

I

I

I

0.8

0.9

1

- - -

6 stopdmi

1.1

1

10 stopslmi

Note: Assumes suburban conditions, 30-s dwell times, and a single bus lane.

MIXED-TRAFFIC BUS FACII-ITIES

Mixed-traffic bus capacity
is calculated in a similar
manner as that for
exclusive urban street
bus lanes, except that
the interference of other
traffic sharing a lane with
buses must be
accounted for

Buses in mixed-traffic situations represent the most common operating scenario in
North American cities and rural areas for small and large buses, both standard and
articulated, and for both fixed-route and demand-responsive services. The unusual
exceptions occur in larger cities with very high capacity routes, which may lend
themselves to busways or downtown bus lanes.
Because a bus operates much like other vehicles in a traffic lane, its impact on the
overall vehicle capacity of the lane may be calculated as if it were another vehicle, using
methods given in other chapters in this manual. Bus vehicle capacity is calculated in a
similar manner as that for exclusive urban street bus lanes, except that the interference of
other traffic on bus operations must be accounted for. This traffic interference is greatest
when off-line stops are used and buses must wait for a gap in traffic to merge back into
the street.

Bus Lane Types
Type 1 mixed-traffic lanes have one traffic lane in the direction the bus operates,
shared by buses and other vehicles. Type 2 mixed-traffic lanes have two or more traffic
lanes in the direction the bus operates. Traffic can use any lane, but buses typically
operate in the curb lane. There are no Type 3 mixed-traffic bus lanes. Illustration 27-4
depicts Type 1 and Type 2 mixed-traffic bus lanes.
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Type 2 (Portland, OR)

Type 1 (Portland, OR)

ILLUSTRATION
27-4. Mixed-traffic bus lane types.

Vehicle and Person Capacity
The volume of mixed traffic sharing the curb lane with buses affects bus vehicle
capacity in two ways: (a) the interference caused by other traffic in the lane, particularly
at intersections, may block buses from reaching a stop or may delay a bus blocked behind
a queue of automobiles, and (b) for off-line stops, the additional reentry delay
encountered when buses leave a stop and reenter trafic may affect capacity. The latter
source of delay is incorporated into the clearance time used to calculate bus stop capacity.
The former is accounted for by the mixed-traffic adjustment factor, f,,,, calculated using
Equation 27- 16.

Delay to buses from other
vehicles that slow entry into,
or departure from, a bus stop
is accounted for in the
estimate of clearance time

where
f,
f,

v
c

= mixed-traffic adjustment factor,
= bus stop location factor,
= curb-lane volume at critical bus stop, and
= curb-lane capacity at critical bus stop.

The mixed-traffic adjustment factor is essentially the same as the right-turn
adjustment factor presented in Equation 27-7 for exclusive urban street bus lanes. The
difference is that in a mixed-traffic situation, the nontransit traffic will be greater and it
may not just be turning right; it could also be going straight or even left, and thus bus
vehicle capacity will be lower in a mixed-traffic situation than in an exclusive bus lane.
Chapters 15 and 16 should be used to determine the vehicle capacity
- of the curb lane.
Equation 27-17 is used to calculate the bus vehicle capacity of a mixed-traffic lane in
which buses operate.
B = 'bbNebfm

The mixed-traffic bus capacity
procedures are an extension
of the exclusive bus lane
capacity procedures
developed by Project TCRP
A7-A. A theoretical basis
exists for the mixed-traffic
procedure, but it has not yet
been validated in the field.

(27-1 7)

where
B
Bbb
Neb
f,

= mixed-traffic bus lane capacity (buseslh),
= maximum number of buses at critical bus stop (buseslh),

= number of effective loading areas at critical bus stop, and
= mixed-traffic adjustment factor at critical bus stop.

The person capacity of buses operating in mixed traffic at the lane's maximum load
point may be calculated by multiplying the product of vehicle capacity and the maximum
passenger load allowed by policy by a peak-hour factor. The mixed-traffic bus capacity
procedures are an extension of the exclusive bus lane capacity procedures developed by
the TCRP A-7A project. A theoretical basis exists for the mixed-traffic procedure, but
the procedure has not yet been validated in the field.
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Speed
Measure bus speeds
directly whenever
possible

The best way to determine bus travel speeds is to measure them directly. If this is
not possible (for example, in planning future service), speeds can be estimated by driving
the route or by using Equation 27-14 to estimate bus speeds. The bus-bus interference
adjustment factor, fb, should be set to 1.0 in mixed-traffic situations because the
additional running time losses obtained from Exhibit 27-19 already account for the
interference of other traffic sharing the lane with buses. The value selected from the
range of values presented in Exhibit 27-19 should consider signal timing and the volume
of traffic using the bus lane relative to its capacity.

SIZING STATION AREAS
The methodologies in Chapter 18, "Pedestrians," can be used to size passenger
waiting areas at transit stops and stations. Given a desired LOS for the waiting area,
based on the amount of space provided per passenger, and estimates of maximum
boarding passenger volumes per vehicle per route at the stop, Equation 27-18 can be used
to estimate the required size of the passenger waiting area, A. Greater detail on sizing
station areas can be found in the Transit Capacity and Quality of Service Manual (I).
A = (Pb, +Pb2+ ... + Pbn)ap

(27-1 8)

whcre
A = passenger waiting area size (ft2),
Pb,, ..., Pbn = boarding passenger volume per transit vehicle for each route served by
waiting area during peak 15 min (p), and
=
design
pedestrian area occupancy (ft21p).
ap

PARAMETERS OF LIGHT RAIL AND STREETCAR FACII-ITIES
Of the many varieties of rail transit-streetcars, light rail, rail rapid transit, commuter
rail, and automated guideway--only streetcars and light rail can operate on urban streets.
Streetcars often operate in mixed traffic and have characteristics similar to those of buses
under these circumstances. Modern light rail systems running on street usually operate in
reserved lanes and have significantly different characteristics from buses.
This section presents methods and procedures for estimating the vehicle and person
capacity of streetcars and light rail vehicles operating on street. The Transit Capacity
and Quality of Service Manual should be consulted for similar procedures for off-street
rail modes. Determining on-street rail transit capacity is a three-step process:
determining the dwell time at the stop with the highest passenger volumes, determining
the track section providing the minimum headway, and calculating capacity based on the
minimum headway.

Dwell 'rime
The dwell time, td, is the time required to serve passengers at the busiest door divided
by the number of available doors, or channels (most light rail doors are dual stream,
having two channels) plus the time required to open and close the doors (typically 5 s for
modern light rail vehicles, 10 s if folding or sliding steps are involved) (24). Time spent
waiting at a station with the doors closed is incorporated into the operating margin.
Equation 27-1 9 is used to calculate dwell time.
Pdtpf

fd '-

+ to,

Ncd
where
td
Ncd
to,
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= door opening and closing time (s),
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P,,
tpf

= alighting passengers per rail through busiest door (p), and
= passenger flow time (SIP),from Exhibit 27-23.

EXHIBIT 27-23. RAIL TRANSIT AVERAGE PASSENGER FLOW TIMES (SINGLE STREAMS)

1
Car Entry
Level
Steps

Passenger Flow Time I,,for Flow Type (s/p)
Mainly Boarding
2.0
3.2

Mainly Alighting
1.5
3.7

Mixed Flow
2.5
5.2

Note:
Add 1 s to mixed flow and either boarding or alighting times if fares are collected on board.
Source: Parkinson and Fisher (24).

Peak Passenger Volumes
Some regional transportation models produce a.m. or p.m. peak flows for a 2-h
period. In this case, either the model's peak-hour conversion factor or a typical value of
60 percent is used to arrive at a peak-hour passenger volume. Next, the station with the
highest passenger volume, either into or out of the station, is selected and the flow is
classified as mainly boarding (70 percent or more of the passengers boarding), mainly
alighting (70 percent or more of the passengers alighting), or mixed (all other situations).
If the maximum load point station is downtown, it is likely that the flow will be primarily
alighting in the morning and primarily boarding in the afternoon. If the station is also an
interchange with another rail transit line, flows could be mixed.
Unless station flows are also available for the afternoon peak period, this process
assumes that the morning peak period defines the controlling headway and thus
maximum capacity. Morning peaks tend to be sharper, whereas afternoon peaks are more
dispersed as some passengers pursue other activities between work and the trip home.
The hourly passenger flows are adjusted for peak 15-min passenger flows. Unless
there is sufficient similarity with an existing operation (see Equation 27-4), the
recommended PHF for light rail is 0.75 (24).

Morning peak usually defines
controlling headway

Number of Doors Available
The number of doors available, D, is given by Equation 27-20 and is related to the
number of trains scheduled per hour, the average number of cars per train, and the
number of doors per car. The number of cars per train is limited by the station length
(typically one city block in CBD areas).

Deduct any door not available
for passengers, such as a
door blocked by wheelchair
lifts

where
D
D,
Nc
h,

= number of doors available in peak hour,

= number of doors per car,
= number of cars per train, and
= scheduled headway (s).

Passenger Flow at Controlling Door
Except on heavily loaded rail lines operating close to capacity (a situation in which
this method is not appropriate), passengers do not tend to spread evenly along a station
platform, and uneven doorway utilization results. A value of 1.5 is recommended for
light rail for the ratio of busiest door usage to average door usage. Equation 27-21
calculates passenger volume at the busiest door.
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wherc
Pd
Rd

= passenger volume through busiest door during peak 15 min (p), and
= ratio of busiest door usage to average door usage.

Operating Margins

Operating margin defined

When dwell times are calculated, it is not possible to account for every variable that
may affect dwell times. Passenger volumes may vary within the 15-min peak, especially
at transfer stations where passengers may arrive in surges following the arrival of
connecting buses or trains. Trains may run faster or slower than scheduled, because of
either equipment problems or differences among train operators. A late train has
additional passenger movement, because more passengers have accumulated at each
station since the previous train. Consequently, a late train has a longer station dwell time
and becomes progressively later until it interferes with the schedule of the following train.
Similarly, a train running early results in longer dwell times for the following train,
because more passengers than normal have accumulated in the time between the two
trains.
An operating margin is the extra time added to a transit line's headway to allow for
irregular operation and ensure that one train does not delay the following train. It is
suggested that a range be considered for the operating margin. When capacity is not an
issue, 25 s or more is recommended. If necessary to provide sufficient service to meet the
estimated demand, the operating margin can be reduced to 20 or even 15 s (24).

Adjustment for Wheelchair Accessibility
The accessibility of light rail transit to wheelchairs and other mobility devices
(considered together with wheelchairs in this section) is a major issue for such systems.
Boarding and alighting times with nonlevel loading of wheelchairs tend to be highly
variable, depending on the skill of the passenger. There are five primary ways to provide
wheelchair accessibility: car-mounted lifts, platform-mounted lifts, mini-high platforms,
high platforms, and low-floor cars. Those are described in greater detail in TCRP Report
13 (24).
To adjust for wheelchair accessibility, doors blocked by wheelchair lifts should be
deducted from the total when Equation 27-19 is used to calculate dwell time.

Minimum Headways
An important element in calculating on-street light rail and streetcar vehicle and
passenger capacity is determining the minimum headway possible between trains on an
off-street block-signaled section, hmi,. This calculation is complicated by the variety of
rights-of-way that can be employed. Most light rail transit lines use a combination of
right-of-way types, which can include on-street operation (often in reserved lanes) and
private right-of-way with grade crossings. The line capacity is determined by the weakest
link; this link could be a traffic signal with a long cycle length but is more commonly the
minimum headway possible on an off-street block-signaled section. Although this
chapter focuses on on-street rail operations, the capacity of an on-street section may be
constrained by a block-signaled or single-track section elsewhere on the line rather than
by conditions in the section being analyzed (24).
The train headway used for calculating capacities is the largest of the three potential
controlling headways: on-street, block-signaled, and single-track headways. Equation
27-22 defines this relationship.
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:1

hmin= max hbs

where
hmin
h,,
hbs
hst

= minimum train headway (s),

= minimum on-street section train headway (s),
= minimum block-signaled section train headway (s), and
= minimum single-track section train headway (s).

On-Street Operation

It is difficult to encompass all the variables that affect on-street light rail and
streetcar operation in a single formula. However, the capacity of on-street light rail may
be greater in certain circumstances than on grade-separated, signalized rights-of-way,
where higher speeds force the separation between trains to be increased. Variability due
to traffic congestion has been reduced as a factor, since almost all recently built on-street
light rail lines operate on reserved lanes. A number of older streetcar systems still
operate extensively in mixed traffic and are subjected to the variability in train throughput
caused by traffic queuing, left turns, and parallel parking (24).
The minimum headway between trains operating on street, h,,, can be determined
from Equation 27-23. For typical streetcar operations, where more than one streetcar can
be present in a city block, or for light rail operations where the dwell time at the critical
stop is long in comparison with the cycle length, dwell times and the effective green time
control the minimum headway. For light rail operation where the length of two trains
exceeds one city block, the closest sustainable headway should be at least twice the
longest traffic signal cycle on the on-street portions of the line. This headway minimizes
the chance that two adjacent trains can block an intersection (25).
The closest possible headway
for multiple-car light rail trains
in on-street operation is often
taken to be twice the longest
traffic signal cycle

where
= minimum on-street section train headway (s),

h,,
g

= effective green time, reflecting reductive effects of on-street parking

C

=

td

=

t,

=

Z,

=

c,

=

C
,

=

and pedestrian movements (mixed-traffic operation only) as well as any
impacts of traffic signal preemption (s),
cycle length at stop with highest dwell time (s),
maximum cycle length in line's on-street section (s),
dwell time at critical stop (s),
clearance time between successive trains, defined as sum of minimum
clear spacing between trains (typically 15 to 20 s or signal cycle time)
and time for cars of a train to clear a station (typically 5 s per car) (s);
one-tail normal variate corresponding to probability that queues of
trains will form, from Exhibit 27-1 1; and
coefficient of variation of dwell times (typically 40 percent for light rail
operation in an exclusive lane and 60 percent for streetcar operation in
mixed traffic).

Some transit agencies use the
signal cycle time (C) as the
minimum clearance time
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Block Signaling
Block-signaled sections,
rather than an on-street
section, may constrain a
light rail or streetcar
line's capacity

Many light rail lines operate predominantly in private right-of-way with grade
crossings or grade separations. These lines can take the form of routes that do not follow
existing streets or that run in the medians of roads. Trains are physically separated from
other traffic except at crossings, operate with full signal preemption of cross-street traffic,
and run at higher speeds than in on-street sections. To ensure safe separations between
trains, track sections are divided into blocks, with signals used to control train enby into
each block. Many light rail lines are not signaled with the minimum possible headway in
mind but more econoinically for the minimum planned headway. This operation can
easily make signaled sections the dominant capacity constraint on a light rail line (24).

Single-Track Sections
Single-track sections
used for two-way
operation (as opposed to
single tracks operating in
one-way couplets) can
constrain light rail and
streetcar capacity

Single-track sections greater than 0.25-0.30 miles used for two-way operations are
potentially the most restrictive capacity constraint for light rail. Single-track sections are
used primarily as a cost-saving measure, both in areas where the right-of-way will permit
double tracking at a future date and in areas where widening the right-of-way or a
structure is cost-prohibitive.
Equation 27-24 computes the time to cover a single-track section, tst. This
coinputation includes the time required to traverse the single-track section plus one train
length at the maximum track section speed; time losses during acceleration, deceleration,
and station stops; a speed margin to adjust for equipment not operating to performance
specifications and train operators who do not push to the edge of the operating envelope
(i.e., do not operate at the maximum permitted speed); and an operating margin to allow
for off-schedule trains (24).

where
tst
Lst
L
Ns
td

= time to cover single-track section (s);

= length of single-track section (ft);
= train length (ft);
= number of stations on single-track section;
= station dwell time (s);
S,
= maximum speed reached (ft/s);
ds = deceleration rate (ft/s2) also used as a surrogate for twice average
acceleration from 0 to v,,,;
tj, = jerk-limiting time (s);
tbr = operator and braking system reaction time (s);
S M = speed margin (constant); and
tom = operating margin time (s).

Jerk-limiting time is an
allowance for equipment
features that taper the
braking rate at the
beginning and end of
brake application to
provide a smooth stop

The minimum headway on a single-track section is twice the time required for a train
to cover the single-track section and is given by Equation 27-25.
hst = 2tst

where
hst
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Light Rail and Streetcar Capacity

Vehicle Capacity
The maximum capacity of a light rail or streetcar line, in terms of the number of
trains, T, is determined from the minimum headway by Equation 27-26.

where

T

= maximum number of trains per hour.

Person Capacity
The maximum person capacity, P, of light rail and streetcar lines is the number of
trains multiplied by their length, the number of passengers per foot of length set by
policy, and a peak-hour factor. Alternatively, maximum person capacity can be
determined by Equations 27-27 and 27-28 using the number of trains multiplied by the
number of cars per train, the maximum allowed passenger load per car, and a peak-hour
factor.
P = TLPm(PHF)=

3 , 600LPm(PHF)
hmin

where
P
L
Pm
PHF

= maximum single-track capacity in passengers per peak-hour direction
(P),
= train length (ft),
= loading level (plft), and
= peak-hour factor.
P = TN, PC(PHF) =

3,600NcP,(PHF)

Trains operating on street
should be no more than one
block long to avoid blocking
intersections when trains stop.
Consequently, this length
constrains maximum person
capacity.

A light rail loading level of 1.5
passengers per foot of train
length is recommended for
calculating maximum person
capacity of new systems. It
provides 4.3 W per standing
passenger.

(27-28)

hmin

where
N,
PC

= number of cars per train, and

= maximum allowed passenger load per car (p).

Speed
Light rail and streetcar travel time is influenced by the following factors.
Running time required to travel the analysis section if no stops are made. For offstreet sections, the maximum operating speed should be used. For on-street streetcar
operations (where streetcars share a lane with other traffic), the procedures in Chapter 15,
"Urban Streets," should be used. For on-street rail operations in an exclusive lane, either
the posted speed for the street or the speed dictated by signal progression should be used,
whichever is lower. If rail vehicles do not benefit from either traffic signal progression or
traffic signal priority, traffic signal delays should be accounted for when running times
are calculated.
* Dwell time at stops.
Acceleration and deceleration time at stops for boarding and alighting passengers.
For existing light rail and streetcar operations, travel time can be determined either
through a series of travel time measurements or by using the scheduled time between
points. For the purposes of planning future transit service, travel time can be estimated
by the procedures defined in Equations 27-29 through 27-32.
Running time, t,, is related to distance traveled and the average free-flow speed
(FFS) for the section being analyzed. FFS is taken to be the posted speed limit for onChapter 27 - Transit
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street operations and the maximum section operating speed for off-street operations.
When these values vary over the transit route section being analyzed, a weighted average
FFS can be calculated by multiplying the FFS for each section by the length of that
section, summing these values, and dividing the result by the total length. A speed
margin is used to adjust the running time to account for variations in transit equipment
and the fact that drivers may not drive consistently at the FFS.

where

= running time (s);
SM = speed margin, assumed to be I . l ;
L = analysis section length (mi); and
S, = free-flow speed of train (milh).
f,

The acceleration and deceleration time, t,, is given by Equation 27-30 (24).

where
ds

= deceleration rate (ftlsz) also used as a surrogate for twice the average

tll
tbr

= jerk-limiting time (s); and
= operator and braking system reaction time (s).

acceleration from 0 to vf;

Total travel time, 4,is computed by Equation 27-3 1.
where

tt
N

= total travel times (s), and
= number of stops or stations in analysis section.

Finally, average travel speed, St, is computed by Equation 27-32.

Ill. APPLICATIONS
The methodology in this chapter is used for analyzing the capacity of transit modes
that operate on street, namely, buses, streetcars, and light rail trains. To apply the
methodology, the analyst must address two fundamental questions. First, the primary
output must be identified. The outputs that are typically produced are capacity and speed.
Second, the analyst must identify the default values or estimated values for use in the
analysis. The analyst has three main sources of input data: (a) default values found in this
manual, (b) estimates and locally derived default values developed by the analyst, and (c)
values derived from field measurements and observation. For each of the input variables,
a value must be supplied to calculate the outputs, both primary and secondary.
Specific and commonly used applications are computations of capacity and speed of
an existing facility or of a changed facility in the near term or distant future. This type of
application is termed operational. Another general type of analysis can be termed
planning. This type uses estimates, HCM default values, and local default values for
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inputs. As outputs, LOS or capacity can be determined. The difference between a
planning analysis and an operational analysis is that for planning, most or all of the input
values come from estimates or default values, whereas operational analyses tend to utilize
field-measured values or known values.

COMPUTATIONAL STEPS
For operational analysis, all input data are collected or computed. Depending on the
type of transit facility, different capacities and speeds are computed.
Exhibit 27-24 summarizes the input factors that are used in the capacity and speed
procedures, the results of the various procedures, and the measures that can be taken to
improve both the input factors and the results.

PLANNING APPLICATIONS
Procedures for planning applications directly correspond to those described for
operational analysis. The criterion that characterizes these as planning applications is the
use of estimates and HCM default values or local default values, or both, for inputs.

QUALITY OF SERVICE
There are several measures of quality of service for transit as discussed in this
chapter. The availability measures are policy-based, but a low LOS grade should indicate
the need to review service to determine whether the amount of service provided to an area
is consistent with the area population and job density.
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EXHIBIT 27-24. FACTORS INFLUENCING TRANSIT CAPACITY AND SPEED
Factor
Dwell time

I

Clearance time

Coefficient of variation
Failure rate

Loading area capacity

Bus stop capacity

Bus lane capacity

-

Rail capacity

Bus speeds

I

Rail weeds

Ways To Improve Each Factor or Result
Input Factors
a Make greater use of prepaid fares
Use low-floor vehicles
Encourage one-way door flows on two-door buses
Provide multiple-stream doors for boarding and alighting
lncrease bus frequency to reduce the number of standees
lmplement proof-of-payment fare collection
Use on-l~nestops rather than off-line stopsa
Enact and enforce laws requiring vehicles to yield to buses reentering a street
Implement queue jumps at traffic signals
Keep generally constant for a given area
lncrease the number of loading areas per stop
Schedule fewer buses per hour using the stopb
* Use policy basisa
Calculated Results
Reduce dwell time
lmplement transit priority treatments
lncrease the accepted failure ratea
lncrease loading area capacity
Use off-line loading areasa
Use sawtooth or pull-through loading areas
lncrease the number of loading areas
lncrease the capacity of the critical stop
* Reserve lanes for buses
Platoon buses
lmplement skip-stop operation
* Prohibit right turns by automobiles
Reduce dwell time
Reduce the operating margina
* Eliminate single-track sections
lncrease the number of cars per train
* Reduce dwell time
lmplement transit priority treatments
Balance the number of slops with passenger convenience and demand
* lmplement skip-stop operation
Reduce dwell time
Ba ance rne numoer of stops with passenger conveience ano demand

I

Notes:
a. Measure that may negatively affect other items on the list if implemented.
b. Measure that improves the failure rate but decreases capacity.

I
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1V. EXAMPLE PROBLEMS
No.
1
2
3
4
5
6

7

Description
Bus dwell time calculation
Bus vehicle capacity in mixed traffic (near-side stops)
Bus vehicle capacity in mixed traffic (far-side stops)
Bus vehicle capacity in mixed traffic (skip-stop operation)
Person capacity
Bus speeds
Light rail capacity on street
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EXAMPLEPROBLEM1
Bus dwell time
calculation

The Situation
An express route is planned along an arterial from a suburb to the CBD
with 10 stops, including one at a transit center midway (Stop 5). The route will operate in
mixed traffic in the CBD (Stops 7 to 10).
The Question
What will the average dwell times be at the 10 stops and how might
they affect how the route is developed?
The Facts
I/ The route will use 42-seat buses,
4 Exact fare is required on boarding,
4 The door opening and closing time is 4 s,
4 All passengers board through the front door and alight through the back door,
and
4 The transit agency has estimated potential ridership for the route and predicts the
following average number of boarding and alighting passengers per stop.
Stop number
Alighting passengers
Boarding passengers

1

2

3

0
20

0
16

3
11

4
2
12

5
14
16

6
6

,

8

9

8
19
1

7
16
2

15
0

10
11
0

Comments
4 Assume 3 . 0 s boarding time per passenger (3.5 s with standees), and
4 Assume 2 . 0 s alighting time per passenger.
Outline of Solution All input parameters are known. Since there are two doors, one
used by boarding passengers and the other by alighting passengers, boarding and
alighting times will be calculated separately for each stop to determine which governs
dwell time. The total number of passengers on board the bus will be tracked to determine
the stops where standees will be present on the bus.
Steps
1.

Determine the stops where the
bus arrives with standees.

There will be more than 42 passengers on the
bus when it arrives at Stops 4 to 7. The last
passenger to board at Stop 3 will encounter a
single standee, but this can be neglected.

2.

Calculate the boarding time.

The boarding time is the number of boarding
passengers times 3.0 or 3.5 s, depending on
whether standees are present.

3.

Calculate the alighting time.

The alighting time is the number of alighting
passengers times 2.0 s.

4.

Determine the dwell time.
alighting times at each stop plus the 4-s door
opening and closing time.

The Results
Stop number
Dwell time (s)
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Estimated dwell times are shown below for each stop:
1
64

2
52

3
37

4

5
46

6
60

7
32

8
36

9
42

1
34

0
26

High way Capacity Manual 2000
Boarding times govern at Stops 1 to 7, and alighting times govern at Stops 8 to 10.
Stop 8 is the critical bus stop for this route within the CBD area.
Because of the long dwell times at Stops 1 to 5 in the suburban portion of the corridor,
off-line stops (pullouts) should be considered at these locations to avoid substantial traffic
delays to other vehicles in the curb lane. At the same time, to minimize delays to the
express buses reentering the arterial, transit priority treatments such as queue jumps
should also be considered at these locations.
The dwell time at Stop 5 required to serve passenger movements is 60 s. However,
since this stop is located at a transfer center, buses will likely need to occupy the berth for
longer periods of time to allow for connections between routes. This extra berth
occupancy time needs to be accounted for in sizing the transfer center.
Having standees on board a long-distance express bus is not desirable for quality of
service; thus, increasing service frequency so that all riders may have a seat should be
considered.
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Mixed-traffic-lane bus
vehicle capacity with
near-side stops

A transit operator wants to consolidate its outbound downtown bus
The Situation
routes, which currently use several streets, onto a single three-lane one-way street with
four signalized intersections.
The Question

How will the street operate with the added buses?

The Facfs
4 Four signalized intersections;
4 g/C = 0.45 on the one-way street at each of the four signalized intersections;
4 Cycle length = 90.0 s at each signalized intersection;
4 40 buses per hour will use the street; all 40 are assumed to stop at each bus
stop;
4 Bus stops are located at each signal, none are located between signals;
4 1,200 automobiles per hour will also use the street, plus 40 buses;
4 To reduce walking distances for passengers from the shelter to the bus door and
thus minimize dwell times, the transit operator desires to limit the number of
loading areas to two per stop;
-\I Near-side, on-line stops located at the four signalized intersections;
4 No on-street parking, no grades, 12-ft travel lanes; and
4 Dwell times, curb lane automobile right-turn and through volumes, and conflicting
pedestrian movements as follows.
Stop No.

Dwell Time (s)

Curb Lane Right-Turn
Auto Volume (vehth)

Curb Lane Through
Auto Volume (vehlh)

Conflicting Ped
Volume (plh)

Commenfs
4 Assume base saturation flow rate, so, is 1,900 pc/h/ln (from Chapter 10);
4 The computed bus blockage factor, fbb, is 0.840 (from Exhibit 16-7 for a lane group

4

with one lane and 40 buses per hour stopping);
The heavy-vehicle factor, fHV,is given in the summary table below (from Exhibit
16-7 and 40 buses, no trucks, per hour, and ET = 2.0);

4
4

The area factor is 0.90 for a CBD (from Exhibit 16-7);
The bus stop location factor, f,, is 0.9 (Type 2 lane, near-side stop), from Exhibit

4
1

27- 15;
For on-line stops, assume a 10-s clearance time (from Clearance Time section,
Chapter 27);
Z, = 1.440 for 7.5 percent failure rate, from Exhibit 27-1 1;

-\I Assume 60 percent coefficient of variation of dwell times (from Coefficient of

4

Variation of Dwell Times section, Chapter 27); and
For two linear on-line loading areas, the number of effective loading areas, berths,
NEB,is 1.85, from Exhibit 27-12.

Outline of Solufion All input parameters are known. The critical bus stop will
determine the bus lane capacity. Because of the variety of dwell times, right-turn volumes,
and conflicting pedestrian volumes, the critical stop is not immediately obvious. The
vehicle capacity of each stop is found and then modified by the number of effective
loading areas at each stop and the mixed-traffic interference factor. Note that the solution
is based on operations in the rightmost (curb) lane. The adjustment factors related to bus
blockage and heavy vehicles are computed solely on the basis of the curb lane.
Chapter 27 -Transit
Example Problems

High way Capacify Manual 2000

Steps
1. Calculate the right-turn saturation
adjustment factor, fRT,and the
pedestrian adjustment factor for
right-turn movements, fRpb,for
each stop, using the procedures
from Chapter 16, "Signalized
1
Intersections."
2. Calculate the right-turn lane
capacity, c.

For Stop 1:
fRT = 1.0 - 0.15PRT
fRT =1.0-0.15

(z1

- =0.881

fRpb= 0.948 (from Chapter 16, Appendix D)
For Stop 1:
c = so(g/C)fbbf,vf,f~~f~~b
C = (1,900)(0.45)(0.840)(0.917)(0.90)(0.881)(0.948)

3.

c = 495 vehh
For Stop 1:

Calculate the mixed-traffic
interference factor (use Equation
27-16).

,f

=I-fl

(3
1: (
-

fm = 1-0.9 fm = 0.200

1 4.

Calculate the loading area capacity
(use Equation 27-5).

For Stop 1:
3,600(~)
Bbb =
3,600(0.45)
10 + (0.45)(30) + (1.44)(0.60)(30)
Bbb = 33 busesth
Bbb =

5.

Calculate the curb lane bus
capacity at this bus stop (use
Equation 27- 17).

For Stop 1:

= BbbNebf m
B = (33)(1.85)(0.200)
B = 12 busesth

Summary table for all stops:
Stop
No.
1
2
3
4

PRT
0.795
0.588
0.417
0.769

~RT

f~,b

0.881 0 . 9 4 8
0.898
0.912
0.938
0.883
0.885
0.908

f~v
0.917
0.894
0.857
0.907

c

v

fm

Bbb

B

495
473
459
471

440
340
240
390

0.200
0.353
0.529
0.255

33
29
26
45

12
19
25
21

The Results Although bus Stop 3 has the highest dwell time and the lowest individual
loading area vehicle capacity, the curb lane bus capacity is actually greatest at this stop
because right-turn interferences are greater at the other stops. The critical bus stop for
determining the vehicle capacity is Stop 1. The capacity at Stop 1 is 12 buses per hour,
which is insufficient to accommodate the proposed number of buses.
The simplest way, if space permits, to add capacity to a one- or two-berth bus stop is
to add another berth. However, in this case, the transit operator desires to minimize
pedestrian walking distances by limiting the number of loading areas to two. Another
option is to increase the allowed failure rate; however, this option decreases schedule and
headway reliability and should be avoided. Therefore, the analyst will need to evaluate
other potential solutions. These solutions are the subject of subsequent example
problems.
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Mixed-traffic-lane bus
vehicle capacity with farside stops

The CBD street from Example Problem 2 is used. Having determined
The Situation
that a mixed-traffic lane with near-side stops will not provide sufficient capacity, the transit
operator would like to try using far-side stops to avoid some of the right-turn interferences.
The Question

How will the street operate under this scenario?

The Facts
4 Same assumptions as in Example Problem 2 except that stops are now far-side.
As in Example Problem 2, all input parameters are known and
Outline of Solution
the critical bus stop will determine the bus lane capacity. The only factor that changes is
the location factor, f,, which is 0.5 for a Type 2 mixed-traffic-lane with far-side stops as
shown in Exhibit 27-15.
Summary table for all stops:

Bus lane vehicle capacity improves substantially as a result of using farThe Results
side stops but is still below the required value of 40 buses per hour. If only one stop was
the constraint on capacity, a right-turn prohibition at that intersection might be considered,
but in this case three of the four stops have insufficient vehicle capacity.
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The Situation
The CBD street from Example Problems 2 and 3 is used. The transit
operator would next like to try a skip-stop operation to improve capacity.
The Question

Mixed-traffic-lane bus vehicle
capacity with skip-stop
operation

How will the street operate under this scenario?

The Facts
./ Same assumptions as in Example Problem 2; and
./ Half of the buses will use A-pattern stops, which are the same ones used in
Example Problem 3. The other half will use B-pattern stops in the alternate blocks. For
this example, the critical B stop has the same characteristics as the critical A stop, Stop 1.
Comments
4 Random bus arrivals are assumed,
./ Automobile volumes in the left two lanes are assumed to be evenly distributed,
and
./ Adjustment factor K for random arrivals, from Exhibit 27-16, is 0.50.
Outline of Solution As in Example Problems 2 and 3, all input parameters are known.
The critical A and B bus stops will determine the bus lane capacity. The v/c ratio of the
adjacent lane is calculated to determine how well buses can use that lane to skip stops.
The bus lane capacity will be the sum of the capacities of the A and B stop patterns times
an adjustment factor for the effect of random bus arrivals and the impedance of other
traffic in the adjacent lane. Note that there are no heavy vehicles other than buses
skipping stops in two adjacent lanes. Thus, fHVis 1.000.
Steps
1. Calculate the adjacent-lane capacity.

At Stop 1:
v = (1'200 - 350 - 50
2

2.

Calculate the adjacent-lane
impedance factor (use Equation

3.

Calculate the skip-stop adjustment
factor (use Equation 27-8).

4.

The A-pattern bus lane capacity, from
Example Problem 3, is 34 buses per
hour. The B-pattern capacity is
assumed to be the same. Calculate
the total bus vehicle capacity of the
street (use Equation 27- 11).

c = so(g/C)f~vfa
c = (1,900)(0.45)(1.000)(0.90) = 770 veh/h
At Stop 1:

B = fk(B1 + B2 + ... + B,)
B = 0.71 0 (at Stop 2)(34 + 34)
B = 48 buseslh

The Results
If skip stops are implemented and bus stops are placed on the far sides
of intersections, there will be sufficient capacity for the proposed 40 buses per hour, with
some excess capacity to accommodate more buses in the future.
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Bus person capacity

The Situation

The CBD street from Example Problems 2, 3, and 4 is used.

The Question

How many persons can be carried at the maximum load point?

The Facts
4 Same assumptions as in Example Problem 3;
4 All buses are 43-passenger buses;
4 Ten buses are express buses operating on freeways; the operator's policy is to
not allow standees on these buses; and
4 The remaining local buses allow standees.
Comments
4 Assume maximum schedule loads for the local buses; a load factor of 1.50 is
also assumed; and
4 The peak-hour factor is 0.75.
Outline of Solution The person capacity at the maximum load point is equal to the bus
vehicle capacity times the allowed passenger load per bus times the peak-hour factor.
From Example Problem 4, the bus vehicle capacity is 48 buses per hour.

Steps
1.

2.

Calculate the bus person capacity at
its maximum load point under the
proposed operation.

P = [(lo 43) + (30 * 43

Calculate the maximum bus person
capacity at its maximum load point.

P = [(I0 * 43) + (48 * 43 * 1.50)] * 0.75

1.50)] 0.75

P = 1,774 persons

p = 2,645 persons

The Results
Under the proposed operation, the street can carry 1,774 persons per
hour in buses at its maximum load point. If the street's bus vehicle capacity of 48 buses
per hour were to be scheduled, the person capacity would be 2,645 at the maximum load
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The Situation

The CBD street from Example Problems 2, 3, 4, and 5 is used.

The Question

What will the average speed of buses be under the skip-stop scenario?

The Facts
4 Same assumptions as in Example Problem 4, and
-\I Blocks are 400 ft long.
Comments
-\I Since buses stop every two blocks, the stop frequency is
I

= 6.6 stops /

mi

Outline of Solution
Buses operate in mixed traffic. The speed estimation procedure
involves identifying the base bus running time using Exhibit 27-1 8 and additional running
time losses for mixed-traffic operations using Exhibit 27-1 9. The estimated speed is
adjusted to account for the inability of buses to fully utilize the additional potential speed
gained from the skip-stop operations. Normally, speeds would be calculated for each
skip-stop pattern. However, because both skip-stop patterns have the same capacity and
the same volume, both patterns will operate at the same speed.
Steps
1. ldentify the base bus running time (use
Exhibit 27-18). The average dwell time
for the four stops is 31.25 s, so
interpolate between the 30-s and 40-s
values, then interpolate between 6 and 7
stops per mile, or 6.6 stopstmi.
2. Identify additional running time losses
(use Exhibit 27- 19). ~ e c a u s ethe v/c
ratio of the bus lane is relatively high
(0.833, from Example Problem 3), a
value toward the higher end of the range
is selected.
3. Calculate the skip-stop adjustment factor
(use Equation 27- 15). Average values
for the v/c ratios of the bus lane and the
adjacent lane are obtained from Example
Problem 4.
4.

t,, = 6.98 mintmi

Calculate the bus travel speed (use
Equation 27-14). Because the bus
running speed accounts for time losses
due to vehicle and bus interferences, ,f
is set to 1.O.

The Results
The average travel speed of buses operating in mixed traffic on this
street will be 5.2 milh. Speeds and capacity could be increased by implementing an
exclusive bus lane and prohibiting right turns from the bus lane.
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Maximum light rail
capacity for on-street
operation with signalized
intersections and one- or
three-car trains

The Situation
intersections.

A light rail line operates within a city street median through signalized

The Question
What is the maximum passenger carrying capacity without limits on the
total number of light rail cars in service?
The Facts
4 Service is provided by single cars or by three-car trains, with each car 90 ft long,
4 Initial acceleration is 3.0 ftls2,
4 Blocks are 450 ft long,
4 The glC ratio is 0.50,
4 The maximum cycle time at any one intersection is 90 s,
4 The passenger dwell times are 35 s,
4 The transit authority maintains a peak-hour loading service standard of 1.5
passengers per foot of car, and
4 The peak-hour factor is 0.75.
Comments
4 It is assumed that there are no single-track sections on the line and no limitations
imposed by any signaled sections of the line,
4 The coefficient of variation of dwell times is typically 0.40 for light rail operations,
and
4 Capacity typically occurs at 25 percent failure rate, Z, = 0.675.
Outline of Solution The single-car and three-car train situations require different
approaches. Each approach determines the maximum number of trains per hour, which is
then multiplied by the train capacity.
Steps
(a) Single-car trains

1.

Determine the total train clearance
time including minimum separation
acceleration)
between trains and the time for a train
to clear the stop. The minimum
spacing between trains is estimated at
20 s. The time for the train to clear a
Total train clearance time
stop equals the train length divided by = 7.7 s + 20 s = 27.7 s
the averaae s ~ e e d .
Determine the maximum number of
trains per hour (use Equation 27-23).
Because more than one one-car train
can occupy a block or stop at the
same time without blocking other
vehicles, the traffic signal cycle time
component of the equation is not
hos= 109.3 s. round to 120 s
considered. In transit operations,
headways should be rounded up to an 3,6001120 = 30 trainslh
even interval of 1 h, in this case to
120 s or 2 min, equivalent to 30 trains
per hour.

I
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1

1

fbl Three-car trains

3.

h,, = 2(90) = 180 s
Since a three-car train is 270 ft long,
only one train can fit in the 450-ft block
length. In this case the closest
headway is twice the longest
intersection cycle time of 90 s. This
results in a 3-min headway, or 20
trains per hour.

4.

ft
passengers 135 passengers
The final step is to multiply the number 90-*1.5
car
ft
car
of trains per hour by their person
capacity and the peak-hour factor.
Single-car operation maximum person capacity:

1

1

= [30?)[12)b35

passengers
car

= 3,038 passengers
Three-car operation maximum person capacity:
= (20?)(32)(135

passengers
car

= 6,075 passengers

The one-car operation has a maximum capacity of 3,038 passengers,
The Results
the three-car operation twice a s much. The maximum capacity of three-car trains is
effectively restricted to ensure that, in irregular operation, two bunched trains do not cause
a backup that blocks an intersection.
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I.

INTRODUCTION

This chapter presents a framework for analyzing areawide and corridor transportation
systems with multiple facility types and multiple modes. Chapters 29 and 30 provide
specific procedures for the analyses.

PURPOSE
The methodological framework for analyzing the performance of transportation
systems is intended for application in major investment studies, air quality conformity
studies, and in the development of congestion management programs and long-range
transportation plans (LRTP).

The chapter defines a structure for analyzing ground transportation systems in an
area or a corridor and then develops performance measurements for transportation
systems. Appendix A provides appropriate measures of traveler satisfaction and level-ofservice (LOS) for systems.

SCOPE
This chapter is applicable to the analysis of multiple facilities of a multimodal
ground transportation system in a defined area. The framework is limited to performance
measures of mobility, computed through extensions of the procedures in earlier chapters.
Other performance measures also may be valid but are not discussed, because the
Highway Capacify Manual does not provide the basis for estimating them.
Methods for measuring traveler satisfaction are discussed, but the chapter does not
recommend a letter-grade scale for characterizing the results. Because traveler
satisfaction is strongly influenced by expectation, local agencies must determine their
own standards.

TERMINOLOGY
Performance measures apply to system outcomes-for example, travel time or delay.
They often are measures of traveler perception or satisfaction but are not limited to that.
Quality-of-service measures apply to the traveler's perceived satisfaction with their
trip. They are a subset of the set of all performance measures.
Service measures are quality-of-service measures used by the Highway Capacity
Manual and assigned a letter grade of A through F. LOS measures are a subset of
quality-of-service measures.
Utility is an ordinal measure of how a traveler values trip choice. A higher value of
utility for one option over another indicates the traveler's preference.
Traveler satisfaction, however, differs from utility. Satisfaction means that the
quality of the trip has met the needs and desires of the traveler.
A corridor is characterized by a set of generally parallel transportation facilities
designed to move people between two points; this distinguishes it from a general analysis
area. For example, a freeway corridor may consist of a freeway and one or more parallel
arterial streets; there also may be rail or bus transit service on either or both the freeway
and the arterial, or on a separate right-of-way.

!I.

Traveler satisfaction
Corridors

SYSTEM PERFORMANCE MEASURES

Performance measures for areawide and corridor analysis of transportation systems
typically are selected as part of the performance-based planning process.
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PERFORMANCE-BASED PLANNING

Results of analyses of
segments and points are
converted to personhours of delay or travel
time and aggregated to
system levels

Performance-based planning relates agency planning and project implementation to
public benefits. Its intent is to go beyond the simple measurement of agency outputsuch as number of miles of road constructed-to measure agency performance in terms of
outcomes-such as improvements in travel time. One difficulty is that outcomes usually
depend on factors external to the agency's actions. However, the ability to relate agency
activities to the accomplishment of public goals has made performance-based planning a
valuable tool for communicating agency accomplishments to public policy makers.
Basic public goals adopted by policy makers and planning agencies fall into three
categories: efficiency, effectiveness, and externalities ( 1 ) . Efficiency relates to the
utilization of system capacity; a typical performance measure is the ratio of demand to
capacity. Effectiveness relates to user perception of the value of the trip; typical
performance measures include the proportion of the population served and the cost per
trip or ton moved. Externalities relate to the environmental impacts of the system; typical
performance measures are vehicle emissions, noise, and accident rates.
The estimation and application of performance measures to the agency's goals of
efficiency and effectiveness are described here. Some procedures in this manual,
however, also may provide inputs for calculating performance measures related to
externalities.
Analysis of a transportation system starts with estimates of travel times and delays at
the segment and point levels, using the methods described in Part 111. Segment and point
delays and travel times then are converted to total person-hours of delay or travel time
and added together to obtain facility estimates. The sum of the facility estimates yields
subsystem estimates. Mean delays or trip times for each subsystem are then computed by
dividing the total person-hours by the total number of trips on the subsystem. Subsystem
estimates of travel time and delay can be combined into total system estimates, but
typically the results for each subsystem are reported separately. Equation 28-1 shows the
aggregation of point and segment results to obtain an estimate of mean subsystem delay.

where
Dm
Dx

Dp
Tx
T,

= delay per person-trip for the modal subsystem,
= delay per person-trip for Segment x,
= delay per person-trip for Point p,
= number of person-trips using Segment x, and
= number of person-trips using Point p.

The delay, speed, and travel time for segments and points are estimated using the
appropriate methods described in Part 111 of this manual.

SYSTEM PERFORMANCE MEASUREMENT

Dimensions of system
performance

System performance must be measured in more than one dimension. When
analyzing a single intersection, it may suffice to compute only the peak-period delay;
however, when analyzing a system, one also must deal with the geographic extent, the
duration of delay, and any shifts in demand among facilities and modes (2).
System performance should be measured in the following dimensions:
* Quantity of service-the number of person-miles and person-hours produced by
the system;
Intensity of congestion-the maximum amount of congestion expressed in terms
of total delay;
* Extent of congestion-the physical length of the congested system;
Duration of congestion-the number of hours that congestion persists;
0
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Variability-the day-to-day variation in the measures; and
Accessibility-the percentage of the populace able to colnplete a selected trip
within a specified time.

Quantity of Service
Quantity of service measures the utilization of the transportation system, in terms of
both the number of people and the distance they are conveyed (person-miles of travel,
PMT), and the amount of time required to convey them (person-hours of travel, PHT) .
Dividing the PMT by the PHT gives the mean trip speed for the system.

Intensity of Congestion
The intensity of congestion is measured using the total number of person-hours of
delay and mean trip speed. Other indices, such as mean delay per person-trip, can be
used to measure the intensity of congestion.

Duration of Congestion
The duration of congestion is measured in terms of the maximum amount of time
that congestion occurs anywhere in the system. A segment is congested if the demand
exceeds the segment's discharge capacity. Transit subsystem congestion can occur either
when the passenger demand exceeds the capacity of the transit vehicles or when the need
to move transit vehicles exceeds the vehicular capacity of the transit facility.

Extent of Congestion
The extenl of congestion is measured in terms of the maximum physical extent of
congestion on the system at any one time. It may be expressed in terms of the number of
directional miles of facilities congested or-more meaningfully for the general public-in
terms of the maximum percentage of system miles congested at any one time.

Variability
Variability ideally should be measured in terms of the probability of occurrence or as
a confidence interval for the other measures of congestion (intensity, duration, and
extent). However, the state of the art does not yet facilitate such a calculation. Instead, a
measure of the sensitivity of the results to changes in the demand can be substituted, until
better methods for estimating variability become available. Various levels of demand are
tested (such as a 5 percent increase or a 5 percent decrease) and the resulting effects on
the intensity, duration, and extent of congestion are noted in terms of a percentage
increase or decrease in their values. The sensitivity can be expressed in terms of an
elasticity, by dividing the percentage change in output by the percentage change in
demand. An elasticity greater than 1.0 means the estimated congestion measure is highly
sensitive to changes in demand.

Accessibility
Accessibility examines the effectiveness of the system from a perspective other than
intensity. Accessibility is expressed in terms of the percentage of trips (or persons) able
to accomplish a certain goal-such as going from home to work-within a targeted travel
time. Accessibility is particularly useful for assessing the quality of service for transit
subsystems (3).

SYSTEM PERFORMANCE REPORT CARD
Exhibit 28-1 shows the setup of a typical report card for reporting system
performance.

28-3
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EXHIBIT 28-1. EXAMPLE SYSTEM PERFORMANCE REPORT CARD
Subsystem

Freeway

Urban Street
1

Rural
Highway

Transit

Pedestrian

Bicycle

Quantity
Distance (PMT)
Time (PHT)
Intensity
Delay (p-h)
Speed (rnith)
Duration (h)
Extent (mi)
Variability
Delay
Duration
Extent
Accessibility
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APPENDIX A.

MEASUREMENTS OF TRAVELER PERCEPTIONS

Quality-of-service measures, which indicate the degree of traveler satisfaction with
system performance, are a subset of the set of performance measures described in this
chapter (1).
Part I11 of this manual identifies various measures for traveler perceptions of
performance, designed for individual points, segments, or single facilities. The measures
compare traveler satisfaction for various levels of service when there are no other
alternative routes. For example, a driver committed to a particular freeway will tend to
prefer less dense conditions to more dense conditions. However, this is no longer true if
the driver might choose a parallel frontage road instead. Generally, the driver will choose
the facility that allows the highest speed of travel, even if the freeway has more dense
traffic conditions than the parallel, lightly used frontage road. The driver's choice of
route indicates a preference for-and a higher degree of satisfaction with-the
conditions. A freeway operating at LOS B will be preferred over a lower-speed frontage
road operating at LOS A.

UTILITY EQUATIONS
However, a more comprehensive measure of traveler satisfaction is needed for
evaluating transportation systems. Utility models derived from microeconomic consumer
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behavior theory provide a tested and comprehensive multimodal method for evaluating
traveler preferences and satisfaction with different travel choices (2). Utility equations
have been used in most metropolitan areas of the United States to predict traveler
preferences for different modes of travel. The utility equations identify which
combinations of travel times and costs on different modes provide the most value or
utility to the traveler.
Utility equations are matl~ematicalfunctions whose numerical values depend on the
attributes of the options and on the characteristics of the traveler. The utility function
with the greater numerical value indicates the individual's preference.
Equation A28-1 is a utility function that can be used as a default if there is no locally
developed and calibrated utility function (3, 4).
Utility = -0.025 * IVT - 0.050 * OVT - 0.005 * Cost

Utility equations

(A28-1)

where
Utility
IVT
OVT
Cost

= measure of the traveler's perceived value of an alternative,
= in-vehicle time (min),
= out-of-vehicle travel time (min), and
= out-of-pocket cost for trip (cents).

As indicated by this utility equation, travel time and cost are the two factors that
explain the majority of traveler behavior (5). This particular equation, however, does not
include other factors also known to influence traveler behavior-such as reliability,
security, comfort, and scenery. These other factors can be included in a locally calibrated
utility equation. More elaborate utility equations designed for the analysis of transit
benefits and intermodal passenger transfer facilities also are available (6, 7).
Nonetheless, there is no intrinsic meaning to the value generated by the utility
function. Utility is an index of customer satisfaction, not a measure of the absolute
amount of satisfaction. From a comparison of utility indices, it can be determined which
option the traveler prefers, but not that the traveler is actually satisfied.
The proportion of travelers preferring one transportation alternative over another is
computed according to Equation A28-2.

Utility is useful for comparing
alternatives but not for
reflecting absolute levels of
satisfaction

where
Pa
Ua

= proportion of travelers preferring Option a,
= utility function valued for Option a, and

U,

= utility function valued for Option j.

This proportion Pa also can be thought of as the probability that Alternative a will be
preferred over all other Alternatives j.
SYSTEM LOS

LOS grades convey to the public the general quality of service provided by the
transportation system. Numerical results-such as the number of seconds of delay-are
translated into a letter grade of A through F to indicate whether or not the traveler would
consider the quality of service satisfactory.
Assigning LOS grades to system operations requires an absolute measure of traveler
satisfaction. However, consumer behavior theory is based on the concept that traveler
satisfaction is relative, not absolute.
The degree to which travelers are satisfied with a particular travel experience
depends on the options they think are available and on their perception of their own
experience. For example, residents in rural areas frequently are dissatisfied with travel
conditions acceptable to an urban resident. Travelers also are known to build up
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tolerances for congestion. A certain level of congestion still may result in a satisfactory
travel experience, if it was better than on the day before. Transit riders tolerate delays
better than automobile drivers.
No fixed set of values of travel time, speed, delay, or any other measure can ensure a
certain percentage of traveler satisfaction with system operations. It can be said only that
travelers will prefer one option over another. No single set of quality-of-service threshold
values for transportation systems can be expected to apply equally to all geographic
regions for all times. Each region's tolerance for congestion must be measured locally.
For these reasons, no recommendations are made here for any specific thresholds of
travel time, speed, or delay for determining systemwide quality of service. Local
agencies should develop their own goals and quality-of-service targets.
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This chapter provides guidance for analyzing multimodal transportation corridors
using the point, segment, and facility methodologies described in the Part III chapters.

PURPOSE
Procedures for combining individual facility, segment, and point analyses into
estimates of overall corridor performance measures of travel time, speed, and delay for
each mode of travel are described in this section. These procedures are useful for major
investment studies and other planning studies of alternatives for multimodal corridor
improvements.

First, an overview of the methodology is provided. Procedures are then presented for
the highway subsystems (freeway, rural or two-lane highway, and arterial or urban
street), and for transit. An origin-destination (0-D) matrix, or trip table, estimation
procedure is provided in the appendix.

SCOPE
This chapter is applicable to the analysis of multifacility and multimodal corridors,
accounting for the interaction between parallel facilities that compete in serving trips
between a pair of locations.

The operations analyses described here are presumed to be part of a larger demand
forecasting procedure that will reevaluate the demands for each parallel facility in
response to the predicted operating conditions. These procedures assume that the demand
is temporarily fixed, allowing the computation of facility operations. The operations
results then are used in the demand forecasting process and the facility demands are
reestimated.
The procedures are designed for detailed analyses of corridors. Their input data
requirements tend to become intractable for large study areas involving thousands of
segments and points. Chapter 30, "Areawide Analysis," presents less data-intensive
procedures for analyzing large study areas.
To maintain a tractable procedure for analyzing multiple facilities and their interface,
the recommended procedure for the analysis of a freeway facility within a corridor
deviates from the Chapter 22 freeway facility analysis as follows.
1. A 1-11 analysis period is used instead of 15 min and the analysis period is not
shortened to 1-min periods in the presence of congestion.
2. Short freeway segments with a distance of less than 3,000 ft between an on-ramp
and off-ramp that do not qualify as a weaving segment are split in halves-ne
merge and
one diverge segment-rather than analyzing each segment twice-nce
as a merge and a
second time as a diverge segment-and adopting the most conservative result.
3. Queues are not propagated upstream from a bottleneck and are not used to
reduce upstream capacities. The queues are assumed to be stored entirely on the
bottleneck segment and all delay associated with them is assigned to the segment.
Consequently, the corridor analysis procedure produces less reliable performance results
for the freeway facility than the Chapter 22 analysis procedure. However, this is
appropriate for a planning application.
The corridor analysis procedure should be used only if congestion is considered
likely on one or more of the corridor facilities. The procedure then can track some of the
interfacility effects of the congestion. If traffic queues are likely to affect upstream
facility operation significantly, then microsimulation analysis should be considered,
rather than the procedures described here.

Demand is assumed to be
fixed

Differences from Chapter 22
in analyzing a freeway facility
as part of a corridor

Queues are assumed to be
stored entirely within the
bottleneck segment

The methods in this chapter
are appropriate only for
planning that anticipates
moderate levels of congestion
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In the absence of congestion in a corridor, each facility operates essentially
independently and can best be analyzed separately using the facility-specific procedures
described in Part III.

TERMINOLOGY
Corridor, segment, and
point

A corridor is a set of essentially parallel and competing facilities and modes with
cross-connectors that serve trips between two designated points (see Exhibit 29-1). A
corridor contains several subsystems of facilities-freeway, rural highway (also called
two-lane highway), arterial (also called urban street), transit, pedestrian, and bicycle.
Each subsystem is composed of one or more facilities that in turn are composed of
segments and points. The procedure requires the division of the facilities within each
corridor into subsections, or segments, with points at the end of each segment. Traffic
demand and capacity conditions are relatively constant over the length of a segment.
Points are places where traffic enters, leaves, or crosses the facility, such as intersections
or ramp merges.
EXHIBIT 29-1. TYPICAL CORRIDOR COMPONENTS

Ent

1- - - - - -Arterial
(urban street)
-------Transit

Gates and zones

The physical features used to define segments and points vary by facility type. Each
segment has one point downstream and one upstream.
Points are treated as having zero length, for the purpose of calculating segment
speeds. However, even though an intersection or ramp junction can influence flow
conditions for some distance upstream and downstream of the intersection or junction, all
delay associated with a point is treated as happening at the point for computational
purposes.
The points at which major facilities cross the boundary of the corridor are called
gates. Land uses that generate trips within the corridor may be geographically aggregated
into internal zones to simplify the forecasting of traffic demands.

II. METHODOLOGY
The recommended procedures for evaluating a corridor involve the evaluation of
facility segments and points in each direction over several subperiods of the analysis
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period. The directional segment and point results lor each subperiod are added together to
obtain the corridor performance statistics.
The procedures rely on the methodologies presented in Part 111 of this manual. The
segment analysis procedures are first used to estimate segment capacities. These segment
capacities are compared with the forecast demand. Excess demand must be stored on the
segment and carried over to later time periods. The stored demand also is used to reduce
predicted downstream demands. Queues that overflow the storage capacity of the
segment are not propagated to upstream segments. A queue delay is calculated for each
queue identified. The adjusted segment demands are then used to estimate segment freeflow speeds, congested speeds, and intersection delays. The queue delays, intersection
delays, and segment speeds are then combined to yield overall estimates of corridor travel
time, speed, and delay.
The procedures assume that the demand is already known and has been assigned to
the appropriate segments within the corridor, based on the relative travel times via each
segment. In a corridor, it is normal for the demand to change routes based on changes in
the travel times on parallel facilities. An 0 - D matrix estimation procedure is provided in
Appendix A to assist in recomputing the segment demands-usually by reassigning the
0 - D matrix to the transportation network-based on the results of the corridor analysis.
The 0 - D matrix is also useful in computing some corridor performance measures that
require data on total trips and mean trip length.

See Appendix A for a method
to re-allocate 0-Ds among
facilities in the corridor based
on results of the analysis

HIGHWAY CORRIDOR FACILI'TIES
This section presents the recommended procedures for estimating speed, travel time,
and delay (1) on the automobile and truck facilities in the corridor (freeway, rural
highways, and arterials).

Assembling Input Data
Demand data are required for each segment in each time subperiod to be analyzed.
The total analysis period is usually the peak period spanning the time from just before the
start of congestion (or oversaturation) in the corridor to the time just after the clearance of
all queues in the corridor. The total analysis period may be only 1 h or may span 3 or 4 h
or more on a typical weekday. The peak period is divided into convenient subperiods,
usually 15 min or 60 min.
As in each of the Part TI1 methods, signal timing and road geometry data also are
required. Each facility in the corridor must be identified and divided into segments and
points. Exhibit 29-2 identifies facility types. Segments are stretches of a facility in
which the traffic demand and capacity conditions are relatively constant. Points are
locations at the beginning and end of each segment, at which traffic enters, leaves, or
crosses the facility. The physical definitions of segments and points vary by facility type.
Exhibit 29-3 shows a typical division of corridor facilities into segments and points.
Although no analysis is performed at the freeway ramp merge and diverge points, they
also are numbered to facilitate identification of freeway segments.

Analysis should cover all
periods of congestion

EXHIBIT 29-2. DEFII'II'IONS OF FACILITY TYPES
Facilitv Tvoe
Freeway

Ramp
Multilane Highway
Two-Lane Highway
Urban Street

I

Definition
A completely access-controlled facility. See Chapter 22, "Freeway Facilities,"for
guidance on identifying basic, ramp merge and diverge, and weaving segments.
Access roads to freeways; normally, each ramp is a single segment. See Chapter 25,
"Ramps and Ramp Junctions."
A road with two or more lanes in one direction and traffic signals spaced no closer than
2.0 mi. See Chapter 21, "Multilane Highways."
A road with only one lane in each direction and traffic signals spaced no closer than 2.0
mi. See Chapter 20, "Two-Lane Highways."
Roads w ~ t htraff~csignals spaced no farther than 2.0 mi apart. See Chapter 15, "Urban
Streets."
Zhapter 29 - Corridor Analysis
Methodology

Highway Capacity Manual 2000
EXHIBIT 29-3. SAMPLE DIVISION OF CORRIDOR INTO SEGMENTS AND POINTS

Determining Segment Capacity
The directional capacity of each segment of each facility in the corridor is computed
for each hour of the analysis period. It is best if capacity can be measured in the field. In
the absence of field data, the hourly capacities of each segment can be computed
according to the methodologies described in Part 111(see Exhibit 29-4).
EXHIBI1' 29-4. CHAPTER REFERENCES FOR CAPACITY, SPEED, AN13 DELAY ANALYSES
Facilitv Tvoe
Freeway segments

Rural highway segments
Freeway on-ramp segments
Freeway off-ramp segments
Urban streets with signalized intersections
For arterials with unsignalized intersections with stop
or roundabout controls that affect arterial speeds

Capacity in terms of
passenger cars must be
converted to mixed
vehicle capacity to yield
actual demands rather
than adjusted demands
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Chapter Reference
Chapter 22, "Freeway Facilities"
Chapter 23, "Basic Freeway Segments"
Chapter 24, "Freeway Weaving"
Chapter 25, "Ramps and Ramp Junctions"
Chapter 21, "Multilane Highways," and 20, "Two-Lane
Highways"
Chapter 25, "Ramps and Ramp Junctions"
Chapter 25, "Ramps and Ramp Junctions"
Chapter 16, "Signalized Intersections," and Chapter 15,
"Urban Streets"
Chapter 17, "Unsignalized Intersections"

Capacities specified in terms of passenger cars must be converted to actual mixedvehicle capacities, because the procedure shifts demand between segments and time
periods; passenger-car equivalents can take on different values in different time periods
or segments, so shifting them should be avoided. Capacities are converted to mixed
vehicle capacities by applying the inverse of the demand adjustment factors
recommended in Part 111to the base capacity. For example, the flow rate for basic
freeway segments divided by the heavy-vehicle factor yields a passenger-car equivalent
flow rate. The mixed-vehicle capacity, however, is determined by multiplying the
capacity by the heavy-vehicle factor.
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Adjustment for Excess Demand
Adjusting for excess demand is necessary only if working with forecasted or
estimated dcmands rather than counted traffic volumes (the volume counted at any given
point is by definition equal to or less than the discharge capacity at that point).
In this step, the demand is compared with the discharge capacity for each subperiod
(usually 1 h) within the peak period and for each segment within the corridor. If the
demand exceeds the capacity at any point in time or space, then the excess demand must
be stored on the segment and carried over to the following hour. The downstream
demands are reduced by the amount of excess demand stored on the segment.
The algorithm starts with the entry gate segments on the periphery of the corridor
and works inward until all segment demands have been checked against their capacity.
Before applying the demand adjustment algorithm it is necessary to develop organized
lists of segments to be checked in the corridor. This is called building a gate tree.

Gate-Tree-Building Algorithm
A gate tree is a list of segments connected to the entry gate. Each segment in the list
is ranked by the number of segments separating it from the entry segment. For example,
the entry gate segment is given a rank of 1. The list is called a tree because it often looks
like one when mapped onto the corridor.
The gate-tree-building algorithm is a variation of the commonly used shortest-pathfinding algorithm (2). A tree of connected segments is built up from a starting segment.
The steps used in this process are listed below (refer to Exhibit 29-3).
1. Start with a gateway segment entering the study area (for example, segment 1 , 2
on the eastbound freeway). This segment is assigned a rank, r = 1.
2. Identify connecting downstream segment(s). These segments are assigned the
rank, r = upstream segment rank + 1.
3. Add to the tree the segment that has highest volume to capacity (v/c) ratio
among the unused connecting segments. U-turns at points (also termed nodes) are not
allowed.
4. Repeat Steps 2 through 3 until there are no unused connecting segments.
5 . Repeat Steps 1 through 4 for all entering gateway segments.
6. Save the tree list for each entry gate.

Gate tree

Demand-Adjustment Algorithm
The following steps are used to adjust demand when excess demand occurs in a time
period.
1. Select the entry gate segment (of rank r = 1) with the highest v/c ratio.
2. Select the first time period.
3. If demand S capacity and the initial queue, Queue(0) = 0, go to Step 7.
4. If demand > capacity or Queue(0) > 0, then use Equation 29-1.
Queue (1,h) = Queue(0) + demand - capacity

(29-1)

where
I
h
Queue(0)

= segment index,
= time period index, and
= queue remaining from the preceding time period.

5. Reduce downstream segment demand by the amount that the demand exceeds the
capacity. Propagate this reduction to all connecting downstream segments in proportion
to the ratio of each downstream segment demand to all segments exiting from the subject
segment. Continue the process downstream until the reduction is less than 5 percent of
capacity.
6. Add the excess demand-the amount by which the demand exceeds the
capacity-to the next time period demand for the subject segment.
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7. Apply the increment to the next time period. Repeat Steps 3 through 6 until the
proccsscs for all the time periods arc finished.
8. Go to next gate tree with unanalyzed segments in current Rank r. Repeat Steps 2
through 7 until all scgments of current rank r have been analyzed.
9. Apply the increment to current Rank r + 1. Go to the segment with the highest
V/Cratio anlong those of the new rank. Repeat Steps 2 through 8 until all segments are
analyzed.
Determining Segment Free-Flow Traversal Times
The segment free-flow traversal times are obtained by dividing the length of the
segment by the estimated free-flow speed (FFS), as shown in Equation 29-2. The FFS is
computed according to the Part I11 methods using the adjusted demands determined in the
previous step. The computation is repeated for each direction of each segment for each
time subperiod.

where
Rf(d,l,h)
L(1)
Sf(d,l,h)

= segment free-flow traversal time for Direction d of Segment 1 and Time
Period h (h),
= length of segment (mi), and
= segment free-flow speed computed per Part 111(rnih).

Determining Segment Traversal Times
Segment traversal time
plus queue delay equals
segment travel time

The segment traversal times are obtained by dividing the length of the segment by
the estimated mean speed (Equation 29-3). The mean speed is computed according to the
Part 111methods using the adjusted demands determined from the algorithm.

where
R(d,l,h)
L(1)
S(d,I,h)
Previous demand
adjustments result in all
demands 5 capacity.
Queue delay is handled
separately.

= segment traversal time for Direction d of Segment 1 and Time Period h

(h),
= length of segment (mi), and
= mean segment speed computed per Part I11 (rnih).

The Part I11 signalized and unsignalized intersection delay estimation procedures
take into account delays caused by demand both less than and greater than capacity, but
since all demands have been adjusted to be less than capacity in an earlier step, in this
step it is only necessary to compute the portion of the queue delay due to demand
exceeding capacity.

Determining Queue Delay
The queuing delay--only the amount due to demand exceeding capacity-is
computed for all segments. The queuing delay is computed for each direction (d) of each
segment (1) and time period (h), using Equation 29-4 only when demand is greater than
capacity.

where
DQ(d,l,h)
T
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and time period (h);
= duration of time subperiod (h);
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Q(d,l,h - I)
v(d,l,h)
c(d,l,h)

= queue left over at end of previous time period (veh);

= demand rate for current time period (vehlh); and
= capacity of segment in subject direction (veh/h).

This equation assumes that the demand rate (v) is constant within the time period, as
shown in Exhibit 29-5.
EXHIBIT 29-5. QUEUE POLYGON FORTIME PERIOD 1

I

Time

Subperiod Analysis
The steps are repeated for any additional time periods to be analyzed. For example,
if the peak period lasts for 4 hours, it might be divided into four 1-h periods (or 16
quarter-hour periods), with each time period analyzed in sequence. The first and the last
analysis periods must be uncongested for all delay to be included in the performance
measures. Once all time periods have been analyzed, the performance measures are
computed.
Determining Performance Measures
This step describes how to compute performance measures of congestion intensity,
duration, extent, variability, and accessibility for the corridor.

Intensity
The possible performance measures for the intensity of congestion on the highway
subsystems (freeway, two-lane highway, and arterial) in the corridor are computed from
one or more of the following: person-hours of travel, person-hours of delay, mean trip
speed, and mean trip delay. If average vehicle occupancy (AVO) data are not available,
then the performance measures are computed in terms of vehicle-hours rather than
person-hours.
The total person-hours of travel (PHT) are computed with Equation 29-5. The delays
and traversal time for each segment and time period are summed and factored by the
AVO to obtain the overall corridor total person-hours of travel.
PHT

= AVO

*

C v(d, I, h) 'R(d, I, h ) + DQ(d, I, h)]

I

(29-5)

dJ,

where
PHT
AVO

v(d,l,h)
R(d,l,h)
DQ(d,l,h)

= person-hours of travel in corridor,
= average vehicle occupancy,

= vehicle demand in Direction d on Link 1 during Time Period h (veh),
= segment traversal time (hlmi), and
= queuing delay (veh-h).
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calculate person-based
measures
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The mean trip time is computed with Equation 29-6 by dividing the total personhours of travel by the number of person trips. An 0 - D table (or at least trip generation
data) is required to estimate the number of trips. Segment demands cannot be used, since
a single person-trip will show up on several segments.
PHT

t = 6 0 T p

where
t
PHT
P

= mean trip time (minfperson),
= person-hours of travel, and
= total number of person trips.

The mean trip speed is computed with Equation 29-7 by dividing the total number of
person-miles by the total person-hours of travel.

s=-PMT

A V O * Cv(d,I,h)*L(I)
-

d,l,h

PHT

PHT

where
S
PMT
PHT

AVO
v(d,l,h)
L(1)

Estimating delays due to
route diversion

= mean corridor trip speed (milh),
= person-miles of travel,

=
=
=
=

person-hours of travel,
average vehicle occupancy,
vehicle demand in Direction d on Segment 1 for Period h (veh), and
length of segment (mi).

The mean trip delay is computed by subtracting the PHT under free-flow conditions
from the PHT under congested conditions and dividing the result by the number of
person-trips. The person-hours of travel under free-flow conditions is computed like
PHT for congested conditions, but using free-flow traversal times and zero queuing delay.
If delays due to route diversion are desired, then a new demand assignment should be
performed that uses the FFS to assign all trips to the shortest path regardless of the vfc
ratio. These new unconstrained demands (without any adjustment for queuing) are then
used in the regular PHT equation to compute free-flow PHT using Equation 29-8.

where
d
PHT
PHTf
P

= mean trip delay (sfperson),
= person-hours of travel,
= person-hours of travel under free-flow conditions, and

= total number of person trips.

The analyst should recognize that these computations assume that all delay occurs
within the overall analysis period selected by the analyst. The impact of analysis period
congestion on the demand after the analysis period is not considered. If the analyst
suspects that the impacts on later time periods will be significant, then the analysis period
should be extended to include the times affected.

Duration
Performance measurements of duration can be computed from the number of hours
of congestion observed on any segment. The duration of congestion is the sum of the
length of each analysis subperiod for which the demand exceeds capacity. The duration
of congestion (i.e., oversaturation) for any link is computed using Equation 29-9.
(29-9)
Hi = Ni * T
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where
Hi
Ni
T

= duration of congestion for Link i (h),
= number of analysis subperiods for which v/c > 1.00 on Link i, and
= duration of analysis subperiod (h).

The maximum duration on any link indicates the amount of time before congestion is
completely cleared from the corridor.

Extent
Performance measures of the extent of congestion can be computed from the sum of
the length of queuing on each segment. One can also identify segments in which the
queue overflows the storage capacity; this is particularly useful for ramp metering
analyses.
To compute the queue length, an assumption must be made about the average density
of vehicles in a queue. Default values are suggested in Exhibit 29-6.
EXHIBIT 29-6. QUEUE DENSITY DEFAULTS
Subsystem
Freeway
Two-Lane Highway
Urban Street

Storage Density (veh/mi/ln)
120
210
210

Vehicle Spacing (ft)
45
25
25

p
p

To compute queue length, Equation 29-10 is used.

where
QL(d,l,h)
v(d,l,h)
c(d,l,h)
N(d,I)
d,
T

= queue length (mi) for Direction d, of Segment 1, for Time Subperiod h;
= segment demand (veh/h);
= segment capacity (veh/h);
= number of lanes;

= storage density (veh/mi/ln); and
= duration of analysis period (h).

Note that if v(d,l,h) < c(d,l,h), then QL(d,l,h) = 0, and if QL(d,l,h) > L(l), then the
queue overflows the storage capacity.
The queue lengths for all segments then can be added up to obtain the length of
queuing in miles in the subsystem during the analysis period. The number of segments in
which the queue exceeds the storage capacity also might be reported. This statistic is
particularly useful for identifying queue overflows that result from ramp metering.

Variability
The variability or sensitivity of the results can be determined by substituting higher
and lower demand estimates-for example, substituting 110 percent of the original
demand estimates for all segments-and repeating the calculations.

Variability is a sensitivity
measure

Accessibility
Accessibility can be measured in terms of the number of trip destinations reachable
within a selected travel time for a designated set of origin locations-such as a residential
zone. The results for each origin zone are tabulated and reported as X percent of the
homes in the study area can reach Y percent of the jobs within Z minutes. A mean access
(or mean trip) time for 100 percent of the origins and destinations also might be reported.
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For transit, accessibility is computed by finding the shortest travel-time paths from
the origin zone or gate to all destination zones and gates in the corridor. Destinations
accessible within the desired travel time are identified and the number of trips to them is
tallied to obtain the accessibility performance measures.

TRANSIT AND HIGHWAY CORRIDORS
This section sumlnarizes the recommended speed and capacity estimation procedures
for transit operating in a corridor. The actual calculation methodology is described in
Chapter 27, "Transit." The calculations for all transit facilities are performed in five
steps, similar to those for highway facilities, but in a different order.

Assembling Input Data
This first step involves assembling the required data, identifying the transit links,
and, for buses, identifying the bus lane type. The required data consist of
Demand data -peak-hour transit volumes and peak-hour vehicle volumes;
* Data for estimating transit capacity-dwell times, signal data, bus-stop type (on
line vs. off line), and link vehicle capacity; and
* Data for estimating transit speeds-urban street class, stop spacing, bus lane type,
rail-line running speed. and freeway or expressway running speeds.
If transit operates on-street, the same segments and points used for the highway
subsystems should be used in these calculations. If transit operates off-street, the transit
facility should be divided into segments between stations. Points or nodes are assigned to
the station locations at the endpoints of each segment.

Determining Bus-Stop Capacity
If a bus facility is being analyzed, the capacities of bus stops must be determined
using equations found in Chapter 27. In the absence of field data, default values in
Exhibit 29-7 may be used as inputs. There are no default values for the number of
loading areas at a bus stop; these values must be determined by the analyst.
EXHIBIT 29-7. DEFAULTVALUES FOR ESTIMATING BUS-STOP CAPACITY
Urban Street Class
Factor
glC ratio
On-lineloff-line stops
Clearance time, t, (s)
Dwell time, td (s)
Coefficient of variation, c,
Failure rate, Za

I

0.60

II

0.60

111

IV

0.45

0.45

On line

On line

10
30
0.60
7.5% (1.440)

10
30-60
0.60
10.0%(1.280)

Determining Transit Segment Capacity
Bus
Segment capacity is determined by multiplying the capacity of the critical bus stop
by an adjustment for the interference of other traffic sharing the lane with buses. The
mixed-traffic operations equation or the exclusive bus lane equation in Chapter 27 is used
to determine capacity. These equations require knowledge of the passenger vehicle
volume and the capacity of the curb lane, the bus lane type (1, 2, or 3), and the bus-stop
locations (nearside, farside, or midblock). If there are no stops in the segment, the
segment capacity is computed using a dwell time of 0 s and a clearance time of 4 s
representing the portion of clearance time not associated with stopping.
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Rail
Rail segment capacity depends on the right-of-way: on-street, block signaled, or
single track. For on-street streetcar operations, the bus procedures apply. For on-street
light-rail operations, use twice the maximum traffic signal cycle length in the line's onstreet section to determine the minimum headway; then use Chapter 27 to calculate the
segment capacity. For block-signaled sections, use the minimum signaled headway and
Chapter 27 to determine capacity. For two-way single-track operations, use the equations
and exhibits in Chapter 27 to identify the minimum headway to determine capacity.
Determining Transit Speeds

Bus
Base bus speed is given in Chapter 27 and depends on average dwell times, average
bus-stop spacing in the segment, and the bus lane type. The bus-bus interference factor is
also found in Chapter 27, using bus volumes and the calculated bus segment capacity.

Rail
Rail speeds may be estimated from Chapter 27. Required inputs are the length of the
segment and the running speed. The running speed for on-street streetcars is the segment
running time calculated in Chapter 15, "Urban Streets." For on-street light rail, the
posted speed limit of the street can be used for running time. For off-street light rail and
streetcars, the maximum section operating speed can be used. Default values for other
factors can be obtained from material found in Chapter 27.
Estimating Transit Travel Time and Delay
The total person-hours expended by transit passengers is computed using Equation
29-1 1.

where
PHTT
P
H
L
ST

= person-hours traveled on transit (h),
= number of transit passengers on board (p),
= number of hours in analysis period,

= distance traveled by transit passengers (mi), and
= actual speed of transit on facility including all delays (rnih).

The delay to transit riders is the difference between the theoretical travel time at
FFS-with no delays due to transit stops, traffic congestion, or intersection control-and
the actual travel time including all delays. The delay is expressed in terms of passengerhours, which is the sum of the hours of delay experienced by each transit passenger.
Delay to transit passengers is computed using Equation 29-12.

where
dT = delay for transit passengers (h),
Pd = number of transit passengers experiencing the delay (p),
H = number of hours in analysis period,
L = distance traveled by transit passengers (mi),
SFT = FFS of transit on the facility (rnih), and
ST = actual speed of transit on the facility, including all delays (rnih).
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The free-flow travel lime for transit riders is computed from the distance traveled and
the FFS for the street or transit facility, assuming no transit stops and no delays due to
traffic controls or traffic congestion. If transit shares the right-of-way with general
traftic, the FFS for transit is the same as for general traffic. The actual travel time is
computed according to the procedures described in Chapter 27, "Transit."

Evaluating Transit Priority Treatments
Transit treatments should
be evaluated in terms of
person-based measures

Chapter 14 presented bus and rail priority measures that can reduce the traffic delays
experienced by transit vehicles operating on-street. However, if implemented, these
measures also may result in increased delay to motorists, bicyclists, and pedestrians, and
possibly even other transit passengers. One consideration when evaluating whether to
implement a transit priority measure-particularly if it involves instituting transit signal
priority or converting a lane to exclusive transit use-is the net change in person delay
that would result. Of course, other factors, such as cost, change in transit quality of
service, and local policies encouraging greater transit use, also should be considered.
The delay estimation procedures in this manual are based on vehicle delay. Although
the number of transit vehicles operating on a given street is usually small relative to the
number of passenger vehicles, the number of passengers carried per transit vehicle is
much greater than the number of passengers carried per passenger vehicle. To compare
the effects of a transit priority measure meaningfully, vehicle delay should be multiplied
by the number of vehicles and the average passenger occupancy per vehicle to obtain a
measure of person-seconds (or minutes) of delay. If the time savings for transit on a
corridor level is sufficient to cause some people to change travel modes, that can be
considered as well.

Ill. EXAMPLE PROBLEM
CORRIDOR WITH FREEWAY, PARALLEL ARTERIAL, AND BUS
This problem comprises a 2.2-mi-long freeway-and-arterialcorridor with one parallel
arterial and two diamond interchanges a s shown in the freeway corridor exhibit. Pretimed
traffic signals are located at points 14, 3, 20, 11, 6, and 21. There is a freeway bus
service with bus stops at the foot of each off-ramp. A local bus service operates on San
Pablo Avenue, an arterial parallel to the freeway.
The objective is to estimate the highway and transit performance measures for the
corridor for the peak hour. The pedestrian and bicycle subsystems are not included in this
example. The geographic scale of this example is such that walking is not feasible, and
the lack of exclusive bicycle facilities in the corridor negates the need for a separate
analysis of bicycle facility operations. The analysis period typically would be extended to
2 h or more to cover the entire congested period. However, this example will analyze only
the peak-hour operation to illustrate the procedures that also would be applicable to the
other hours in the peak period.

OUTLINE OF SOLUTION
The analysis starts with the highway subsystems. The freeway and arterial or urban
street subsystems are analyzed simultaneously. Segment capacities are computed, and
the demand is adjusted to account for the effects of any identified bottlenecks. The
segment traversal times then are computed for both free-flow and actual conditions. The
queue delay due to the deferral of excess demand to later time periods is computed.
Finally the highway subsystems performance measures are computed.
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FREEWAY CORRIDOR

The analysis then proceeds to the transit subsystem. The bus-stop dwell times are
computed and used to compute mean speed for the buses. Next, the transit subsystem
performance measures are computed. The results of the freeway, arterial, and transit
subsystems analyses finally are displayed in a report card format.
The highway segment and transit demands are assumed to be fixed in this analysis.
The performance measures are fed back into a travel demand forecasting model, and new
demands that are consistent with the estimated performance of the transportation system
are computed.
Field data collection should be considered as an alternative way to estimate travel
time, delay, and other performance measures. Field estimates tend to be reliable and also
account for local conditions that may not be fully represented in the procedures described
here.

Assembling lnput Data
The corridor is divided into segments and points as shown. The following input data
are obtained:
The length and number of lanes on each segment;
The turning and through lanes at each signalized intersection;
The cycle length, phasing, and green times for each signal;
The FFS for the arterial segments;
Turning movement counts at each signalized intersection;
Freeway mainline demand counts or estimates at entry gates to the corridor (only
inbound are required); and
Any other data (such as percentage of heavy vehicles) required by the Part Ill
methods; defaults will not be used. The demand input data are given in the Demand lnput
Data table.
The freeway has four lanes in each direction west of the Powell Street interchange,
but only three lanes in each direction elsewhere. The ramps are all one lane. The
arterials are all two lanes in each direction, with a median. There are four signalized
intersections at the freeway interchanges and two signalized intersections on the arterial
parallel to the freeway. Each signal has exclusive left-turn lanes and protected left-turn
phases. Intersections 3 and 14 have double left-turn lanes feeding the on-ramps. The
signal cycle length is 82 s for all intersections. The phase green times and lost times are
shown in the Signal Timing Data table.
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DEMAND INPUT DATA (vehlh)
Count 1
Locatior

Left

Northbound
Southbound
Thru Right
Thru Right
Left

363
34

303
378

31 6

100
144

109
-

726
546
536
697
707
810

Left

Eastbound
Thru Right
8000

136
176
500
153

619
163

8
963

435
55

500
113

0
1065

400
81

Left

Westbound
Thru Right

123

3000
0

151

110
110

779
0

110
130

126

945

145

SIGNAL TlMlhlG DATA (s)
Signal
14
3
20
11
6
21

NB LT
25
0
10
30
0
10

NB TH
25
30
23
20
25
23

SB LT
0
20
10
0
20
10

SB TH
25
50
23
20
45
23

EB LT
0
0
10
0
0
10

EB TH
0
20
23
0
25
23

WB LT
0
0
10
0
0
10

WB TH
20
0
23
20
0
23

Lost Time
12
12
16
12
12
16

Notes:
NB = northbound; SB = southbound; LT = left turn; TH = through; EB = eastbound; WB =westbound.

Determining Segment Capacity
The capacity of each segment is computed using the appropriate Part Ill
methodology. The Segment Capacities table on the facing page identifies the facility type,
segment type, and length of each segment, along with the appropriate Part Ill chapter
reference for computing the capacity. The resulting capacity estimates are shown in the
right-hand column of the segment capacities table.

Adjusting for Excess Demand
In the Spreadsheet Setup diagram each numbered point is represented by a boxed
cell. Each arrow indicates a directional segment connection between the points.
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SEGMENT CAPACITIES
Segments
A-Node
B-Node
1
2
2
3
2
4
4
3
4
5
5
6
5
7
6
7
7
8
9
10
10
11
12
10
12
11
12
13
14
13
15
13
14
15
16
15
14
17
14
17
14
3
14
3
20
3
20
3
23
20
20
23
18
11
18
11
6
11
11
6
21
6
21
6
24
21
21
24
20
19
19
20
21
20
20
21
22
21
21
22

Facility

Segment

Type
Freeway
Off-ramp
Freeway
On-ramp
Freeway
Off-ramp
Freeway
On-ramp
Freeway
Freeway
Off-ramp
Freeway
On-ramp
Freeway
Off-ramp
Freeway
On-ramp
Freeway
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial

Type
Diverge
Interchange
Basic
[see notes]
MergeIDiverge
Interchange
Basic
[see notes]
Merge
Diverge
Interchange
Basic
[see notes]
MergeIDiverge
Interchange
Basic
[see notes]
Merge
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill

Chapter
Reference
25
26
23
25
25
26
23
25
25
25
26
23
25
25
26
23
25
25
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

Length
(mi)
0.38
0.26
0.47
0.20
0.47
0.38
0.75
0.38
0.38
0.38
0.38
0.75
0.38
0.47
0.20
0.47
0.26
0.38
0.09
0.09
0.06
0.06
0.75
0.75
0.06
0.06
0.09
0.09
0.06
0.06
0.75
0.75
0.06
0.06
0.66
0.66
1.04
1.04
0.47
0.47

Through
Lanes
4
1
3
1
3
1
3
1
3
3
1
3
1
3
1
3
1
4
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

Capacity
(vehlh)
8800
1500
6600
1800
6600
1800
6600
1800
6600
6600
1000
6600
1800
6600
1000
6600
1800
8800
3400
1200
3600
3600
1700
1400
3400
1400
1200
3400
2700
3000
1400
1200
3400
1400
1400
3400
1400
1400
3400
1400

Notes on capacity computations:
a. None of the freeway segments was less than 2,500 ft, so none qualified as a weaving segment. All other freeway segments
are split into a basic subsegment and a 1,500-fl ramp influence subsegment. Segments 4-5 and 12-13 are less than 3,000 fl,
and have both merge and diverge subsegments. In this case, the ramp merge and diverge influence areas were shortened to
one-half the segment length.
b. Capacities in pc/h/ln, used for the freeway segments, were converted tovehicle capacities by dividing the demand adjustment
factors into the capacity.
c. Arterial capacity is computed by multiplying the adjusted saturation flow rate for the through movement by the glC ratio for
the through movement.
d. There is no capacity estimation procedure for on-ramps, so a nominal value of 1,800 vehlh was used (see Chapter 25).
e. Capacity values are taken from metric version of HCM 2000.
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The Initial Demand Estimates spreadsheet shows the initial demands computed from
the turning movements. Inconsistencies between intersection counts are resolved by
adding a delta demand at the midpoint of that segment. The demand for each directional
segment is displayed in the space between the two numbered points for each segment.
INITIAL DEMAND ESTIMATES

EcII
862

781

1197 561

l-F---l

u
Right

981 1256
1107 947
0
5 Delta
109 715 Delta
1090 541
Delta
1107 942
999 <----- -142 <----- 1141 21
1216 22 Left
1375 -----> -116 ----- > 1259
1318
Right
701 355
1017 836

m

m

The demand to capacity ratios are then computed for each segment and entered into
the spreadsheet as shown below.
INITIAL DEMAND TO CAPACITY RATIOS

m

n

1
4

rn

0.72 0.23

1.00 0.17

The initial estimate of demand exceeds capacity on Segments 2-4, 4-5, 5-7, and
7-8. Since Segment 2 - 4 is the upstream segment, the downstream demand adjustment
process starts here. The following spreadsheet shows the demand reductions.
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DOWLISTREAM DEMALID REDUCTIONS FOR SEGMENT 2 4 CONGESTION

E r I

lle

n

The v/c ratios are recomputed with the new demands, as shown below.
REVISED DEMAND TO CAPACITY RATIOS

n

I

D

The segments with excess demand now are 4-5 and 7-8. The demand adjustment
process is repeated for Segment 4-5 and all downstream segments. The results are the
turning movement and segment demands shown in the table and spreadsheet on the
following page; none exceeds the peak-hour capacities of the segments.
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SIGNAL-ADJUSTED TURNING MOVEMENTS (vehlh)
Count
Northbound
Southbound
Left Thru Right Location Thru Right
Left

1
9
14
3
20
11
6
21

Eastbound
Left Thru Right

8000
882
53
663
43

630
893
268
408
631
684

136
363
34

303
378

316
109

100
136

176
500
145

8
963

435
55

0
1065

347
81

+
Left

Westbound
Thru Right

FINAL ADJUSTED SEGMENT DEMANDS

1090 541

Left
Right

191008 120999 <---1I 181 1
1 1375 ---->
701

1048 942

-1 29
-1 16

<------->

355

1128
1259

/ 2 1 1 1216 22Left
1
1 1303 1
Right
1005 836

Queue storage calculations indicate that the eastbound freeway queue would extend
from just before Segment 4-5 back through the entry gate for the freeway. The blocking
effect of this queue on the demand exiting the freeway on ramp Segment 2-3 has been
neglected.

Determining Segment FFS Traversal Times
The appropriate Part Ill methods are used to estimate the freeway and arterial
segment FFS. FFS is converted to traversal times by dividing the FFS of a segment into
its length. The results are shown in the Freeway-and-Arterial Subsystem Analysis:
Computation of PHT and Delay table.

Determining Segment Traversal Times
The appropriate Part Ill methods are used to estimate the freeway and arterial
segment mean speeds. On-ramp speeds are estimated using Chapter 15, "Urban
Streets." On-ramp speeds are assumed to be unaffected by volume. The results are
shown in the Freeway-and-Arterial Subsystem Analysis: Computation of PHI- and Delay
table.

Determining Queue Delay
The total demand deferred to a later time period is computed from the demand
adjustment step and multiplied by the length of the peak hour (1 h) to obtain the total
vehicle-hours of queue delay.
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FREEWAY-AND-ARTERIAL SUBSYSTEM ANALYSIS: COMPUTATION OF PHT AND DELAY
Segment
Type
A~
1
1
2
4
4
5

2
2
4
5
5
7

Basic
Diverge
Basic
Merge
Diverge
Basic
Merge
Basic

9 ( 1 0 Basic
9 10 Diverge
Basic
10 12
12 13 1 Merge
12 13 I Diverge
13 15 1 Basic
15 16 Merge
15 16 1 Basic

1

17
14
3
20

14
3
20
23

' Class Ill

23
20
3
14

20
3
14
17

Class Ill
Class Ill
Class Ill
Class Ill

18
11
6
21

11
6
21
24

Classlll
Class Ill
Class Ill
Class Ill

24
21
6
11

21
6
11
18

Class Ill
Class Ill
Class Ill
Class Ill

19
20
21

20 Class Ill
21 Class Ill
22 Class Ill

22
21
20

21 Class Ill
20 Class Ill
19 Class Ill

Class Ill
Class Ill
Classlll

Adjusted Free Actual
Free
Queue Actual
Free
Actual
Delay
Length Demand Speed Speed VHT (h) Delay VHT (h) PHT (h) PHT (h) PHT (h)
(veh-h)
(vehlh) ( m ~ l h ) (milh)
(ft)
Freeway Eastbound
66
55
12.1
525 8000
14.4
14.5
17.2
2.7
1,476 8000
42.5
66
53
34.1
40.9
50.9
10.0
64
43
48.6
2,493 6600
169.0 240.6
288.7 230.4
58.3
44
64
1,246 6600
24.3
29.2
337.0 372.4
446.9 417.7
24.3
64
1,246 6600
29.6
53
6.3
29.2
35.5
64
48.7
57
42.9
7.0
2.493 5820
51.4
58.4
27.2
64
1,476 6236
50
9.7
32.6
42.3
35.3
64
525 6236
12.2
9.7
51
3.0
11.6
14.6
Freeway Westbound
5251 3000
64 1 64
4.7 1
1 4.7 1 5.6
5.6 1 0.0
13.1
1,476 3000
64
3.1
18.8
15.6
53
15.7
64
64
24.4
20.3
2,493 2760
0.0
20.3
24.4
64
21.2
14.6
53
1,246 3960
17.7
17.5
3.7
64
14.6
17.5
53
1,246 3960
3.4
20.9
17.4
27.1
64
64
32.7
27.3
32.6
2,493 3686
0.2
66
20.0
25.4
24.1
52
1,476 4704
6.5
30.5
7.1
7.4
63
525 4704
66
8.9
8.6
0.4
Arterial - ABC Southbound
2.8
7.8
862
35
492
11
2.3
6.6
9.4
1.6
849
35
295
12
1.4
3.2
4.8
4.0
31.1
26.8
48.3
35
3,969 1036
22.4
16
58.0
1.4
1.6
701
35
295
1.1
25
1.9
0.5
Arterial - ABC Northbound
7
2.6
355
35
295
0.6
2.4
3.1
0.7
19.4
27
30.6
23.3
25.5
899
35
3,969
7.3
2.4
2.9
9.2
35
295 1512
9
8.1
11.0
2.1
2.6
781
35
492
27
3.2
2.5
0.7
Arterial - DEF Southbound
2
3.2
60.3
35
492 1197
68.5
72.3
3.8
14
1.6
1.3
2.5
4.0
3.4
35
295
807
27
22.6
27.2
29.8
35
3,969 1048
8.6
35.8
25
1.6
2.3
2.7
1.9
35
295 1005
0.8
Arterial - DEF Northbound
7
35
836
295
6.9
1.6
1.3
6.6
8.2
27
945
26.5
24.5
35
20.4
7.3
3,969
31.8
7
35
1.7
7.9
295 1071
8.3
2.1
10.0
27
501
492
35
1.3
0.4
1.7
1.6
2.0
Arterial - CF Eastbound
10.9
37.7
35
25
22.4
3,477 1181
31.4
26.8
17.5
5,478 1317
47.1
64.6
35
25
39.3
53.8
2,493 1303
21.2
35
35
17.7
0.0
17.7
21.2
Arterial - CF Weslbound
35
16.5
13.6
2,493 1216
33.4
19.8
27.8
20
5,478 1064
46.4
38.1
35
29
31.7
8.3
38.7
3,477 1008
22.9
22.9
19.1
35
19.1
35
0.0

Note: Values are soft converted from metric values.
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The demand adjustment step deferred 338 vehicles from segment 2-4. Another 674
vehicles were deferred from segment 4-5. Thus, a total of 1,012 vehicles would be
delayed by an average of 0.5 h (one-half of the analysis period), resulting in a total delay
of 506 veh-h. The use of one-half of the analysis period is based on the assumption that
the first vehicle in queue has essentially zero delay in the analysis hour, and the last
vehicle has 1 h of delay; therefore the average vehicle is delayed 30 min. The results are
shown in the Freeway-and-Arterial Subsystems Analysis: Computation of Queue, Extent,
and Duration table on the facing page.

Determining Performance Measures
The following table shows the computation of the mean person-hours of travel (PHI-)
and the mean person-hours of delay. Note that an average vehicle occupancy of 1.2 has
been applied to the vehicle-hour travel times to compute person-hour travel times.

PERFORMANCE RESULTS: FREEWAY-AND-ARTERIAL SUBSYSTEMS
Freeway Subsystem
Arterial Subsystem
Total

Length (mi)

PMT (pers-mi)

PHT (pers-h)

PHD (pers-h)

Speed (mi/h)

4.35
10.15
14.49

26,638
12,199
38,837

1,118
538
1,756

704
288
992

23.8
19.1
22.1

Note: Values are sofl converted form metric values.

Transit Subsystem Analysis
The first step in analyzing a transit subsystem is to compute the actual mean speed
for buses on each segment of the corridor, taking all delays into account. This is done
using the parameters given in the Transit Subsystem Analysis: Bus Speed Parameters
table and computation of bus speeds shown in the Transit Subsystem Analysis: Bus
Speed Computation table.
The bus frequency, boarding passengers, and alighting passengers per hour for each
street segment are the input data. The passengers per hour on board the buses are input
for the first segment in which each bus route enters the corridor study area-for example,
for all bus routes entering the corridor on Link 1-2, the total of onboard passengers per
hour is 270.
The number of passengers on board for all other segments in the corridor is
estimated by adding the upstream segment's boarding passengers and then subtracting
from the total the upstream segment's alighting passengers. Even though there are often
several bus stops on a segment, it is convenient to compute the number of on-board
passengers for each segment as if all boarding and alighting takes place at the end of the
segment.
If the number of stops on a link is not known or is in planning, it can be determined by
dividing the link length by the bus-stop density. The bus-stop density in a segment is
assumed to be 4.8 stops per mile for the urban street links; a minimum of one stop for all
urban street segments with bus service; and one stop for each freeway off-ramp. The
freeway on-ramps, the freeway segments, and the short urban street segments under the
freeway interchanges are assumed to have no bus stops. The number of boarding and
alighting passengers for each street segment is divided by the bus frequency and the
number of bus stops on the link to obtain the average number of boarding and alighting
passengers per bus stop.
The bus-stop dwell time is computed using Equation 27-2. The transit property
operates two-door buses exclusively in this corridor. Since door counts are unavailable, it
is assumed that 100 percent of boarding passengers use the front door and 10 percent of
alighting passengers use the front door. Dwell time is the time required to serve the
busiest door, so it is the maximum time required to board and alight passengers at the
front door at each stop.
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TRANSIT SUBSYSTEM ANALYSIS: BUS SPEED COMPUTATION
Link
B

A

Type

Base Run Time

Run Time Losses

Traffic vlc

(minlrni) (minlmi)
-

1
1
2
4
4
5
7
7

2
2
4
5
5
7
8
8

Basic
Diverge
Basic
Merge
Diverge
Basic
Merge
Basic

NIA
NIA

9
9
10
12
12
13
15
15

10
10
12
13
13
15
16
16

Basic
Diverge
Basic
Merge
Diverge
Basic
Merge
Basic

NIA
NIA

17
14
3
20

1

14
3
20
23

1

Class Ill
Class Ill
Class Ill
Class Ill

Freeway Eastbound
NIA
NIA

N IA
NIA

NIA
NIA

NIA
NIA

NIA
NIA
Freeway Westbound
NIA
NIA

N IA
NIA
NIA
NIA

1

NIA
NIA
NIA
NIA
Arterial - ABC Southbound

1

7.20

2.58

1

NIA
NIA

NIA
N IA

55.3
52.7

NIA
NIA

N/ A
N IA

44.0
52.7

NIA
NIA

NIA
NIA

49.4
50.9

NIA
NIA

NIA
N/ A

64.0
53.7

NIA
NIA

NIA
NIA

52.8
53.7

NIA
NIA

NIA
NIA

51.7
62.9

0.72

1

0.89

NIA

NIA

NIA

NIA

3.93
5.1 9

2.58
2.58

0.64
0.21

0.94
1.00

0.25
0.90

1.00
0.81

1

5.5
11.7
8.7
7.7

Arterial - ABC Northbound

3
14
17

Class Ill
Class Ill
Class Ill

11
6
21
24

Class Ill
Class Ill
Class Ill
Class Ill

6.07
4.36

2.58
2.58

NIA

NIA

NIA

NIA

5.41

2.58

0.23

1O
.O

7.0
7.0
9.2
7.5

Arterial - DEF Southbound

18
11
6
21
24
21
6
11

1

19
20
21

1

22
21
20

1

21
6
11
18

1

20
21
22
21
20
19

I

Class Ill
Class Ill
Class Ill
Class Ill

1

Class Ill
Class Ill
Class Ill

1

class III
Class Ill
Class Ill

1

Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill
Class Ill

5.67

2.58

1.OO

0.69

NIA

NIA

5.ONlA

NIA

4.19
4.43

2.58
2.58

0.13.475
0.307.9

0.89
1.00

5.0
13.4
7.9
8.6

Arterial - DEF Northbound

6.68
4.43

1

2.58
2.58

I

0.60
0.79

1

0.97
0.89

1

6.3
7.6
7.2
6.9

NIA

NIA

NIA

NIA

6.10

2.58

0.15

1.OO

0.84
0.90
0.38

0.81
0.81
1.00

1

7.1
8.3
8.1

0.81
0.89
1.OO

1

7.2
8.3
9.3

Arterial - CF Eastbound

4.28
3.27
4.80

1

2.58
2.58
2.58

Arterial - CF Westbound

4.17
3.86
3.90

1

2.58
2.58
2.58

1

1

0.87
0.71
0.30

1
1

4.62
3.88

Note:
NIA = not applicable.
Values are soft converted from metric values.
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An alighting time of 1.8 s per passenger, a boarding time of 2.8 s per passenger, and
a door open-and-close time of 3 s per stop are used to estimate dwell time. These values
were selected from Exhibit 27-9 and from the text explaining Equation 27-2. The
estimated bus running time loss was selected from Exhibit 27-19, for a typical arterial
outside the central business district for mixed-flow traffic. The on-ramps were assumed to
have no running time loss.
The base bus running time per mile was obtained from Exhibit 27-18 based on an
assumed stop density of three stops per mile and the previously computed dwell time per
bus stop. Values were interpolated for dwell times that fell between the dwell time values
shown in the table.
The bus speed was computed using Equation 27-14 for mixed-flow transit facilities.
The skipped-stop operation adjustment factor is set to 1.DO since there is no skipped-stop
service. The bus-bus interference adjustment factor is computed using the vlc ratios for
the mixed traffic since all transit facilities in this example share with the general traffic.
Equation 27-14 is not appropriate for mixed-flow operations when there are no transit
stops. In these situations, the bus is able to travel at the same speed as general traffic.
The general traffic speed was used for the bus speed on all freeway segments, on-ramps,
and the short urban street segments under the freeway interchanges since each of these
has no bus stops.
The transit delay and the total person-hours expected by transit passengers are
computed in the Bus Subsystem Performance Calculations table on the facing page. The
transit delay is computed using Equation 29-12. The total person-hours traveled for transit
(PHT) was computed using Equation 29-1 1. The analysis period is 1 h. The
computations are performed for each segment or link and summed for the corridor.
The passenger-miles traveled (PMT) by transit passengers is computed by multiplying
the number of on-board passengers by the segment length for each segment and adding
these up for the corridor. The mean transit speed is computed by dividing the transit PMT
by the transit PHT.

CORRIDOR PERFORMANCE REPORT CARD
The Corridor Performance Report Card table is presented below. The freeway ramps
are included in the arterial subsystem.
CORRIDOR PERFORMANCE REPORT CARD
Subsyslem

I

Freeway

I

26,638
1118

Dislance (PMT)
Time (PHT)

704
63%
23.8

Total Delay (p-h)
% PHT Delay
Speed (milh)

1.8

1

Maximum mi

2.3

1

Delay
Duration
Extent
Accessibilitv

6.60
6.60
1.60
n.c.

Maximum Hours

1

Arterial

Notes:
N/A = not appl~cable;n.c. = not computed; fwy = freeway.
Values are soft converted from metr~cvalues.
Chapter 29 - Corridor Analysis
Example Problems

I

Rural Highway
Quantity
12,199
NIA
638
NIA
Congestion Intensity
NIA
288
NIA
45%
N IA
19.1
Conaestion Duration
0
NIA
Congestion Extent
0
N IA
Variabilitv
5.00
N IA
inf.
NIA
inf.
NIA
n.c.
n.c.

I

I

Transil

Bicycle

3,621
379

NIA
NIA

NIA
NIA

281
74%
9.6

NIA
NIA
N/A

NIA
NIA
NIA

I

seefwv

NIA

I

see fwy
0.80

see fwy
see fwy
n.c.

I

I

Pedestrian

NIA

NIA -

NIA

NIA
NIA
NIA
n.c.

N/A
NIA
NIA
n.c.
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BUS SUBSYSTEM PERFORMANCE CALCULATIOIVS
Link
A

B

Type

Length
(R)

1
1
2
4
4
5
7
7

2
2
4
5
5
7
8
8

Basic
Diverge
Basic
Merge
Diverge
Basic
Merge
Basic

525
1,476
2,493
1,246
1,246
2,493
1,476
525

9
9
10

10
10
12

Basic
Diverge
Basic

525
1,476
2,493

Free-Flow
Actual Bus
Speed (mith) Speed (mi/h)
Freeway Eastbound

55
53

66
66
64
64
64
64
64
64

On-Board
Pass. (p)

270
270

Transit PHT
Transit
Delay
(p-h)
(p-h)

1

0.5
1.4

0.1
0.3

N/A

N/A

N/A

N/A

44
53

21 0
210

1.1
0.9

0.4
0.2

NIA

N/A

N/A

N/A

50
51

150
150

0.8
0.3

0.2
0.1

64
53

135
135

0.2
0.7

0.0
0.1

N/A

N/A

N/A

N/A

175
175

0.8
0.8

0.1
0.1

N/A

N/A

N/A

195
195

1.1
0.3

0.2
0.0

270
370
370
360

4.6
1.8
32.1
2.6

3.9
1.2
24.1
2.0

270
31 0
500
500

2.2
33.3
3.0
6.2

1.7
26.6
2.2
4.9

320
270
320
440

5.0
1.3
30.5
2.9

0.8
4.3
23.5
2.2

270
31 0
450
450

2.4
30.6
3.5
6.1

2.0
23.9
2.8
4.9

270
360
320

25.1
45.0
18.6

20.0
34.2
14.2

7
8
9

270
360
430

17.7
45.0
30.5

14.0
34.3
22.4

12
35
14
35
13
35
16
35

270
210
210
150
135
175
175
195

Freeway Westbound

64
64
64

Arterial - ABC Southbound

17
14
3
20

14
3
20
23

Class Ill
Class Ill
Class 111
Classlll

492
295
3,969
295

23
20
3
14

20
3
14
17

Class Ill
Class 111
Class Ill
Class Ill

295
3,969
295
492

35
35
35
35

6
12
9
7

Arterial - ABC hlorthbound

35
35
35
35

7
7
9
7

TE
!!

Arterial - DEF Southbound

Class 111
Class Ill

492
295
3,969
295

21

24

24
21
6
11

21
6
11
18

ClassIII
Class 111
Classlll
Class Ill

295
3,969
295
492

19 2 0
20
21
21
22

Class111
Class 111
Class 111

3,477
5,478
2,493

22
21
20

21
20
19

Class 1 1 1
Class 111
Class 111

2,493
5,478
3,477

35
35
35

2
3
5
6
10
11
13
14

3
4
6
7
11
12
14
15

Class111
Class 1 1 1
Class 1 1 1
Class Ill
Class111
Class 111
Class 111
Class Ill

1,312
1,312
1,312
1,312
1,312
1,312
1,312
1,312
76,556

35
35
35
35
35
35
35
35

,

14
5
8
9

35
35
35

Arterial - DEF Northbound

35
35
35
35

6
7
7
7

Arterial - CF Eastbound

7
8
8

35
35
35

Arterial - CF Westbound

Ramps

Sum
PMT = 3,619.0

5.6
1.5
3.9
1.1
2.6
1.3
2.8
1.4
378.8
Mean speed = 9.6 mi/h

3.6
0.0
2.4
0.0
1.6
0.0
1.6
0.0
280.9

Notes:
Pass. = passengers; N/A = not applicable (no service).
Values are soft converted from metric values.

-
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I

INTERPRETATION OF RESULTS
The greatest quantity of person travel in terms of both distance and time occurs on
the freeway. Delay due to traffic congestion accounts for a significant portion (63 percent)
of the total person-hours of travel time on the freeway subsystem. Traffic congestion is
less significant for the arterial and transit subsystems. The largest component of delay for
the transit system is the bus-stop delay due to picking up and dropping off passengers and
reentering the traffic stream. Bus-stop and traffic delay together are a significant part (74
percent) of total transit travel time.
The mean speed of traffic on the freeway is higher than on the arterial subsystem.
Transit travel speeds include both freeway and arterial service. The transit travel speed is
less than half that on the freeway subsystem, but somewhat higher than half the speed on
the arterial subsystem. There is no congestion (i.e., oversaturation) on the arterial
subsystem. Congestion on the freeway extends for 2.3 mi and lasts for slightly under 2 h.
A test of the sensitivity of congestion to changes in traffic demands (with no change in
the bus patronage) found that a 5 percent increase in demand would increase the intensity
of congestion on the freeway and arterial subsystems by 33 percent and 30 percent,
respectively. This indicates that both freeway and arterial congestion are highly sensitive
to minor variations in demand.
Bus service delays are affected much less in terms of a percentage change, due to
the greater importance of bus-stop delays for bus subsystem travel times. The elasticity
for bus delay is less than one, which indicates that bus delay is relatively insensitive-in
this example--to changes in traffic demands.
There are no rural highway facilities in the example corridor, and there are no bicycle
lanes, bicycle routes, or pedestrian facilities, so these subsystems do not appear in the
analysis. Accessibility also was not analyzed, because only part of the total trip occurs
within the corridor; accessibility therefore is a less meaningful measure for corridor
analyses than for areawide analyses.

IV. REFERENCES
1. Dowling, R. G., W. Kittelson, J. Zegeer, and A. Skabardonis. NCHRP Report

387: Planning Techniques to Estimate Speeds and Service Volumesfor Planning
Applications. TRB, National Research Council, Washington, D.C., 1997.
2. Moore, M. H. On the Fastest Route for Convoy-Type Traffic in Flow-Rate
Constrained Networks. Transportation Science, Vol. 10, No. 2, May 1976, pg.
113-124.

APPENDIX A. 0 - D MATRIX ESTIMATION
INTRODUCTION
The 0 - D matrix procedure estimates a corridor vehicle-trip table from traffic counts.

A trip table i s needed to reassign traffic to facilities within the corridor in response to
forecasted traffic congestion. I t i s also needed to estimate the comdor performance
measures. The required input data are turning-movement counts at selected intersections,
freeway mainline entry counts, and the approximate density and type of corridor
development.
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This particular procedure can be implemented on a spreadsheet. It is appropriate for
corridors under 6.0 mi, on which distance is not a significant factor in the choice of
destination. Under these conditions, we can assume that the number of trips between two
points in the corridor will be proportional to the total number of trips generated by each
point. Thus, two major traffic generators are likely to have more trips between them than
two small traffic generators.
An alternative procedure is summarized at the end of this appendix for estimates
involving larger corridors, on which distance affects trip distribution and for which a
spreadsheet procedure is no longer practical.

This procedure generally
should be applied to corridors
under 6.0 mi

ASSEMBLING INPUT DATA
A peak-period turning movement count is required for each signalized intersection
on the arterials to be analyzed. Turning-movement counts are also required at the foot of
each freeway ramp. In addition an estimate or count is required for the freeway mainline
traffic entering the corridor. Exhibit A29-1 shows the corridor.

ESTIMATING FREEWAY 0 - D MATRIX
The freeway is divided into two directions of travel and a separate 0-D matrix is
computed for each direction. The row and column totals for the matrices are obtained
from the ramp and mainline counts. Zeros are inserted in each matrix for all illogical
movements, such as U-turns or reverse direction travel. Exhibit A29-2 shows the matrix
for one direction of freeway travel.
The values for the remaining cells of each matrix are estimated using Equation
A29- 1.
f

1

where
Tii
Ti

T;,

= number of trips from Point i to Point j,
= number of trips originating at Point i, and
= number of trips arriving at Point j.
EXHIBIT A29-I. 0-D SYNTHESIS EXAMPLE CORRIDOR

8

7
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EXHIBIT A29-2. EXAMPLE ONE-DIRECTION FREEWAY 0 - D TABLE SETUP
0riainsIDes1:na~ions
Mainline On
First Street On
Second Street On
Total Ilestinations

I

Erst St. Off

Secono St. Off

I

Na'n 'ne Off

Tola Or'a'ns
6000
400
500

IDENTIFYING GATES AND INTERNAL ZONES
Infernal zones

A gate is located at every point that an arterial or a freeway enters or leaves the
corridor study area (see Exhibit A29-1). An internal zone is identified for each arterial
street segment that lies between analysis intersections. These zones generally represent
the geographic area likely to generate trips to each segment.

ESTIMATING INTERNAL TRIP GENERATION
The peak-period vehicle trip generation is estimated for each internal zone based on
its land area, general development type and intensity, and standard trip rates, such as
those published by the Institute of Transportation Engineers (I).

ESTIMATING ORlGlNS AND DESTINATIONS

Guidelines for balancing
0-D

The total number of peak-period trips originating at each corridor gateway and
internal zone is estimated and then balanced, so that the total origins for the corridor are
equal to the total destinations. Gateway origins and destinations are taken directly from
the freeway mainline and intersection turning-movement counts.
The trip-generation estimates for the internal zones initially are split into 50 percent
origins and 50 percent destinations. These estimates then are adjusted so that the total
origins and destinations for the corridor are equal. One adjustment method is to
determine the net increase or decrease in trips between the two intersections bordering the
zone and to make the difference between the estimated origins and destinations equal to
that.

ESTIMATING THE CORRIDOR 0-D MATRIX
The 0 - D matrix is set up by inserting all the known information. This includes the
row and column totals plus zeros for unlikely movements. In addition, certain turning
movement counts at the corners of the study area can be assumed to represent 100 percent
of the trips between specific gate pairs on the peripheral corners. The previously
computed trips between freeway mainline gates also are known. The previously
computed mainline-to-ramp 0 - D s are discarded. All the information is entered into the
0 - D matrix. Equation A29-2 is used to estimate the remaining cells of the matrix.
T.. 4

(Ti - k i ) ( ~-j k,)

zi

(

~ - jh i )

where
Tii
Ti

7;.
kj
kj
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= number of trips from Point i to Point j,
= number of trips originating at Point i,
= number of trips arriving at Point j,
= sum of the known trips originating at Point i, and
= sum of the known trips destined to Point j.
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APPLYING THE 0-D PROCEDURE
Exhibits A29-3 through A29-10 show the application of the 0-D estimation
procedure in a spreadsheet for a short portion of a freeway corridor with a single parallel
arterial. The corridor spans two freeway interchanges and two signalized intersections on
the arterial. There are a total of eight gates for which an 0-D matrix is desired.
Exhibit A29-3 shows the available peak-hour turning-movement traffic counts at six
intersections in the corridor as well as two mainline freeway entry counts.
EXHIBIT A29-3. TRAFFIC COUNTS (vehlh)
Count
Location
1
6
A
B
C
D
E
F

Eastbound
Through Right
6000

Left

Westbound
Lefl Through Right

123
619
163

8
963

435
55

500
113

0
1065

400
81

3000
0

151

Lefl

Northbound
Through Right

882

110
110

779
0

110
130

53
700

126

945

145

43

630
893
268
431
631
684

Southbound
Left Through Right

363
34

103
378

316
109

100
144

336
356
536
697
707
810

526
176
500
153

Exhibit A29-4 shows the computation of the trip generation for the internal zones.
Three internal zones are identified, one for each internal segment of the parallel and
crossing arterials in the corridor.
EXHIBIT A29-4. INTERNAL ZONE TRIP GENERATION
Zone

1

Area (mi2)

I

TVD~

I

Tri~s/1.076ft*

I

FAR

Trim

Note:
com = commercial; res = residential; FAR = floor area ratio.

Exhibit A29-5 shows how the zonal trip generation is split between origins (trips
leaving the zone) and destinations (trips arriving at the zone).
EXHIBIT A29-5. TRIP RATES
Occupancy Types
Residential
Apartment
Commercial
Office
Industrial

Units
du
du
1,076 ft2
1,076 ft2
1,076 ft2

Daily
10
7
43
11
7

A.M. Peak Hour
0.8
0.5
1
1.6
0.9

P.M. Peak Hour
1
0.6
3.7
1.5
1

Note:
du = dwelling unit

Exhibit A29-6 tallies up the traffic count and zonal generation information into 0-D
totals for each gate and zone. The difference between the origins and destinations for
each zone is equal and opposite to the observed differences in the intersection counts at
each end of the segment straddled by the zone.
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EXHIBIT A29-6. GATE AND ZONE TOTALS
Out of Gate
Into Gate

11

Sum

6000

5094

3371
29.028

3629
29.028

Source
Count
Count
Count
Count
Count
Count
Count
Count
Estimate
Estimate
Estimate

Exhibit A29-7 shows the freeway gate-to-gate and gate-to-ramp 0-D matrices.
These preliminary matrices are used only to estimate the number of through trips (Gate 1
to Gate 6 and vice versa). The ramp-to-gate information is discarded.

OrigIDest
1

1062

784
116

E
Count

1062

900

OriglDest

D

Westbound Freeway
A

6

240
0
0
240

147
127
0
274

D
A

Count

The resulting matrix
should be recognized as
an approximation
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EXHIBIT A29-7. FREEWAY TRIPS BY RAMP COUNTS
Eastbound Freeway
B
6
E

1

Count

4154
358
416
4928

6000
474
416
6890

1
2613
1073
1408
5094

Count
3000
1200
1408
5608

Exhibit A29-8 shows the initial overall estimates of the corridor trip table. Zeros are
entered into all cells that imply U-turns. In addition, the trips between certain pairs of
gates on the corners of the study area can be estimated directly from the turningmovement counts because there are no rational alternative routes between the corner
gates.
Exhibit A29-9 shows the first iteration of the balancing process that adjusts the
estimated 0 - D matrix to match the column totals more closely. Exhibit A29-10 shows
the second iteration of the balancing process, adjusting the matrix to match the row total
more closely. The row and column totals in the estimated matrix are now close enough to
the original counts to be a reliable estimate of the origins and destinations.
0 - D estimation is a mathematically underconstrained problem. Even if counts were
available for 100 percent of the segments in the corridor, there would still be an infinite
number of 0 - D matrices that could predict the observed counts. This is because there are
always more cells in the 0-D table than there are segments in the network. The goal of
0-D estimation is not to find the true 0-D matrix, but one that is close enough and yet
consistent with the available count information.
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EXHIBIT A29-8. CORRIDOR TRIP TABLE
Gate1
Zone
1
2
3
4
5
6
7
8
9
10
11
Count
Sum
Known

1

2

3

4

5

0
0
40.1
97.9
147.8
2613
144.3
103.9
674.7
615.7
395.1
5094
4833
2613

0
0
53
37.7
56.9
15.1
55.6
40
59.7
237
152.1
1008
907
53

47.2
55
0
0
38.5
10.2
37.6
27.1
75.7
160.3
102.9
701
655
55

65.1
58.7
0
0
126
14.1
51.8
37.3
242.3
221.1
141.9
1017
958
126

88.3
79.7
19.5
109
0
0
70.3
50.7
328.8
300
192.5
1318
1239
109

6

7

31.5
4154
28.4
51
12.5
7
17
30.5
0
25.7
0
130
0
45
32.4
0
210.4 117.2
192
107
123.2
68.6
561
4928
4851 532
130
4154

8

9

10

11

Count

Sum

619
10.7
2.6
6.4
9
2.6
0
0
44.1
40.2
25.8
781
760
619

346.3
312.6
76.7
187.2
282.6
74.9
275.9
198.7
1289.9
1177
755.3
4743
4977
0

383.2
345.8
84.9
207.1
312.7
82.9
305.3
219.9
1427.2
1302.3
835.7
5248
5507
0

265
239.2
58.7
143.2
216.2
57.3
211.1
152
986.9
900.5
577.9
3629
3808
0

6000
1181
355
836
1216
3000
1197
862
5757
5253
3371
29,028

6000
1181
355
836
1215
3000
1197
862
5757
5253
3371
29,028

Known
4773
55
53
109
126
2743
0
0
0
0
0
7859

EXHIBIT A29-9. FIRST ITERATION (BALANCE COLUMNS)
Gate1
Zone
1
2
3
4
5
6
7
8
9
10
11
Counl
Factor
Sum

1

2

3

4

5

6

7

8

9

10

11

Count

Sum

Ratio

0.0
0.0
42.3
103.2
155.8
2754.4
152.1
109.5
711.2
649.0
416.5
5094
1.05
5094

0.0
0.0
58.9
41.9
63.2
16.8
61.8
44.4
288.6
263.4
169.0
1008
1.11
1008

50.6
58.9
0.0
0.0
41.2
10.9
40.3
29.0
188.2
171.7
110.2
701
1.07
701

69.1
62.3
0.0
0.0
133.7
15.0
55.0
39.6
257.1
234.6
150.6
1017
1.06
1017

93.9
84.8
20.7
116.0
0.0
0.0
74.8
53.9
349.8
319.2
204.8
1318
1.06
1318

4219.9
51.8
12.7
31.0
0.0
0.0
45.7
32.9
213.7
195.0
125.2
4928
1.02
4928

33.2
29.9
7.4
17.9
27.1
137.0
0.0
0.0
123.5
112.7
72.3
561
1.05
561

635.8
11.0
2.7
6.6
9.2
2.7
0.0
0.0
45.3
41.3
26.5
781
1.03
781

330.0
297.9
73.1
178.4
269.3
71.4
262.9
189.4
1229.2
1121.6
719.8
4743
0.95
4743

365.2
329.5
80.9
197.4
298.0
79.0
290.9
209.6
1360.1
1241.1
796.4
5248
0.95
5248

252.5
228.0
55.9
136.5
206.0
54.6
201.2
144.9
940.5
858.2
550.7
3629
0.95
3629

6000
1181
355
836
1216
3000
1197
862
5757
5253
3371
29.028

6050
1154
355
829
1204
3142
1185
853
5707
5208
3342
29,028

0.99
1.02
1.00
1.01
1.01
0.95
1.01
1.01
1.01
1.01
1.01
1.00

1

2

3

4

5

6

7

8

9

10

11

Count

Faclor

Sum

0.0
0.0
42.3
104.1
157.4
2630.2
153.7
110.7
717.4
654.6
420.1
5094
4990
1.02

0.0
0.0
59.0
42.3
63.9
16.0
62.4
44.9
291.1
265.6
170.5
1008
1016
0.99

50.1
60.3
0.0
0.0
41.7
10.4
40.7
29.3
189.8
173.2
111.2
701
707
0.99

68.5
63.7
0.0
0.0
135.1
14.3
55.5
40.0
259.4
236.7
151.9
1017
1025
0.99

93.2
86.8
20.8
117.0
0.0
0.0
75.6
54.5
352.9
321.9
206.6
1318
1329
0.99

4184.9
53.0
12.7
31.3
0.0
0.0
46.2
33.3
215.6
196.7
126.2
4928
4900
1.01

32.9
30.6
7.4
18.1
27.4
130.8
0.0
0.0
124.6
113.7
72.9
561
558
1.00

630.5
11.2
2.7
6.6
9.3
2.5
0.0
0.0
45.7
41.6
26.7
781
777
1.01

327.3
304.8
73.2
180.0
272.1
68.2
265.7
191.3
1239.9
1131.4
726.0
4743
4780
0.99

362.1
337.2
81.0
199.1
301.1
75.4
294.0
211.7
1371.9
1251.8
803.3
5248
5289
0.99

250.4
233.3
56.0
137.7
208.2
52.1
203.3
146.3
948.7
865.6
555.5
3629
3657
0.99

6000
1181
355
836
1216
3000
1197
862
5757
5253
3371
29,028

0.99
1.02
1.00
1.01
1.01
0.95
1.01
1.01
1.01
1.01
1.01
1.00

6000
1181
355
836
1216
3000
1197
862
5757
5253
3371
29,028

EXHIBIT A29-10. SECOND ITERATION (BALANCE ROWS)
Gate1
Zone
1
2
3
4
5
6
7
8
9
10
11
Counl
Sum
Ratio

LONGER CORRIDORS
The following algorithm (2) can be used for longer corridors for which it is not
accurate to assume that distance has no impact on trip distribution. The initial estimate of
the 0-D matrix is produced by a gravity-type model that includes a weighting factor for
the distance between zones and gates. The maximum gradient method then is used to
adjust this initial matrix, so that when it is assigned to the corridor it reproduces traffic
counts at selected segments in the corridor more accurately.
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Step 1. Make the first estimate of the 0-D matrix T'(i, j) . ~ ' ( ij), is the estimated
number of trips between origin Zone i and destination Zone j.
Step 2. Assign the initial 0-D matrix ~ ' ( ij), to the network to get initial estimates
of segment volumes v'(a) for counted Segments a.
Step 3. Compute gradient g(a) for each segment of network with a count. The
gradient is the difference between the desired segment volume or the count, v(a), and the
assigned matrix volume v'(a) .
g(a) = v'(a) - v(a)

(A29-3)

where
g(a)
v'(a)
v(a)

= segment gradient,
= estimated segment volume, and
= counted segment volume.

Step 4. Compute the objective Function z, which is the sum of the squares of all the
segment gradients g(a).

The target for the objective Function z depends on the desired accuracy of the
estimated volumes and the number of segments for which counts are available. For
example, if the desired accuracy is a root-mean-square difference of 100 vehicles per
hour for 10 counted segments, then the maximum desired value for z is 100,000.
Step 5. If z is small, or the iteration limit is reached, then estimating the 0-D matrix
is complete.
Step 6. Construct the gradient matrix G. Initialize the gradient matrix with zeros.
For each segment with count v(a) identify the 0-D pair(s) (ij) that traverse Segment a
and add the segment gradient g(a) to that cell of the gradient matrix. The result is G(i,j).

where
G(i,j)
p
a

= the gradient matrix, and

= 1.0 if trips from i to j use Link a, but
= 0 otherwise.

Step 7. Find the maximum gradient G,,,.

The maximum gradient is the largest

absolute ratio of the gradient G(ij) to the estimated number of trips ~ ' ( ij), , computed
only for those cells (ij) in which ~ ' ( ij),

+ 0.

where
G(i,j)
T i j)

= the gradient matrix, and
= the estimated trips from i to j from Step 1

Step 8. Compute the sum of all gradients G(ij) for cells (ij) of trips that traverse
segments with counts.
(~29-7)
B(a) = C p(i, j, a ) * G(i, j)
i,j
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where
B(a)
C(a)

= sum of gradients for counted segments, and
= sum of square of gradients for counted segments

Step 9. Compute the matrix Adjustment Factor A over all segments with counts.

where
vr(a)
v(a)

= estimated volume on Segments a, and
= counted volume on Segments a.

Step 10. Adjust the initial 0-D matrix Tr(i,j) to get the new 0-D matrix Tr'(i, j)
Trr(i,j ) = T' ( i , j )

+ min(7,A ) *

(~29-10)
~ ~ T ( / , j ) ~ o

Step 1 I. Return to Step 2.

REFERENCES
1. Trip Generation, 6th ed. Institute of Transportation Engineers, Washington, D.C.,
1997.
2. Spiess, H. A Gradient Approach for the 0 - D Matrix Adjustment Problem.
Publication 693, CRT, University of Montreal, Canada, 1990.
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Recommended procedures for computing and predicting performance measures for
areawide analyses are presented. Since areawide analysis can involve the evaluation of
hundreds of miles of facilities and the iterative estimation of demand, these procedures
are necessarily simplifications of more elaborate procedures provided in earlier chapters
of this manual. The areawide procedures described here are not designed to produce as
reliable and accurate estimates of performance measures as do the methodologies
designed for the evaluation of a single point, segment, or facility. The procedures
described in this chapter are developed on the basis of several research projects (1-7).

PURPOSE
The purpose of this chapter is to provide guidance to analysts wishing to adopt the
Higlzway Capacity Manual (HCM) analysis procedures for areawide analyses. These
analyses involve regional travel demand forecasting models and long-range transportation
plans. The chapter includes procedures for estimating speed, delay, travel time, and other
performance measures for areawide analyses that are adapted from more detailed
methodologies presented in Part III.
The motivation for replacing the current procedures used to estimate speed and
capacity in regional travel demand forecasting models with HCM procedures is to
improve the accuracy of the capacity and speed estimates used in air-quality analysis and
demand forecasting. Replacement of the standard Bureau of Public Roads (BPR) speedflow curve with the recommended HCM curves will increase the accuracy of forecast
speeds, particularly for congested (oversaturated) conditions. The use of the point (node)
delay procedures described in the appendices can further increase the accuracy of the
forecast speeds.

ORGANIZATION
The first three paragraphs under Methodology present an overview of the general
methodology used in areawide analysis. In the next two major sections, procedures for
analyzing highway subsystems (freeways, two-lane highways, and arterials) and transit
subsystems are presented, followed by a section of example problems. Three appendices
are provided, one describing point (node) delay estimation procedures, another describing
a procedure for the analysis of multiple time periods, and a third on an alternative method
for older software.

SCOPE
The discussion in this chapter applies to the analysis of multiple facilities in one or
more ground transportation subsystems, all located in a designated study area.

LIMI'TATIONS OF THE METHODOLOGY
The procedures in this chapter are, in many cases, approximations and
simplifications of procedures described in Part 111and as such are appropriate only when
applied to the analysis of large numbers of facilities over a large area. For analyses of
individual facilities, segments, and points the more detailed procedures described in Part
111of this manual should be used. Corridor analyses should be based on the procedures
described in Chapter 29.
Procedures are provided for the analysis of highway and transit subsystems, but no
procedure is recommended at this time for the analysis of bicycle or pedestrian
subsystems. Analysts should refer to Chapters 18 and 19 for methodologies for analyzing
individual pedestrian and bicycle segments and points.

The procedures do not include
analysis of pedestrian and
bicycle facilities
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TERMINOLOGY

Link and Ilode defined

Key terms defined

The analytical procedures provided in this chapter require that the ground
transportation system in the study area be divided into freeway, rural highway (two-lane
highway), arterial (urban street), transit, pedestrian, and bicycle subsystems. Each
subsystem is then divided into segments.
The material in this chapter is typically used in metropolitan areas for planning
purposes. To retain terms that have traditionally been used by planning agencies, the
following terms are interchangeable:
Segment and link;
Point and node.
In this chapter the segments are called links, a term of identical meaning that is more
commonly used in transportation demand modeling practice. A link is a stretch of a
facility where the demand and the capacity do not vary by more than 10 percent. Each
link has two nodes, one at each end. Nodes typically represent a major intersection, a
ramp merge point, a ramp diverge point, or other point where the demand or the capacity
of the facility changes significantly. The term node is commonly used in demand
modeling practice and is equivalent to the term point used elsewhere in this manual.
Mean speed is defined as the length of the link divided by the mean travel time over
the link. This term is sometimes also called the space mean speed or the harmonic mean
of spot speed measurements to distinguish it from a simple averaging of spot speed
measurements. The free-flow speed (FFS) is the mean speed of vehicles at low traffic
flows and excluding all control delay due to signals, stop signs, and other traffic control
devices.
The capacity of a link is defined like that of a pipeline. The link capacity is the
capacity of the most restricted point on the link. If the link includes signalized
intersections, the link capacity is usually the capacity of the most restrictive intersection
along or at the end of the link.
The reader should distinguish in the following text among references to subsystem
types, facility types, and functional class. Functional class, typically used in planning,
includes freeways, expressways, arterials, collectors, and local roads. Functional classes
are not used in the HCM, in which the following facility types are defined: freeway,
multilane highway, two-lane rural highway, and urban street (arterial). The facility types
are combined into the following subsystem types: freeway, rural highway, arterial, transit,
pedestrian, and bicycle.

II. METHODOLOGY
These areawide highway analysis procedures are designed for use on the freeway,
arterial, and rural highway subsystems of the area transportation system. The procedures
are used to estimate highway segment performance measures, which include the effects
of any delay-causing elements (such as traffic signals) within or at the end of the link.
The link (segment) results are then summed in an automated procedure to determine
overall subsystem performance.
The analysis estimates space mean speed for vehicles on the links. The analyst may
also optionally estimate the mean vehicle delay for each link approach to a node
intersection. The node delays are added to the estimated link traversal times (computed
excluding the node delay) to obtain the total link travel time. The link travel times are
summed over all links of that facility subsystem to obtain total travel time for the
subsystem. The subsystem travel time and other data are then used to compute the
subsystem performance measures.
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These transit analysis procedures are designed for estimating the performance
measures for the transit subsystem, which is represented by links and nodes. Each link is
a segment where transit service capacity is relatively constant. A segment may traverse
several transit stops as long as all stops have the same transit service. Nodes are the
beginning and end points of each link. Nodes may be major transit stops, points where
there is a significant increase or decrease in service, transfer points, or intersections of
more than two transit links.

HIGHWAY FACILITIES
This procedure is performed for all highway subsystems in five steps. The necessary
input data are assembled and the FFS of each link is computed. The capacity of each link
and the mean link speeds are computed. Finally, the travel time and other performance
measures are computed for all links and summed for each subsystem.
Tables with capacity and FFS default values can be used to reduce the effort required
for two of the steps (Steps 2 and 3), but poor choices of capacity and FFS can
significantly reduce the accuracy of the estimated speeds.

Computations for the analysis
of highway facilities
lnput Data,
FFS,
Capacity,
Mean speed, and
Performance measures

-

Assembling lnput
The first step involves assembling the required data, identifying the links and nodes
for the highway subsystems, and identifying the facility type for each link. The required
data vary by facility type but generally consist of demand data (daily traffic, peak-hour
volume, turning movements), data for estimating FFS (facility type, speed limit, signal
data), and data for estimating capacity (number of lanes, percent trucks, terrain). Each
facility is divided into links within which demand and capacity do not vary by more than
10 percent. Links are also terminated at all major intersections on an arterial or at ramp
merge or diverge points on a freeway. Nodes are assigned to each endpoint of each link.
Since most agencies use a functional class system for identifying their facilities,
Exhibit 30-1 provides a suggested correspondence between functional classes and the
facility types used in this manual. Analysts are encouraged to develop their own
correspondence table based on local conditions.
EXHIBIT 30-1. EXAMPLE FUNCTIONAL CLASS-FACII-ITY TYPE CORRESPOhIDENCE

Functional Class
Freeway
On-ramp
Off-ramp
Expresswaya
Divided arteriala ,
Undivided arteriala
Collecto?
Locala
Centroid connector

Subsvstem
Freeway
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial
Arterial

one^

I

Facilitv Tv~e
Basic
Class IllC
Class I l l
Class I
Class I, 11, 111
Class 11, 111
Class I l l
Class IV
Noneb

Notes:
a. Analyze as rural highway subsystem (multilane or two-lane facility, as appropriate) if there are no signals or signals are
spaced more than 2 mi apart.
b. Centroid connectors typically have near-infinite capacity and a fixed travel speed. They do not fit any HCM facility type.
c. Treat on-ramp as arterial with 100-percent green time.

Determining FFS
The FFS of a facility is defined as the mean speed of passenger cars under low to
moderate flow rates and prevailing roadway and traffic conditions. The best technique
for estimating FFS is to measure it in the field under light traffic conditions, but this is not
a feasible option when a large number of links must be analyzed. The next best technique
is to use the procedures defined in Part III of this manual.
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Freeway Subsystem
The FFS for freeway subsystein links (weaving, merge, diverge, and basic segments)
can be estimated using the procedures described in Chapter 23, "Basic Freeway
Segments." The procedures require info~mationon lane widths, lateral clearances,
number oS lanes, and interchange spacing. Default values are given in Chapter 13,
"Freeway Concepts."

Rural Highway Subsystem
The FFS for two-lane and multilane highway links can be estimated using the
procedures in Chapter 20, "Two-Lane Highways," and Chapter 21, "Multilane
Highways." The procedures require information on lane widths, lateral clearances,
number of lanes, median type, and access point density. Default values are given in
Chapter 12, "Highway Concepts."

Arterial Subsystem
The FFS for arterials can be measured in the field or estimated on the basis of the
urban street (arterial) class as described in Chapter 15, "Urban Streets." Default value
FFS are listed in Chapter 15. Note that the FFS excludes any control delay.

Default FFS Table
An FFS table may be
developed to reflect local
conditions

The analyst may wish to develop an FFS table based on the functional class and the
area type in which a link is located in order to simplify the estimation of FFS. Depending
on local conditions, the analyst may wish to classify links by area type (downtown,
urban-suburban, rural), terrain type (level, rolling, mountainous), and frontage
development type (commercial, residential, undeveloped).
The accuracy of the speed estimation procedure is highly dependent on the accuracy
of the FFS and capacity used in the computations. Care should be taken in creating local
tables so that they accurately reflect the FFS observed in the local area.

Determining Link Capacity
The best technique for estimating capacity is to use the methodologies in Part III of
this manual. The capacities, computed in terms of passenger cars per hour, however,
must be converted to mixed-vehicle capacities. This conversion is done to allow the use
of actual vehicular demand values in the queuing and delay calculation steps rather than
passenger-car equivalents (PCE). The conversion to vehicle capacity is accomplished by
applying the demand adjustment factors recommended in Part 111to the capacity in PCE.
The following equations for freeways, multilane highways, two-lane highways, and
arterials illustrate the application of the demand adjustment factors to the PCE capacity.

Freeway Subsystem
Source: Equation 23-2,
adapted to yield capacity
adjustment rather than
volume adjustment

Equation 30-1 is used to compute the mixed-vehicle capacity of a freeway link at its
critical point, the point on the link with the lowest capacity.
c=Q*N*fHV*fpfPHF

(30-1)

where
c
Q
N
fHV
fp
PHF

= capacity (vehlh),
= PCE capacity from Chapter 23 (pcIMn),
= number of through lanes (ignoring auxiliary and exit-only lanes),
= heavy-vehicle adjustment factor,
= driver population adjustment factor, and
= peak-hour factor.

For freeways, the PCE capacities are shown in Exhibit 30-2. If a significant amount
of weaving traffic is expected on a segment of the freeway (as might occur when a major
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on-ramp is closely followed within 2,000 ft by a major off-ramp), the analyst might
reduce the PCE capacity for that segment by 10 percent.
EXHIBIT 30-2. PCE CAPACITY FOR BASIC FREEWAY SEGMENTS
Free-Flow Speed (milh)
75
70
65
60
55

PCE Capacity (pc/h/ln)

2,400
2,400
2,350
2,300
2,250

See Chapter 23, "Basic Freeway Segments," for procedures for determining the
adjustment factors. See Chapter 13, "Freeway Concepts," for default values and
approximation procedures for adjustment factors.

Rural High way Subsystem (Multilane High ways)
Equation 30-1 is also used to compute the mixed-vehicle capacity of a multilane
highway. PCE capacities used for multilane highways are listed in Exhibit 30-3.
EXHIBIT 30-3. PCE CAPACITY FOR MIJLTII-ANE HIGHWAYS
Free-Flow Soeed (rnith)

1

PCE Caoacitv foclh/ln)

See Chapter 2 1, "Multilane Highways," for the adjustment factor values. See Chapter
12, "Highway Concepts," for suggested default values and procedures for approximating
adjustment factors.

Rural Highway Subsystem (Two-Lane Highways)
Equation 30-2 is used to compute the mixed-vehicle capacity (in one direction) for a
two-lane highway (one lane in each direction) with signals (if any) more than 2 mi apart:

where
c

= capacity (vehh),

Q

= 1700 (pcthlln), and
= heavy-vehicle adjustment factor

fHV

See Chapter 20, "Two-Lane Highways," for the adjustment factor values. See
Chapter 12, "Highway Concepts," for suggested default values and approximation
procedures for the heavy-vehicle adjustment factor.

A rterials
The capacity of an arterial is determined by examining the through movement
capacity at each signal-controlled intersection on the arterial link. The intersection with
the lowest through capacity determines the overall capacity of the arterial link. Note that
the number of lanes (N) is not counted midblock; it is counted at the approach.
Equation 30-3 is used to compute the one-direction through capacity at each signal.
c = so * N * fw * fHv * f, * f , * fbb * fa 'fLu 'fLT fRT 'fLPb'fRpb* PHF * g/C

Source: Equation 16-4,
adapted to include PHF and

(30-3)
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where
c

PHF
g/C

= capacity (vehlh),
= peak-hour factor, and
= effective green time per cycle.

Refer to Equation 16-4 for definitions of all other factors.
See Chapter 16, "Signalized Intersections," for the adjustment factor values. See
Chapter 10, "Urban Street Concepts," for default values and approximation procedures
for adjustment factors.
For arterials with all-way stops controlling the link capacity, procedures in Chapter
17, "Unsignalized Intersections," should be used to estimate the through movement
capacity at each intersection.

Capacity Tables
The accuracy of the speed estimates are highly dependent on the accuracy of the
estimated capacity for the facility. Consequently, it is recommended that each analyst use
capacities that are specific to each link whenever possible. However, it is recognized that
this procedure is not always feasible. The analyst may select sets of default values for the
various capacity adjustment factors that vary by functional class (freeway, highway,
arterial, collector, local), area type (downtown, urban, suburban, rural), terrain type
(level, rolling, mountainous), and other conditions. These default values may be
substituted into the above capacity equations to develop tables of link capacity values that
vary by functional class, area type, general terrain, and number of lanes.

Determining Link Speed
Traversal time plus node
delay equals segment
travel time

The vehicle speed for the link is computed using Equation 30-4.

where
S
L
R

D
See Appendix A for
methods to estimate
node delay

= link speed (milh),
= link length (mi),
= link traversal time (h), and
= node delay for link (s).

Node delay is computed only for signal- or stop-sign-controlled intersections at the
end of the link. All other intersection-related delays that occur in the middle of the link
are incorporated into the link traversal time calculation. The node delay estimation
procedure is described in Appendix A. The calculation requires information on all of the
intersection approaches at the node in order to compute the delay on each link feeding the
intersection.
If the available travel demand model software package is unable to compute node
delay, it can be approximated by using the node approach capacity rather than the link
capacity in the computation of traversal time. In this situation the node delay is set to
zero in Equation 30-4.
The link traversal time, R, is computed using Equation 30-5.

where
R
Ro
Do
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T
X

= expected duration of demand (typically 1 h) (h),

J

= calibration parameter, and

L

= link length (mi).

= link demand to capacity ratio,

The link traversal time for free-flow conditions (Ro) is computed from the FFS,
using Equation 30-6.

where
Ro
L
So

= FFS link traversal time (h),
= link length (mi), and
= link FFS (milh).

The zero-flow control delay for signalized intersections (if any) on the link is
computed using Equation 30-7.

where
Do

N
3600
g/C

= zero-flow control delay at signal (h),

= number of signals on link,
= conversion from seconds to hours,
= average effective green time per cycle for signals on link (see Exhibit

10-12 for default values) (s),
C

= average cycle length for all signals on link (see Exhibit 10-12 for

default values) (s), and
DF

= adjustment factor to compute zero-flow control delay (0.9 for

uncoordinated traffic-actuated signals, 1.0 for uncoordinated fixed-time
signals, 1.2 for coordinated signals with unfavorable progression, 0.90
for coordinated signals with favorable progression, and 0.60 for
coordinated signals with highly favorable progression).
The calibration parameter J is selected so that the traversal time equation will predict
the mean speed of traffic when demand is equal to capacity. Substituting x = 1.00 in the
traversal time equation and solving for J yields Equation 30-8:

Calibrationparameter J is
used to arrive at a predicted
mean speed when demand
equals capacity

where
J
R,
Ro
L

= calibration parameter,
= link traversal time when demand equals capacity (h),
= FFS link traversal time (h), and
= link length (mi).

Exhibit 30-4 shows values for J that were selected to reproduce the traversal times at
capacity predicted by the analysis procedures in Part 111of this manual. Some older
software may not be able to implement Equation 30-8, so the formula and recommended
parameters for the more traditional BPR curve are provided in Appendix C as an
alternative method for estimating link traversal times.

See Appendix C for
alternative approach using
BPR curve
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EXHIBIT 30-4. RECOMMENDED PARAMETERS FOR TRAVERSAL TIME J
Facility Type

Free-Flow Speed
(milh)
75

Signals per mi

Freeway
NIA
Freeway
Freeway
Freeway
55
Freeway
NIA
Multilane Highway
NIA
60
NIA
Multilane Highway
NIA
Multilane Highway
NIA
Multilane Hiahwav
Two-Lane Highway
Two-Lane Highway
Two-Lane Highway
Two-Lane Highway
44
Two-Lane Highway
NIA
Arterial Class I
0.2
50
Arterial Class I
0.6
50
Arterial Class I
1.6
50
Arterial Class II
0.3
40
Arterial Class II
0.6
40
Arterial
Class
II
1.3
Arterial Class Ill
1.3
35
Arterial Class Ill
Arterial Class Ill
2.5
35
2.5
Arterial Class IV
30
3.1
Arterial Class IV
30
3.8
Arterial Class IV
30

1

Speed at Capacity
(milh)
54

~

J
(h2/mi2)
2.69 x 10-5

50
55

1

1

I

I

1
1
4
0

1

1

1

19
33
19
10
25
18
11
11
8
6
6
5
4

8.12 x low3
1.37 x 10.'
1.82 x 1o - ~

Note:
NIA = not applicable.

Determining Performance Measures
Computation of performance measures for intensity, duration, extent, variability, and
accessibility is described.

In tensity
The possible performance measures for measuring the intensity of congestion on one
of the highway subsystems (freeway, rural highway, and arterial) are computed from one
or more of the following: person-hours of travel, person-hours of delay, mean trip speed,
and mean trip delay. If average vehicle occupancy (AVO) data are not available, the
performance measures are computed in terms of vehicle-hours rather than person-hours.
Equation 30-9 is used to compute person-hours of travel.
PHT = AVOi * v i * -Li

(30-9)

si

where
PHT
vi
AVOi
Li
Si
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= total person-hours of travel,
= vehicle demand on Link i,
= average vehicle occupancy on Link i,
= length of Link i (mi), and
= mean speed of Link i (mih).
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The total person-hours of delay caused by both traffic congestion and intersection
controls is computed using Equation 30-10.

where
PHD
Soj

= total person-hours of delay, and
= FFS on Link i (milh).

The analyst should recognize that Equation 30-10 computes the total delay only for
demand occurring within the analysis period (T) selected by the analyst. The impact of
congestion in one time period on the delays occurring in following time periods is not
considered. If the analyst suspects that the impacts on following time periods will be
significant, a procedure included in Appendix B for the analysis of multiperiod
congestion can be used.
The mean trip speed (S) is computed by Equation 30-1 1 from the total person-miles
of travel (PMT) divided by the total person-hours of travel (PHT):
PMT
s=-PHT

-

The estimate of delay does
not account for the effect of
one period on the next.
Appendix B provides a
procedure to overcome this
deficiency.

AVOi*~i*Li
PHT

The mean trip time (t) is computed using Equation 30-12 by dividing the total
person-hours of travel by the total number of person trips:
t=

PHT
Person trips

Duration
Performance measurements of duration can be computed from the number of hours
of congestion observed on any link.
For each link (i);
if v;/c; 2 1.00, the link is not congested;
if vi/ci > 1.00, the link is congested for the number of hours computed by
Equation 30- 13.

where
Hi
r
vi
ci
T

= duration of congestion for Link i (h),
= ratio of off-peak demand to peak demand rate,
= vehicle demand on Link i (vehlh),
= capacity of Link i (vehlh), and
= duration of analysis period (h).

Note that the duration of congestion has been defined to include the analysis period
plus the time it takes to serve the queue. The assumption in Equation 30-13 is that the
demand is constant over the analysis period (T) and that the demand drops to a lower
level beyond the analysis period (see Exhibit 30-5).
Note that r must be less than 1.00 and that r times the peak v/c ratio must also be less
than 1.00. These requirements mean that if the analyst assumes that the off-peak demand
rate is the peak demand rate, none of the link v/c ratios for the peak period can equal or
exceed 1.00.
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Alternatively, the analyst may use the multiperiod congestion analysis procedure
provided in Appendix B to get an even more realistic estimate of congestion duration, but
this procedure requires more information (or assumptions) about the peaking of demand.
EXHIBli 30-5. ASSUMPTION FOR DURATION OF CONGESTION
A

Once the duration of congestion (H) for each link is known, the issue is how to
aggregate the data into a meaningful statistic for an entire subsystem. The mean duration
per link could be computed or the maximum duration of congestion on any link could be
identified. The mean duration will usually be quite low because of the large numbers of
uncongested links typically present in any subsystem.

Extent
Performance measures of the extent of congestion can be computed from the sum of
the length of queuing on each link. One can also identify those links where the queue
overflows the storage capacity of the link (particularly useful for ramp metering
analyses). To estimate the queue length the analyst needs to make an assumption for the
average storage density of vehicles in a queue. Exhibit 30-6 lists appropriate default
values.
EXHIBIT 30-6. DEFAULT VALUES FOR STORAGE DENSITY AND VEHICLE SPACING
Subsystem
Freeway
Rural highway
Arterial

Storage Density (veh/mi/ln)
120
210
210

Vehicle Spacing (ft)
44
25
25

where

QLi
vi

ci
Ni
d,

T

= queue length for Link i (mi),
= vehicle demand on Link i (vehlh),
= capacity of Link i (vehlh),
= number of lanes,
= storage density (veh/mi/ln), and
= duration of analysis period (h).

Note that QLi = 0 if v; < ci. If QLi > Li the queue overflows the link storage capacity.
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The queue lengths for each link are summed to obtain the total extent of queuing in
the subsystein during the analysis period. The number of links where the queue exceeds
the storage capacity can also be reported.

Variability
The first derivative (Equation 30-15) of the traversal time equation provides the
sensitivity of the predicted travel time estimates to variances in the estimated vlc ratios.

where
"

6x
X
T
J

= first derivative of travel time with respect to vlc ratio,
= volume to capacity ratio,
= duration of analysis period (h), and
= calibration parameter (from Equation 30-8).

Equation 30-15 shows that travel time sensitivity ranges from a value close to zero
for low VICratios to a high of TI2 at very high vlc ratios. At vlc ratios equal to 1.00, the
derivative is equal to about Tl4.
A change in the vlc ratio from 1.0 to 1.1 will increase the estimated travel time by
1.0 min for a typical 60-min analysis period (T). For a 0.6-mile-long freeway link, this is
equivalent to more than doubling the typical link travel time.

Accessibility
Accessibility can be measured in terms of the number of trip destinations that can be
reached within a selected travel time for a designated set of origin locations (such as a
residential zone). The results for each origin zone are tabulated and reported in terms
such as the following: X percent of the homes in the study area can reach Y percent of the
jobs within Z minutes.
A mean access time (trip time) for 100 percent of the origins and destinations might
also be reported. Accessibility is computed by finding the shortest travel time paths from
the origin zone to all destination zones in the region. Destination zones that are
accessible within the desired travel time are identified and the number of trip destinations
represented by these destination zones is tallied to obtain the accessibility performance
measure.

TRANSIT FACILITIES
The system analysis procedure is performed for transit facilities in five steps. These
steps are similar to the steps for highway facilities but are performed in a different order.
First, the necessary input data are assembled. Next, for buses only, bus-stop capacity is
computed for the critical bus stop on a link. Third, for all transit modes, the link capacity
is calculated. Fourth, link transit travel speeds are computed. Finally, transit travel time
and other performance measures are computed for all links and summed for each
subsystem.

Assembling Input Data
The first step involves assembling the required data, identifying the links on which
transit operates, and (for buses only) identifying the bus lane type. The required input
consists of demand data (peak-hour transit volumes, peak-hour vehicular volumes), data
for estimating transit capacity (dwell times, signal data, bus-stop type, and link vehicle
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capacity), and data for estimating transit speeds (arterial class, stop spacing, bus lane
type, rail line running speed, and freeway or expressway running speeds).
Where transit operates on-street, the analyst uses the same links and nodes that are
used for the highway subsystems. Where transit operates off-street, the transit facility
should be divided into links between transit stations. Nodes are assigned to the station
locations at the endpoints of each link.

Determining Bus-Stop Capacity
When the transit facility being analyzed serves buses, the capacities of the bus stops
along the facility must be determined. Equations from Chapter 27 should be used to
determine these capacities. In the absence of field data, the default values summarized in
Exhibit 30-7 may be used as inputs to the equation. No default values are given for the
number of loading areas provided at a bus stop since these values must be determined
directly by the analyst.
EXHIBIT 30-7. DEFAULT VALUES FOR ESTIMATING BUS-STOP CAPACITY
Factor
glC ratio
On-lineloff-line stops
Clearance time, tc (s)
Dwell time, td (s)
Coefficient of variation, c,
Failure rate (Za)

I
0.45
Off line
15a
30-60
0.60
2.5% (1.960)

Urban Street Class
II
Ill
0.45
0.45
Off line
On line
10
15a

IV
0.45
On line
10

15

30

0.60

0.60

30-60
0.60

2.5% (1.960)

7.5% (1.440)

10.0% (1.280)

Note:
a. Alternatively, usevalues from Chapter 27 to calculate bus reentry delay based on curb lane traffic volumes.

Determining Link Capacity
Link capacity is determined by multiplying the capacity of the critical bus stop in the
link by an adjustment for the interference of other traffic sharing the lane with buses.
Equations in Chapter 27 for mixed-traffic operations or exclusive bus lanes should be
used as appropriate to determine link capacity. These equations require knowing the
passenger-car volume and capacity of the curb lane, the bus lane type (1, 2, or 3), and the
bus-stop locations (nearside, farside, or midblock). If there are no stops in the link, the
link capacity is computed using a dwell time of 0 s and a clearance time of 4 s
(representing the time between the back of one bus and the front of the next bus).
Rail link capacity is dependent on the right-of-way type for the link: on-street, block
signaled, or single track. For on-street streetcar operations, bus procedures should be
used. For on-street light-rail operations, twice the maximum traffic signal cycle length in
the line's on-street section should be used to determine the minimum headway, then
equations from Chapter 27 to calculate the link capacity. For block-signaled sections, the
minimum signaled headway and the link capacity equation from Chapter 27 should be
used. For two-way, single-track operations, refer to Chapter 27.

Determining Transit Speeds
Bus speeds for exclusive bus lanes can be estimated using the method in Chapter 27.
Bus speed is defined in Chapter 27 and requires knowing bus-stop spacing, dwell times,
delays due to traffic signals and right-turning traffic, skip-stop operations, and
interference caused by other buses.
Rail speeds may be estimated from equations given in Chapter 27. Required inputs
are the length of the link and the link running speed. For on-street streetcars, the link
running time is calculated in the procedure for highway facilities; for on-street light rail,
it is the posted speed limit of the street; and for off-street light rail and streetcars, link
Chapter 30 - Areawide Analysi!3
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running speed is the maximum section operating speed. Default values for factors are
given in Chapter 27.

Determining Performance Measures

Intensity
The transit automobile travel time difference measure requires calculations of both
automobile and transit in-vehicle travel times as well as any additional travel times
required for a door-to-door trip. For transit, the out-of-vchicle travel time includes the
walk time from one's origin to transit (assumed to be 3 min to a bus stop or 8 min to a
busway or rail station), wait time for transit (assumed to be 5 min), walk time from transit
to one's destination (3 or 8 min, as applicable), and any required transfer time (variable
depending on the system's schedule coordination). For the automobile, out-of-vehicle
time consists of the time to park and walk to a destination (0 to 5 min, depending on the
location).
Two methods may be used to compute the transit automobile travel time difference.
One requires the use of a transportation planning model; the other is a manual method
that samples 10 to 15 locations within the study area. These methods are discussed in
detail in the Transit Capacity and Quality of Service Manual (8).

Transit Capacity and Quality
of Service Manual (TCQSM)
provides level of service for
intensity

Duration
Hours of service is calculated using the procedures in Chapter 27.

Extent
Route miles of service is calculated by summing the lengths of all links on which
transit service is provided.

Variability
On-time performance is calculated using the procedures in Chapter 27.

Accessibility
The calculation of service coverage can be simplified through the use of a geographic
information system (GIs). However, this section also provides a calculation method that
does not require a GIs.
The actual area covered by transit will be smaller than a transit system's service area,
depending on land use patterns and the financial resources to provide service. Transit
routes do not run to areas where there are no passengers to serve, even though those areas
might lie within the transit agency service area. However, routes might run through
undeveloped areas to connect two developed areas.
The area covered by a particular route can be defined as that area within walking
distance of a transit stop. The majority of transit riders arrive from a location within 0.25
mi of a bus stop or 0.5 mi of a rail station. For the purposes of determining service
coverage LOS, walking distance is defined as 0.25 mi from a bus stop or 0.5 mi from a
busway or rail station. Any location within 0.25 mi of the area served by deviated fixedroute bus service is also considered to be covered. Exhibit 30-8 compares one system's
service coverage area with its district boundary.
The calculation of the transit service coverage area can be performed relatively easily
with a G I s . However, if a G I s or accurate bus stop data are not available, this area can
be approximated by outlining on a map all of the area within 0.25 mi of a bus route. This
approximation assumes reasonable bus stop spacings (at least six stops per mile).
Sections of a route where pedestrian access from the area adjacent to the route is not
possible (because of a barrier such as a wall, waterway, roadway, or railroad) should not
be included.

TCQSM provides LOS for
accessibility

In lieu of other data, one can
assume a 0.25-mi band on
either side of a route to be the
service area
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By itself, the service coverage area is not the best performance measure, since it does
not lend itself easily to comparisons between systems and because it does not address
how well the areas that can support transit service (by having sufficient population,
employment density, or both) are served.

I

EXHIBIT 30-8. EXAMPLE OF TRANSIT SYSTEM COVERAGE AREA

Transit district boundary
Service coverage area

Guidelines on service
feasibility

I

Research (9) suggests that a household density of 4.5 units per net acre is the
minimum density for hourly transit service to be feasible. This density equates to
approximately 3 units per gross acre when the land occupied by streets and parks is
accounted for. Hourly service corresponds to the minimum LOS E value for transit
service frequency as well as the minimum frequency used for determining hours-ofservice LOS for transit.
A Tri-Met long-range service planning study found that an employment density of
approximately 4 jobs per gross acre produced the same level of ridership as a household
density of 3 units per gross acre (10). These density values are used below as the
minimum densities that could support hourly transit service.
To equalize comparisons between systems and to assess how well a transit system
serves the areas most likely to produce transit trips, the concept of a transit-supportive
area is used. The transit-supportive area is the portion of a transit service area that
provides sufficient population or employment density (or an equivalent mix) to require
service at least once per hour. For policy reasons, or simply to provide a route connecting
two high-density areas, an agency may choose to cover a larger area.
Exhibit 30-9 compares one system's transit-supportive area (shaded) with its early
1998 service coverage area. The transit-supportive area is considerably smaller than the
total area covered by transit, but most of the transit-supportive area is covered by transit.
Exhibit 30-10 presents comparative statistics for each of the area types discussed above.

TRANSIT ANALYSIS USING GIs
Step 1: Gather data. The following GIs themes or layers will be required:
Bus stop locations (or, alternatively, bus routes).
Areas served by paratransit or deviated fixed-route bus service available to the
general public.
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* Residential unit and job data for relatively small areas. This information is often
available at the transportation analysis zone (TAZ) level from the transportation planning
model maintained by metropolitan planning organizations (MPOs) or planning
departments. Household data are also available from the Bureau of the Census at various
levels of aggregation. Job data may be available from jurisdictions that administer
business licenses or collect payroll taxes.

EXHIBIT 30-9. EXAMPLE OF TRANSIT-SUPPORTIVEAREA

Service coverage area

[a-L@
Transit-supportive area
EXHIBIT 30-1 0. COMPARATIVE AREA AND POPULATION OF EXAMPLE ANALYSIS AREAS
Analysis Area Type
District area
Coverage area
Transit-supporiive area
Transit-supporiive area covered

Area (mi2)
603.5
232.0
122.0
104.2

Population
1,066,118
779,011
574,791
522,580

Source: Tri-Met, Portland, OR.

The smaller the areas used to aggregate household and job data, the more accurate
the results and the easier it will be to identify transit-supportive areas. For the purposes of
this example, TAZ-level data are assumed to be available.
Step 2: Identify the coverage area. Outline, as buffers, the areas within 0.25 mi of a
bus stop (or bus route), within 0.25 mi of the area served by paratransit or deviated fixedroute bus service available to the general public, and within 0.5 mi of busway and rail
stations. Merge all of the buffer areas together. Next, subtract from this combined area
any areas that do not have transit access because of a barrier that blocks pedestrian
access, such as a freeway, railroad track, waterway, or wall.
Step 3: Intersect the coverage theme with the TAZ theme. Each TAZ will be
subdivided into one or more sub-TAZs that either entirely have or do not have transit
coverage. For ease of analysis, the GIS software should be set to proportion data
attributes (e.g., population) among the sub-TAZs on the basis of the size of each sub-TAZ
relative to the original TAZ. However, if a more detailed analysis is desired, expert GIS
users can use other data that may be available (for example, land use types or zoning) to
more accurately distribute households and jobs among the sub-TAZs.
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Step 4: Calculate household and job densities. Create new fields within the TAZ
scheme for household and job densities. Calculate the values for these new Gelds by
dividing the number of households and jobs in each sub-TAZ by the sub-TAZ area.
Step 5: Query the TAZ theme's database to select all sub-TAZs where either the
employment density is at least 4 jobslgross acre or the household density is at least 3
unitslgross acre. Calculate the total combined area of the selected sub-TAZs.
Step 6: Identify the portion of the transit-supportive area covered by transit. Query
the sub-TAZs selected in Step 5 to determine which ones lie within the transit coverage
area. Calculate the total combined area of the selected sub-TAZs.
Step 7: Calculate the performance measure. Divide the area calculated in Step 6 by
the area calculated in Step 5 to determine the percentage of the transit-supportive area
covered by transit.

TRANSIT ANALYSIS USING MANIJAL TECHNIQUE
Step 1 : Gather data. Again, it is assumed for this example that household and job
data are available at the TAZ level. The items listed below will be required.
A printed map (to scale) of the TAZs (or other area type for which household and
job data are available) that covers the area being analyzed.
Data on the number of households and jobs within each TAZ, in either printed or
spreadsheet form.
A map showing transit routes, busways, and rail stations and any areas served by
paratransit or deviated fixed-route bus service.
Step 2: Estimate the area of each TAZ. A transparent overlay with a printed grid
assisls with this task. Alternatively, if the TAZ map is available in electronic form, CAD
or other drawing software used to develop the map may be able to calculate the area of
each TAZ polygon.
Step 3: Calculate household and job densities. Using a computer spreadsheet, or by
hand, calculate household and job densities by dividing the number of households and
jobs in each TAZ by the TAZ areas estimated in Step 2.
Step 4: Identify the transit-supportive area. On the basis of the results of Step 3,
identify all TAZs where the household density is at least 3 unitslgross acre or the
employment density is at least 4 jobslgross acre. Mark these TAZs on the map.
Step 5: Identify the portion of the transit-supportive area covered by transit. On the
printed map, outline the areas within 0.25 mi of bus routes that serve or pass near the
transit-supportive TAZs, the areas within 0.5 mi of busway or rail stations within or near
the transit-supportive TAZs, and any portion of the transit-supportive TAZs within 0.25
mi of paratransit or deviated fixed-route bus service available to the general public.
Estimate the percentage of each transit-supportive TAZ that is covered by transit. Do not
include any areas that do not have transit access because of a barrier that blocks
pedestrian access, such as a freeway, railroad track, waterway, or wall.
Step 6: Calculate areas. Add up the areas of the transit-supportive TAZs, using the
information developed in Step 2. This sum is the total area of the transit-supportive area.
Next, for each transit-supportive TAZ, multiply its area (from Step 2) by the percentage
of its area covered by transit (from Step 5). The product is the total transit-supportive
area covered by transit.
Step 7: Calculate the performance measure. Divide the areas calculated in Step 6 by
the area calculated in Step 5 to determine the percentage of the transit-supportive area
covered by transit.
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!I!. EXAMPLE PROBLEMS
EXAMPLE PROBLEM 1. BRI-VALLEY SUBAREA MODEL
The purpose of this example is to illustrate the process of incorporating
The Situation
the procedures for highway analysis into a long-range travel demand model. The model
used in this example was the Tri-Valley Subarea Model. The Tri-Valley is a subarea of the
San Francisco Bay region, encompassing parts of two counties, Alameda and Contra
Costa, with an area of about 147 mi2 .
Assembling Input Data There is a total of 734 zones, 5,761 nodes, and 16,643 links in
the highway network. The highway links are divided into about 30 link types classified by
functional class, such as freeways, expressways, major and minor arterials, and
collectors. These links are further subclassified by area type [core, central business
district (CBD), urban, suburban and rural].
The Tri-Valley highway links were matched to the HCM facility types on the basis of
the area in which the link is located, the original facility type, the original FFS, and the
original capacity per lane. Tables of values were developed for FFS and capacity, since
study resources did not permit collection of link-specific data.
The following table shows the input data for six sample links.
LINK DATA FROM MODEL

1

Link
1
2
3
4
5
6

Model Functional
Class
Suburban freeway
Suburban freeway
Freeway on-ramp
Freeway off-ramp
Major arterial
Major arterial

1

Length (mi)

1

Lanes

1.35
1.16
0.28
0.26
0.19
0.25

3
3
1
1
2
3

1

Demand (vehlh)
6790
5170
1490
970
1330
2160

The first step is to determine the HCM facility type for each model functional class. In
this example, the suburban freeway links are both classified as freeway facility types. The
remaining four links are classified as HCM urban street facility types.
The specific arterial (urban street) class for each link is determined using Chapter 15,
"Urban Streets." The appropriate urban street class is selected on the basis of the original
FFS and local knowledge of the model study area. The following table shows the resulting
selections.
HCM FACILITY TYPE CORRESPONDENCE
Link
1

1
1

Model Functional Class
Suburban freeway
Suburban freeway
Freeway on-ramp
Freeway off-ramp
Major arterial
Maior arterial

(

I

HCM Facility Type
Freeway (basic segment)
Freeway (basic segment)
Urban street Class Ill
Urban street Class Ill
Urban street Class II
Urban street Class II

Estimating FFS for Freeway Links The FFS for the two freeway links are computed
using Equation 23-1 from Chapter 23, "Basic Freeway Segments," and the default values
for some of the required input data are found in Chapter 13, "Freeway Concepts."
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A base FFS of 65 milh is selected as being appropriate for an urban area freeway.
The adjustments are shown in the following table, and the computed FFS is 60.5 milh,
which is rounded to 61 milh.

FREEWAY FFS ADJUSTMENTS
Value
12 ft
10 ft
3
0.79 inVmi

Datum
Lane wldth
Lateral clearance
Number of lanes
Interchangedens~ly
Sum

Adjustment
0.0 milh
0.0 milh
-3.0 milh
-1.5 milh
-4.5 milh

Estimating FFS for Ramp and Arterial Links There is no procedure to estimate FFS
for ramp and arterial links in this manual. Default values by street class, shown in Chapter
15, are used for the link FFS.
Estimating Capacities for Freeway Links The link capacities for the freeway links
(basic segments) are estimated using Equation 30-1. The adjustment factors are
computed according to the procedures described in Chapter 23, "Basic Freeway
Segments." Default values for some of the required input data are obtained from Chapter
13, "Freeway Concepts." The following table shows the values used to calculate capacity.
COMPUTATION OF FREEWAY LllYK CAPACITY
Value

Datum
I

PCE capacity

2350 pclhlln

Lanes
Heavy vehicles
Population
Peak-hour factor
Capacity (vehth)

3
5%,level terrain
Commuter
0.95

Capacity
Adjustment
2350

0.976
1 ,000
0.950
6537vehlh

Notes
From Exhibit 23-2, LOS Criteria for Basic
Freeway Segments
Input
Equation 23-3, Exhibit 13-5
Exhibit 13-5
Input
2179vehlhlln

Estimating Capacity for Freeway On-Ramp Links The link capacity for the freeway
on-ramp is estimated using Equation 30-3. The adjustment factors are computed
according to the procedures described in Chapter 16, "Signalized Intersections." Default
values for some of the required input data are obtained from Chapter 10, "Urban Street
Concepts." The on-ramp link capacity table shows the values used.
Estimating Capacity for Freeway Off-Ramp Links The link capacity for the freeway
off-ramp links is estimated using Equation 30-3. The adjustment factors are computed
according to the procedures described in Chapter 16, "Signalized Intersections." Default
values for some of the required input data are obtained from Chapter 10, "Urban Street
Concepts." Note that the off-ramp will have a signal at the foot of the ramp, so g/C is
applied to the capacity of the off-ramp link. The off-ramp capacity table shows the values.
Estimating Capacities for Arterial Links The capacity for the arterial links is estimated
using Equation 30-3. The adjustment factors are computed according to the procedures
described in Chapter 16, "Signalized Intersections." Default values for some of the
required input data are obtained from Chapter 10, "Urban Street Concepts."
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COMPUTATION OF FREEWAY ON-RAMP LINK CAPACITY
Data

Base saturation flow rate
Lanes
Lane width
Heavy vehicles
Grade
Parking
Bus blockage
Area type
Lane utilization
Left turns
Right turns
Left pedestrian blockage
Right pedestrian blockage
glC
Peak-hour factor
Capacity (vehlh)

1

Value
1900 pclhlln
1
12 ft
2%
0%
None
None
Non-CBD
100%
None
None
None
None
None
0.95

1

Capacity
Adiustment
1900
1
1.000
0.980
1.000
1.000
1.ooo
1.000
1.ooo
1.ooo
1.000
1.000
1.000
1.000
0.950
1769 vehlh

1

Notes
Chapter 16, "Signalized Intersections"
lnput
Exhibit 10-12 default
Exhibit 10-12 default
Exhibit 10-12 default
lnput
lnput
lnput
Single-lane ramp
lnput
lnput
lnput
lnput
lnput
ln~ut

COMPUTATION OF FREEWAY OFF-RAMP LINK CAPACITY
Data

Value

Base saturation flow rate
Lanes
Lane width
Heavy vehicles
Grade
Parking
Bus blockage
Area type
Lane utilization
Left turns
Right turns
Left pedestrian blockage
Right pedestrian blockage
glC
Peak-hour factor
Capacity (vehlh)

1900 pclhlln
1
12 ft
2%
0%
None
None
Non-CBD
100%
None
None
None
None
0.45
0.95

Capacity
Adjustment
1900
1
1.ooo
0.980
1.000
1.ooo
1.000
1.000
1.000
1.000
1.ooo
1.ooo
1.000
0.450

Notes
Chapter 16, "Signalized Intersections"
lnput
Exhibit 10-12 default
Exhibit 10-1 2 default
Exhibit 10-12 default
lnput
lnput
lnput
Single-lane ramp
lnput
lnput
lnput
lnput
Exhibit 10-12 default
lnput

Note that some of the adjustment factors vary by number of lanes on the link, so the
link capacities are computed twice, first for the two-lane link, then for the three-lane link.
The two-lane and three-lane arterial capacity values are summarized in the following
tables. Note that arterial capacity is independent of the arterial class in this example. The
analyst may wish to adopt different default g/C values for each arterial class to better
reflect local signal timing plans.
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COMPUTATION OF TWO-LANE ARTERIAL LlNK CAPACITY
Datum
Base saturation flow rate
Lanes
Lane width
Heavy vehicles
Grade
Parking
Bus blockage
Area type
Lane ut~lization
Left turns
Right turns
Left pedestrian blockage
Right pedestrian blockage

Value

Capacity
Adjustment

Notes

1900 pclhlln
2
12 ft
2%
0%

1900
2
1.000
0.980
1.000
0.950
0.996
1.000
0.950
1.000
0.985
1.000
1.000
0.450
0.950
1409 vehlh

Chapter 16,"Signalized Intersections"
Input
Exhibit 10-12 default
Exhibit 10-12 default
Exhibit 10-12default
Exhibits 10-12and 16-7
Exhibits 10-12and 16-7
Input
Exhibit 10-12
Left-turn bays present
Exhibit 16-7,shared lane
Left-turn bays present, no left turns from through lanes
lnput
Exhibit 10-12default
Input
(705vehlhlln)

8lh
2/h
Non-CBD
N/A
None
None
None
Negligible

0.45
0.95

g/C
Peak-hour factor
Capacity (vehlh)

N/A = not available.
COMPUTATION OF THREE-LANE ARTERIAL LlNK CAPACITY
Datum

Value

Capacity
Adjustment

Notes

Base saturation flow rate
Lanes
Lane width
Heavy vehicles
Grade
Parking
Bus blockage
Area type
Lane utilization
Left turns
Right turns
Left pedestrian blockage
Right pedestrian blockage
g/c
Peak-hour factor
Capacity (vehlh)

1900 pclhlln
3
12ft
2%
0%

1900

Chapter 16,"Signalized Intersections"
Input
Exhibit 10-12default
Exhibit 10-12default
Exhibit 10-12 default
Exhibits 10-12and 16-7
Exhibits 10-12and 16-7
Input
Exhibit 10-12
Lefl-turn bays present
Exhibit 16-7,shared lane
Lefl-turn bays present, no left turns from through lanes
lnput
Exhibit 10-12default
Input
(690vehlhlln)

8lh
2/h
Non-CBD
N/A
None
None
None
Negligible

0.45
0.95

3

1.000
0.980
1.000
0.970
0.997
1.000
0.910
1.000
0.985
1.000
1.000
0.450
0.950
2070 vehlh

N/A = not available.

Computing Link Speeds The mean speed for each link is computed using Equation
30-4. Node delay will not be computed, so the equation for link speed simplifies to the link
length (L) divided by the link traversal time (R); R is computed using Equation 30-5. The
needed input values for this equation (R, and Do) are computed first. The free-flow link
traversal time (R,) is computed using Equation 30-6, with computed values shown in the

1
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COMPUTATION OF LINK FREE-FLOW TIME (%)

HCM Class

Link

1
2
3
4
5
6

Length (L) (mi)

Free-Flow Speed,
So (mi/h)

1.35
1.16
0.28
0.26
0.19
0.25

61
61
35
35
40
40

Freeway
Freeway
Class Ill
Class Ill
Class II
Class II

Free-Flow Time, R,
(h)

0.0221
0.0190
0.0080
0.0074
0.0048
0.0063

The zero-flow control delay (Do) is computed for the links with signals using Equation
30-7 and the default values of g/C and C provided in Exhibit 10-12. The delay adjustment
factor is estimated assuming fixed-time signals, no progression for the off-ramp, and
modest progression for the arterial links. The number of signals present on each link is
estimated on the basis of the link length and the local knowledge of typical signal density.
The exception is the off-ramp, which has only one signal at its endpoint. The following
table lists the computed values.
COMPUTATION OF ZERO-FLOW CONTROL DELAY (Do)
Link

Signals (N)

Delay Adjust (DF)

g/c

Cycle (s)

Zero-Flow Delay,
Do (h)

None

N/A
N/A
N/A

LIIA
N/A
N/A

N/A
N/A
N/A

1 .OO
0.90
0.90

0.44
0.44
0.44

120
120
120

0
0
0
0.0052
0.0047
0.0047

I

5

1

Note:
NIA = not applicable.
The volume to capacity ratio is computed for each link, with results listed in the
following table.

LINKVOLUME TO CAPACITY RATIOS
Link
Model
Functional Class Capacity (vehlh) Volume/Capacity
Demand (vehlh) -

1
2
3
4
5
6

Suburban freeway
Suburban freeway
Freeway on-ramp
Freeway off-ramp
Major arterial
Maior arterial

6792
5173
1492
966
1330
2157

6537
6537
1769
796
1409
2070

1.04
0.79
0.84
1.21
0.94
1.04

The values of J are selected from Exhibit 30-4. The mean link speed is computed as
shown in the Computation of Mean Link Speed table.

Performance Measures The Computation of Performance Measures table illustrates
the input data requirements, assumptions, and results for the computation of the
performance measures for the six example links. The top part lists the input data (most of
it computed in prior steps). The bottom part shows the results.
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COMPUTATION OF MEAN LINK SPEED
Link

R0 (h)

Do (h)

J

vlc

R (h)

L (mi)

1
2
3
4
5
6

0.0221
0.0190
0.0080
0.0074
0.0048
0.0063

0
0
0
0.0052
0.0047
0.0047

0.00001
0.00001
0.00050
0.00050
0.00050
0.00050

1.04
0.79
0.84
1.21
0.94
1.04

0.0430
0.0191
0.0084
0.1 180
0.0101
0.0325

1.35
1.16
0.28
0.26
0.19
0.25

Speed
(milh)
31
61
33
2
19
8

Notes:
Ro = free-flowtraversal time
Do = zero-flow control delay
J = calibration parameter
V/C=volume to capacity ratio
R = traversal time
L = length of link

COMPUTATION OF PERFORMANCE MEASURES
Link
Type
Length (mi)
Lanes
Average vehicle occ.
Demand (vehlh)
Capacity (vehlh)
Demandlcapacity
Speed (milh)
FFS (milh)
T (analysis period) (h)
r (peak ratio)
J parameter
Storage (vehlmilln)
PMT (mi)
PHT (h)
PHT free-flow (h)
Delay (person-h)
Speed (milh)
Duration (h)
Extent (mi)
Extent (% of link)
Sensitivitv

Total
Arterial
0.19
2
1.2
1,330
1,409
0.94
19
40
1
0.7
0.00050
210

Arterial
3.49

19,956
736
345
391
27

The mean speed over all six links is 27 milh. Significant amounts of delay are
accumulated on those links with demand to capacity ratios greater than 1.00. The offramp has the highest demand to capacity ratio, highest delay, and the longest duration of
delay (2.42 h). The queue will overflow the off-ramp and extend back onto the freeway.
The extent of queue is 311 percent of the storage capacity of the ramp. The sensitivity
results indicate that a 1 percent increase in the demand to capacity ratio on Links 1, 4, and
6 will cause a 40 to 49 percent increase in travel time on those links. All other links are
comparatively insensitive to demand changes.
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EXAMPLE PROBLEM 2. DETERMINE TRANSIT-SUPPORTIVE AREA OF A
TRANSlT SYSTEM
The Situation
As part of an overall review of its sewice, a transit operator wants to
determine the accessibility of its system to its potential customers.
The Question Where are the city's transit-supportive areas and how well are they
currently being sewed?
The Facts
d The transit operator provides fixed-route bus sewice to a population of 125,000.
Two universities, a community college, and numerous government offices are
scattered about the city.
d The city's transportation model contains population and employment figures at
the transportation analysis zone (TAZ) level.
d The transit operator does not have access to GIs software, so the manual
calculation method will be used for this example.
Comments
The TAZ map is available in an electronic form that allows the areas of each TAZ
1
to be calculated.
d Census data for the area indicate an average household size of 2.5 persons.
Outline of Solution Using the manual calculation method, the transit-supportive area is
identified first. Next, the coverage area of the routes sewing the transit-supportive TAZs is
identified. Third, the approximate percentage of each transit-supportive TAZ sewed by
transit is identified. Finally, the percentage of the total transit-supportive area sewed by
transit is calculated to determine LOS.
Steps
1. Develop a spreadsheet from the data used for the transportation model, listing
population, jobs, and area for each TAZ. Convert population to households by dividing by
2.5. Calculate household density for each TAZ by dividing the number of households by
the TAZ area; calculate job density similarly. A TAZ is transit supportive if the household
density is at least 3 households/gross acre or the employment density is at least 4
jobs/gross acre. This process is illustrated for two TAZs.
TAZ
255

/

Pop.
1134

Jobs
308

1

Area (ft2)
10,947,392

1 ~ouseholds Area (acres)
453.6 1
251.3

HH Density Job Density
1.81

1

1.23

In this example, TAZ 255 is not transit supportive, but TAZ 399 is. There are 174
transit-supportive TAZs in the system area.
2. For the transit-supportive TAZs identified in Step 1, draw the location of the bus
routes serving those TAZs and draw 0.25-mi buffers around each route, excluding any
areas known not to have pedestrian access.
3. Twenty-four of the 174 transit-supportive TAZs are only partially sewed by
transit. Estimate the percentage of the area of each of these TAZs served by transit. For
example, TAZ 432 is about 50 percent sewed by transit.
4. Divide the transit-supportive area sewed by transit by the total transit-supportive
area to determine the percentage of the transit-supportive area sewed, or LOS.
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The Results The total transit-supportive area is 13.1 mi2, and 11 mi2 of it is covered by
transit. As a result, 85 percent of this system's transit-supportive area is covered. Areas of
the city that can support at least hourly bus service for the most part receive at least some
service during the day. For policy reasons, or simply to connect two higher-density areas,
most operators will serve a considerably larger area than the transit-supportive area.

EXAMPLE PROBLEM 3. EXAMPLE PROBLEM 2 USING GIs SOFTWARE
The Situation

The same as in Example Problem 2 except that GIs software is used.

The Question Where are the city's transit-supportive areas and how well are they
currently being served?
The Facts
.\I Same assumptions as in Example Problem 2.
Comments
.\I The transit agency contacts the local MPO, which has GIs software in house.
Themes are obtained or created for streets (used as a base map), bus stops
(used to identify the area served by transit), and TAZs (containing population and
employment information).
.\I Census data for the area indicate an average household size of 2.5 persons.
Outline of Solution The area served by transit is identified by creating 0.25-mi walkdistance buffers around each bus stop. This area is then intersected with the TAZ theme
to create a new sub-TAZ theme that contains sub-TAZs that are entirely with or without
transit service. Next, the GIs calculates the area of each sub-TAZ and the resulting
household and employment density. Next, all sub-TAZs meeting the transit-supportive
area criteria are identified and their areas summed. Finally, the sub-TAZs served by transit
are identified and their areas summed. LOS is calculated by dividing the second area into
the first.
Steps
1. Create 0.25-mi buffers around each bus stop. Remove any areas where
pedestrian access is not possible.
2. Update map using bus stop buffers.
3. Create a new service coverage theme from this buffer area. Intersect this theme
with the TAZ theme, resulting in the new sub-TAZ theme.
4. Calculate the area, household, and employment density for each sub-TAZ.
5. Determine which sub-TAZs are transit-supportive and which are not.
6. Determine which transit-supportive TAZs are served by transit and which are not.
7. Sum the areas of the transit-supportive sub-TAZs served by transit and divide by
the sum of the areas of all the transit-supportive sub-TAZs to obtain the service coverage
LOS.
The Results The total transit-supportive area is 13.1 mi2, and 11.2 mi2 of it is covered
by transit. As a result, 86 percent of this system's transit-supportive area is covered.
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EXAMPLE PROBLEM 4. COMPARE EXISTING TRAVEL TIME OF TRANSIT
AND AUTOWIOBILES
As part of a regional study of traffic congestion, the Anytown MPO
The Situation
wishes to compare existing travel times by transit and automobile to help determine where
transit service improvements or transit priority measures may be needed to make transit
service more competitive with the automobile.
What are comparative travel times by transit and automobile between
The Question
city centers in the region during the a.m. peak hour, and what is the corresponding LOS?
The Facts
4 Travel time data for key regional roadways indicate the following average peakdirection travel times (in minutes) by automobile between cities during the a.m. peak hour.
Fort Plains

Juniper
#---

4 Current scheduled peak-direction travel times (in minutes) by transit between
cities and major transfer centers are shown on the map below. Bypasses shown on the
map around transfer centers indicate trips where no transfer needs to be made.
Major Bus Stops
S Location
# Transfer center

Fort Plains

1

Fish Valley
ountain View

30-25
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Comments
d Walk time to and from transit is assumed to average 3 min at each end of a trip.
d Wait time for transit is assumed to be 5 min at the start of a trip.
d Each transfer is assumed to add 10 min to a trip.
d Automobile trips to Anytown add 5 min for parking in garages and 3 min average
walk time from parking garages to offices.
1
Plentiful free parking is available at all work locations outside Anytown.
4 Congestion in central Nutria adds 5 min to access the freeway system by car.
Calculate the travel time between each pair of locations by
Outline of Solution
automobile and by transit. Adjust these times by the criteria listed above to obtain door-todoor travel times. Subtract the adjusted automobile time from the adjusted transit time to
obtain the travel time difference for each pair of locations and the resulting LOS.

Steps
1. Determine the automobile travel times (not including parking and off-highway
congestion mentioned in the comments) between each pair of locations. For example,
travel time between Juniper and Anytown is 48 rnin on the basis of the map.
2. Determine the transit travel times (including transfers but not including walk and
wait time) between each pair of locations. For example, transit travel time between Juniper
and Anytown is 63 min (from the map), plus a 10-min wait to transfer between routes in
Chipville, for a total transit travel time of 73 min.
3. Adjust the travel times on the basis of the comments to obtain door-to-door travel
times and calculate the travel time difference for each pair of locations. For example, the
door-to-door automobile time from Juniper to Anytown is 56 min, including the 8 min
required to park and walk. The door-to-door transit time is 84 min, including the 11 min
required to walk and wait. The difference between automobile and transit travel times is
28 min.
The Results
The radial route pattern serving Anytown provides reasonable transitautomobile travel time differences from everywhere within the metro area except Fish
Valley. Service between suburbs is generally poor, as is often the case with a radial
pattern, although some suburbs (e.g., Nutria) have relatively good service. Because of the
number of transfers involved, transit travel times from Fish Valley are very high compared
with those of the automobile, making transit an unattractive option for riders.
Possible improvements to service include the following:
1. Express service from distant suburbs to Anytown to reduce travel times.
2. Express crosstown routes between suburbs where demand warrants.
3. Decreasing the number of transfers required or improving timed transfers to
reduce the average wait time in transferring between routes.
4. Transit priority measures on high-volume routes serving Anytown to make travel
times even more competitive with those of the automobile.

1
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APPENDIX A.

NODE DELAY ESTIMATION PROCEDURES

The following procedures describe how to estimate the most likely type of
intersection control and the delay created by the intersection control under forecast traffic
demands. These procedures require that the analyst have forecast demand and lane
geometry for the subject approach, the opposing approach, and the cross-street
approaches.
These node (is., intersection) delay procedures can be used either as a postprocessor
to improve speed and delay estimates for air quality analysis or in a traffic assignment
algorithm to improve the traffic forecasts themselves. The analyst should be warned that
several steps in the procedure (identified below) will introduce discontinuities in the
delay estimate, which can make it difficult, if not impossible, to reach closure in an
equilibrium assignment process. It is also necessary to control for extreme inputs in the
process.

The procedures will produce
discontinuitiesin the delay
estimate

ADAPTIVE NODE CONTROL PROCEDURE
Purpose, Input, Assumptions
This procedure determines if an intersection (node) that is currently unsignalized (or
for which the current control is unknown) is likely to be an all-way stop and signalized in
the future under forecast travel demand. Intersections failing to meet the criteria for
signalization or all-way stop control (AWSC) are assumed to be two-way stop-controlled
with stop signs on the minor-street approaches.
Analysts seeking to use this node control procedure in traffic assignment processes
should recognize that changing control type might introduce discontinuities in the delay
estimates. Analysts might wish to use the node control procedure to identify the node
Chapter 30 - Areawide Analysis
References
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Procedure uses MUTCD
warrants for A WSC and
peak-hour warrants for
signal control

control types before entering the traffic assignment process. Other restrictions might be
placed on the node control procedure as well. For example, once it is determined that a
node is signalized, it might be kept that way, even if the forecast volumes in a subsequent
iteration drop below the minimum required for a signal.
The required input is the average daily traffic (or peak-hour) forecasts for each
approach to the intersection. The procedure is based on the presumption that as traffic
demand increases at an uncontrolled or two-way stop intersection, AWSC or a traffic
signal will be installed once the intersection volumes meet the Manual on Unifortn
Traflc Control Devices (MUTCD) 8-h warrants for all-way stops or peak-hour volume
warrants for a signal. This procedure neglects all other possible warrants or
considerations (such as accident history and delay) that go into the decision to install
AWSC or a traffic signal. Exhibit A30-1 shows the volume regimes for several control
types.

EXHIBIT A30-I. M I N I M U M DEMAND CRITERIA FOR SIGNALS AND ALL-WAY STOPS
7000 1

/

Major Street, vehtday (sum of approaches)
Note:
a. Roundabouts may be appropriate in some portions of these regimes.

Determining Likelihood of Signal Control
Equation A30-1 is adapted from MUTCD peak-hour volume warrants for signals
assuming that the peak-hour volume is 10 percent of the daily volume for a two-or-morelane approach major street intersecting a one-lane approach minor street.
First, identify the street (the two opposing approaches) with the highest combined
approach volumes. This street becomes the major street. The other approaches are
considered the minor street. If the sum of the minor-street approach volumes exceeds the
value computed in Equation A30-1, the intersection will probably be signalized.
Minor 2 15,923*e[

- 1.362'Major

IO,OOO

(A30-1)

where
Minor
Major

= sum of minor-street approach volumes (vehlday), and
= sum of major-street approach volumes (vehlday).

If only peak-hour volumes are known, the daily traffic demand can be estimated by
multiplying the peak-hour volumes by the inverse of the peak-to-daily ratio (typically
l/O.lO, or 10).
Chapter 30 - Areawide Anal) s
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Determining Likelihood of All-Way Stop Control
The minimum value of 2,200 vehlday is estimated from MUTCD peak 8-h volume
warrants for AWSC assuming that daily traffic is twice the 8-h volume and that the major
street has approach speeds of 40 milh or greater. Pedestrian and delay warrants are not
considered in this procedure.
If the sum of the minor-street approach volumes equals or exceeds 2,200 vehlday and
the intersection fails the previous test for signal control, the analyst can conclude that the
intersection is likely to be AWSC.
Consider a minor street with a forecast aftenloon peak-hour demand of 100 vehlh on
its eastbound approach and 200 vehlh on its westbound approach to the intersection. The
major street has a forecast afternoon peak-hour demand of 500 vehlh on its northbourld
approach and 700 vehlh on its southbound approach. The afternoon peak hour has the
highest total hourly demand at this intersection. Summing the approach volumes and
multiplying by I 0 (to convert peak-hour demand to daily traffic volumes) results in a
minor-street volume of 3,000 vehlday and a major-street volume of 12,000 vehlday.
If the highest total hourly demand for the intersection comes close to but fails to meet
the volume criteria for signalization, the analyst might check other hours when the minorstreet demand is higher (but the major-street demand is lower) to see if the volume
criteria are met under those conditions.
Entering the signal control equation with a major-street volume of 12,000 vehlday
results in a computed minimum minor-street volume of 3,106. The intersection fails to
meet the minimum volume criteria for signalization. However, the forecast 3,000
veh/day on the minor street does exceed the minimum volume criteria identified above
for AWSC. The analyst concludes that the subject intersection is likely to have AWSC
under the forecast demand.

SIGNAL NODE DELAY ESTIMATION
This procedure is used to estimate the average node delay (slveh) for traffic on a
single link approaching a signalized intersection at the end of the link. The procedure
requires demand and geometric data for all approaches (the subject approach, the
opposing approach, and the cross-street approaches) to the signalized node. These data
include intersection (node) turning movements for all approaches (vehlh), intersection
lane geometry (number of through lanes and exclusive turn lanes), and adjusted saturation
flow rate (veh/h/ln) for through lanes.
The procedure is based on the proposition that the signal timing will respond to
changes in demand at the intersection either through the installation of appropriate
equipment (such as a traffic-actuated controller) or through routine maintenance (where
signal timings are reviewed and recomputed on a regular basis).
The procedure also presumes that minor changes of intersection geometry, like
designation of exclusive turn lanes, will also respond to changes in demand. Major
improvements, such as the addition of more through lanes, are excluded from this
assumption.

Procedure assumes optimum
signal timing

Assembling Input Data
Dernand and geometric data are required for all approaches. The analyst should
provide the demand rates in terms of vehicles per hour for each turning movement.
Defaults for any other required geometric data can be obtained from Chapter 10, "Urban
Street Concepts." If the turning lanes and control type are known, the procedures
outlined in Chapter 10 are used to estimate node delay.

Developing a Phasing Plan
Thc following procedure can be used to identify a reasonable phasing plan for the
intersection if the actual phasing plan is not known. This procedure can also be used to
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Procedure does not
consider split phasing
and protected-pluspermitted operation

forecas~how the current phasing plan might change in response to changing traffic
clemands.
Thc phasing plan identifies the need for special phasing to protect left turns. It is
assuined that if left-turn protection is provided on one approach, left turns will also be
protected on the opposite approach.
Operational refinements, such as split phasing and protected-plus-permitted left-turn
phasing, are not dealt with in this proccdure. The analyst should select protected left-turn
phasing in the case of protected-plus-permitted left-turn phasing. This selection will
result in a modest underestimate of the actual intersection capacity. Two phasing plans
are allowed in this method for each pair of opposing approaches at an intersection. The
pem~ittedphasing plan provides no protected phases for left turns. Exhibit A30-2 shows
the operation of this phasing plan for a pair of opposing approaches. All movements on
the street are allowed to move at the same time. Left turns must wait for gaps to appear
in the opposing through traffic.
EXHIBIT A30-2. PERMITTED PHASING PLAN (NO. 1)

The protected phasing plan provides a green arrow for each left turn. Depending on
the left-turn demand, one of the left-turn phases will finish early. The opposing through
movement will then be allowed to move in parallel with the left turn that still has
unserved demand. Eventually all of the left-turn demand is served. Then the remaining
through movement is allowed to move in parallel with the opposite through movement.
Exhibit A30-3 represents a possible stage in the signal cycle during which certain
movements are allowed. The signal controller proceeds from left to right in the diagram
as it decides which moves to serve next.
EXHIBIT A30-3. PROTECTED PHASING PLAN (NO. 3)

rn

This procedure simplifies
current tests in HCM,
which are 50,000 for
single lane, 90,000 for
two lane, and 110.000 for
three or more opposing
lanes. Also, this
procedure drops the left'turn sneaker check,
which is usually less
restrictive than the
product check.
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If the left-turn demand is less than 60 vehlh, there probably will be no left-turn
protection. If the left-turn demand exceeds 240 vehlh, assume that there will be left-turn
phases. For left-turn demands in between these two extremes, there probably will be
left-turn protection if the product of the left and opposing through volumes equals or
exceeds 40,000, as shown by Equation A30-2.
if V, * V, r 40,000, then left-turn protection is assumed
(A30-2)
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where
VL
V,

= left-turn demand (vehlh), and
= opposing through demand (vehlh).

If the left turns on one of the approaches meet the above conditions for protection,
the opposite approach is also assumed to have protected left turns.

Dividing Approach into Lane Groups

An approach without left-turn protection is assumed to have no exclusive turn lanes.
It is analyzed as one lane group consisting of all of the turn movement demand and lanes
on the approach. If left turns are protected, assume that an exclusive left-turn lane is
present. The left-turn demand and the left-turn lane become their own lane group. The
remaining demand and lanes become part of the through-lane group. The remaining steps
treat the turn volumes and saturation flows within each lane group as a single volume and
a single saturation flow.

If no protected-phase
operation occurs, it is
assumed that no exclusive
left-turn lanes exist

Computing Saturation Flows
The analyst should use the defaults suggested in Chapter 10, "Urban Street
Concepts," and the procedure provided in Chapter 16, "Signalized Intersections," to
estimate the saturation flow rate for each lane group.

Critical Phase Pairs and Computing Critical Sum
Exhibit A30-4 illustrates the rules for an east-west street. The same rules apply for
the north-south street by substituting north and south for east and west in the table. The
critical pair of phases (for each pair of opposing approaches) or the critical phase (if
permitted phasing is present) is identified according to the rules shown in the exhibit.
The critical phase pair volume to saturation ratio for each street is computed by summing
the V/Sratios for the identified critical phase pair (no summing is required for permitted
phasing).

Phase Plan
Protected
Permitted

EXHIBIT A30-4. CRITICAL PHASE PAIR
Critical Phase Pair
Max(EL + WT, WL + ET)
Max(EL, ET, WL, WT)

V/Sratio is the measure used

Note:
EL = eastbound left-turn vls ratio.
ET = eastbound through v/s ratio, or maximum of either eastbound through or eastbound right-turn vls ratios if exclusive rightturn lane is present.
WL, WT = same as above but for westbound approach.

The sum of critical v/s ratios (CVS) for the intersection is computed using Equation
A30-3 by summing the v/s ratios for the critical phase pairs for each street.
CVS = E W + NS

(A30-3)

where
CVS
EW
NS

= sum of critical v/s ratios,
= sum of v/s ratios for critical phase pair for east-west street, and
= sum of v/s ratios for critical phase pair for north-south street.

Estimating Lost Time per Cycle
The total lost time per cycle is estimated on the basis of the phasing plan for each
street according to Exhibit A30-5.
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EXHIBIT A30-5. LOST TIME PER CYCLE
Major Street
Protected
Protected
Permitted
Permitted

Cross Street
Protected
Permitted
Protected
Permitted

Total Lost Time (s)
16
12
12
8

Note:
This table assumes 4 s lost time per phase change.

1
Target v/c = 0.90

Estimating Cycle Length
The signal cycle length is estimated using Equation A30-4, which assumes that the
goal of the signal timing plan is to maintain an overall 90 percent volume to capacity ratio
for the intersection within the acceptable limits for cycle length. The computed cycle
length should not be allowed to go below the minimum cycle length required to serve
pedestrians at the intersection (60 s has been selected here, but it can be much higher or
slightly lower depending on the street widths). The computed cycle length using
Equation A30-4 should also not be allowed to exceed the local agency acceptable
maximum cycle length (1 50 s has been selected here).
C=

TL

[I. 0 - Min(l.0,O.
90 * CVS)]

(A30-4)

subject to 60 I C S 150 s
where
C = estimated signal cycle length (s),
TL = total intersection lost time (s),
0.90 = target volume to capacity ratio for intersection, and
CVS = sum of critical v/s ratios for intersection.

I

Estimating Effective Green Time
The procedure for estimating the effective g/C ratio for each movement on the
subject approach at the intersection varies according to the phasing plan for the approach.
For permitted phasing, use Equation A30-5.

Green time estimation
results in balance of v/c
for critical movements

g/c =

Max(EL,E T , WL,W T )

(cvs

++)

where
g/C
EL, WL
ET, W

CVS
TL

C

= effective green time per cycle for subject approach;
= v/s ratios for eastbound and westbound left-turn movements,
respectively;
= v/s ratios for the eastbound and westbound through movements,
respectively (if separate right-turn lane is present, these become
maximum of through or right-turn v/s ratios for each compass
direction);
= sum of critical v/s ratios;
= total intersection lost time (s); and
= signal cycle length (s).

The green time estimation procedures equalize the volume to capacity ratios for each
critical phase but do not necessarily optimize the green times to minimize overall delay at
the intersection. Also, there is no check to ensure that the green times are sufficient to
serve pedestrians. Analysts using this procedure in a traffic assignment algorithm may
need to set limits on the maximum and minimum estimated g/C to facilitate reaching
equilibrium.
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The procedure for a protected phasing plan requires the estimation of g/C ratios for
the critical phase pair for the subject street and then the estimation of the g/C ratios Ibr
the noncritical phases of the subject street. Equations A30-6 through A30-9 are for the
case in which the eastbound left and the westbound through are the critical phase pair for
the east-west street. These equations can be generalized to other cases by substituting
the appropriate directions and turn movements.
Critical Phase Pair:

s

'"'

=

EL

(cvs +

$)

Noncritical Phases:

where
g
'('*)

= effective green time per cycle for designated direction (eastbound,

westbound) and turn movement (left and through);
EL, ET, WL, WT = v/s ratios for eastbound left-turn phase, eastbound through phase,

westbound left-turn phase, and westbound through phase,
respectively;
CVS = sum of critical vls ratios;
TL = total intersection lost time (s); and
C = signal cycle length (s).
If there is an exclusive right-turn lane group on an approach, the maximum of the
through or right-turn v/s ratio is substituted for the through v/s ratio in the above
equations. The right-turn g/C for the subject approach is then set equal to the computed
g/C ratio for the subject approach through movement.

Estimating Control Delay
The delay for all vehicles using a single approach of the intersection is computed
using Equations A30-10 and A30-11.

where
D,
Dl, Dt, D r

= mean delay for subject approach (s/veh);
= estimated delay for left turns, through vehicles, and right turns.

Vl, Vt, Vr

respectively (slveh); and
= volumes (demand) for left-turn lane group (if present), through lane
group, and right-turn lane group (if present), respectively (vehlh).

The delay for each lane group is computed using Equation A30-11.
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where

D
C
g
X
T
s

v

= mean delay for subject lane group (slveh);

=
=
=
=

signal cycle length (s);
effective green time including yellow time (s);
(v/s)/(glC), the volume to capacity ratio,
duration of analysis period (h);
= saturation flow for subject lane group (vehlh); and
= demand for subject lane group (vehh).

ESTIMATING DELAY FOR TWO-WAY STOP CONTROL
This procedure is used to estimate the mean delay (slveh) to vehicles on a stopcontrolled approach where not all of the other legs of the intersection are stop controlled
(for example, two-way stops). The required input comprises turning movements (vehh)
and lane configuration for all approaches.
The procedure neglects the impacts of grade, heavy vehicles, wide medians,
upstream signals, and flared approaches on the capacity of a stop-controlled intersection.
To simplify the calculations, it is assumed that left-turn lanes are always present on the
major street. Right-turn islands on the major street (which would allow right turns to be
neglected for certain minor-street movements) are also neglected in this analysis.

Assembling Input Data
Hourly demand (vehh) is required for each possible turning movement at the
intersection. The presence or absence of exclusive right-turn lanes on the major
(uncontrolled) street and on the minor (stop-controlled) street approaches must be known.
The presence or absence of multiple through lanes on the major- and minor-street
approaches does not affect the capacity and delay calculations for the minor-street stopcontrolled approach, so these data are not required.
This procedure groups minor-street lefts with the through movement (to simplify the
analysis), so the presence or absence of left-turn lanes on the minor street need not be
known. The opposing approaches with the highest total approach volume are designated
the uncontrolled approaches to the intersection and are assumed to have zero delay.

Estimating Major-Street Left-Turn Lane Capacity
Also refer to Equation
17-1

The capacity of each left-turn lane on the major street (the uncontrolled street) is
determined using Equation A30-12.

where
cL
V,,

4. I
2.2
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= capacity of major-street left-turn lane (vehh),
= through-plus-right-turn volume opposing the left turns (vehh),
= critical gap (t,) (s), and
= follow-up time (tf) (s).
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Estimating Minor-Street Stop Capacity
The capacity of the minor-streel approach (one of the stop-controlled approaches) is
computed using Equation A30-13.

L

where
C,

V,
6.5
4.0
VEBLT,cEBLT

=
=

=
=
=

VWBLT,cWBLT =

capacity of stop-controlled approach (vehth);
conflicting volume (vehlh);
critical gap (t,) (s);
follow-up time (tf) (s);
left-turn volume and left-turn capacity for one direction of travel on
major street, respectively; and
left-turn volume and left-turn capacily for other direction of travel
on major slreet, respectively.

The conflicting volume is computed using Equation A30-14, which assumes that the
subject approach is northbound and the major street is an east-west street.
VC = 2 * VEBLT+ VEBTH+ 0.5* VEBRT+ 2 * VWBLT+ VWBTH+ VWBRT

(A30-14)

where
VEBLT,VWBLT = left-turn volumes (easlbound and westbound) on major street (vehlh);
VEBTH,VWBLT = through volumes (eastbound and westbound) on major street (vehlh);
VEBRT = eastbound right-turn volume (vehlh), set to zero if there is an

exclusive right-turn lane; and
VWBRT = westbound right-turn volume (vehth).

Estimating Minor-Street Delay
The mean vehicular delay for the subject stop-controlled approach is computed
according to Equation A30-15, which gives the same result as Equation 17-38.

J

I)+ (Xwhere
D
X
T

v

= mean delay per vehicle (slveh),
= ratio of demand (v) to capacity of stop-controlled approach (vehlh),
= duration of analysis period (h), and
= total volume on subject approach (vehlh).

ESTIMATING DELAY FOR ALL-WAY STOP CONTROL
This procedure is used to estimate the vehicle delay for an intersection with AWSC.
The method requires the hourly demand rate and the number of lanes on each approach to
the intersection.
The procedure assumes that 10 percent of each approach volume is left turns and 10
percent is right turns. It also assumes 5 percent trucks, a peak-hour factor of 1.00, and an
analysis period of I -h duration. The procedure assumes that the peak-direction flow on
each street is twice the reverse-direction flow. The procedure neglects the impacts of
exclusive turn lanes, upstream signals, and two-stage gap acceptance (when a median is
present) on intersection capacity and delay.
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Assembling Input Data
The total hourly approach voluine and the number of lanes (including exclusive turn
lanes) are required for the subject approach. The sum of the approach volumes on the
other approaches to the intersection is also required.

Computing Delay by Approach
The delay on the subject approach is estimated from Exhibit A30-6 on the basis of
the subject approach volume (V,). The sum of the approach volumes for the other
approaches (V,) is used to select the appropriate curve for single-lane approaches.
Exhibit A30-6 was obtained by statistically fitting curves to the results of several
computations of AWSC delay for different levels of demand. These curves are not
considered to be as accurate as actual computations made using Chapter 17 methodology.
EXHIBIT A30-6. EXAMPLE APPROACH VOLUME VERSUS DELAY
The curves are
inappropriate for
Vo c 400 veh/h or
Vo > 1,600 veh/h

1407

............ I-Lane, 800 < V, - 1600 vehlh
- - - - I-Lane, 600 < V, - 800 vehlh
-.
--a

100

I-Lane, 400 < V,
Double Lanes

-

600 vehlh

/

:'I

;I
/ I

/

1

;1

Subject Approach Volume, vehlh
Notes:
a. The following equations may be used to model the curves in the exhibit.
If V, is between 400 and 600 vehlh:
D = 2967.4z4 - 3159.33 + 1203.5z2 - 172.772 + I 7
If V, is between 601 and 800 vehlh:
D = 491 142" 69818z4 + 37486z3 - 9292.82 + 1069.22 - 35
If V, is between 801 and 1600 vehlh:
D = 6358.4z4 - 5918.43 + 2019.7z2 - 261.492 + 22
where
V, = sum of approach volumes on nonsubject approaches (vehlh),
D = mean delay on subject approach (s), and
z = subject approach volume divided by 1000 (veh/h/1000).
Delay for double lanes is computed by the following equation:
D = 185.48z4 - 307.223 + 184.372' - 34.71 92 + 12
b. These curves are not reliable if V, < 400 vehlh or V, > 1600 vehlh.

APPENDIX B.
Procedure allows for
analyzing carryover of
congestion between
subperiods
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MULTlPERlOD CONGESTION ANALYSIS

This procedure is designed for analyzing the carryover effects of congestion from
one subperiod within the peak to the following subperiod. The peak period is divided
into four analysis subperiods. The demand for each subperiod is compared with capacity,
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and any resulting queues are carried over to the following subperiod. The demand rate
within each subperiod is assumed to be constant. Exhibit B30-1 shows required inputs.
Queue polygons are then constructed to estimate total delay, mean delay, and the total
duration of queuing (see Exhibit B30-2).
If none of the demand rates exceeds the capacity, there is no congestion and no need
to continue with this procedure. The demand rate for the last time subperiod must be less
than the capacity, or the queue will never clear, as shown in Exhibit B30-2.
EXHIBIT B30-1. REQUIRED INPUTS
Subperiod Number
1

Length of Subperiod (h)

Demand Rate (veh/h)

Pl

"1

EXHIBIT B30-2. DEMAND CHECKS

T

I?

Time

DETERMINING WHEN QUEUE FIRST OCCURS
If V1 > C, then queue starts in Subperiod 1;
Else if V2 > c, then queue starts in Subperiod 2;
Else if V3 > c, then queue starts in Subperiod 3;
Else if V4 > c, then queue starts in Subperiod 4 and there is a fatal error.
If none of the above is true, there is no queuing. Renumber the subperiods to start with
Subperiod 1 for the first subperiod where queuing occurs.

First subperiod with queue is
redesignated as Subperiod 1
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DETERMINING WHEN QUEUE CLEARS
For Case A, the queue builds in Subperiod 1. It completely clears in Subperiod 2. It
builds again in Subperiod 3. It clears in Subperiod 4 as shown in Exhibit B30-3. The
analyst should perform the remainder of the queuing analysis procedure twice, once for
Subpcriods 1 and 2 and a second time for Subperiods 3 and 4.
EXHIBIT B30-3. QUEUE CLEARING CASES
Case A
Case B
Case C

Queue clears Subperiod 2
Queue clears Subperiod 3
Subperiod 4 is extended in length as
necessarv to clear the aueue

If P,(V, - C) I P,(C - V),
Else if P,(V1 - C) + P2(V2- C) 5 P3(C - V),
Else queue clears in Subperiod 4

COMPUTING PERFORMANCE MEASURES
Vehicle-hours of travel, delay, and duration of queuing are computed using
Equations B30-1, B30-2, and B30-3.

where
P
V
C
i,j

K
R

= length of subperiod (h),

= demand (vehh),
= capacity (vehh),
= subperiod indices,
= parameter (see Exhibit B30-4), and
= parameter (see Exhibit B30-4).
EXHIBIT B30-4. VALUES FOR PARAMETERS K AND R

Case
A
B
C

K
1
2

3

I

R
0
(V, - C,) * p, * p2
(V, - C,) * P, (P,

+

P), + (V, - C), * P, * P,

If the duration of the queuing is greater than the length of the peak-period input, the
analyst may wish to rerun the analysis using a longer peak period.
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APPENDIX C.

ALTERNATIVE TRAVEL TIME EQUATlON FOR OLDER
SOFTWARE

Some older software may not be able to implement the above (ravel time equation, so
a formula (Equation C30- I) and recommended parameters for the more traditional
Bureau of Public Roads (BPR) curve are provided here as an alternative method for
estimating link traversal times. Exhibits C30-I and C30-2 show the recommended BPR
parameters for freeways, multilane highways, and arterials, respectively.

where
= link travel time (h),
= link travel time at free-flow link speed (h), and

R
R,
a and b

= BPR parameters (Exhibit C30-1 and C30-2).

EXHIBIT C30-I. RECOMMENDED BPR PARAMETERS: FREEWAYS AND MULTILANE HIGHWAYS

Facility Type

1

Freeway

Free-Flow Speed
(milh)

Speed at Capacity
(rnilh)

a

b

55
60

50
55

0.10
0.09

10.0
6.0

Multilane highway

Notes:
These parameters (a and b) are for BPR equations using capacity rather than practical capacity. LOS C service volumes.

EXHIBIT C30-2. RECOMMENDED BPR PARAMETERS: AR-rERlALS
Free-Flow Speed
Signal Spacing
Speed at Capacity
a
(milh)
(signalslmi)
(milh)

Arterial Class
Class I

Class I I

1

0.2
1.6
4.0

33
19
9

0.34

35
35
35

3.2
4.8
6.4

11
8
6

0.96
1.OO
1.40

4.0

1.16

(

Class I l l

Class IV

50
50
50

b

5.0
5.0
5.0

I

Notes:
These parameters (a and b) are for BPR equations uslng capaclty rather than practical capacity. LOS C service volumes.
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This chapter focuscs on simulation and other models that are useful for highway
capacity analysis. It provides an overview of models relating to highway capacity and
gives guidance rcgardiiig the selection of models other than those in the HCM. Clearly,
readers should use the inaterial presented here in conjunction with other documents that
also address traffic operations modeling. An extensive reference list of such documents
is provided (1-108).
It is well recognized that the HCM models are part of a continuum available to the
analyst. For example, planners and engineers have different needs in scope and level of
detail. Planners focus on network performance in broad, general terms to understand
supply-demand interactions between network capacity and flows. Their main interest is
at the level of land use impacts and transportation planning. Engineers, on the other
hand, need to know how changes to the design of a specific facility or in the way it
operates will affect how it performs in terms of capacity, delays, queuing characteristics,
and other measures. The classic observation is that for planners, capacity is an input; for
engineers, it is an output.
Exhibit 3 1-1 depicts the differences among these perspectives and the nlodels used to
address the issues involved. Planning models tend to focus on large geographic areas,
encompassing hundreds of links and nodes. Their objective is to provide insights
regarding network performance based on projections of future traffic patterns and
strategies for network expansion, improvement, and capacity enhancement. These
models represent traffic at a macroscopic (flow-variable) level of detail and rely on
equations to capture the relationships between capacity and flow.

Diffe nt perspectives or
04e%ves may require use of
different models for the same
area

Planning models focus on
large geographic areas

EXHIBIT 31-1. CONTINUUM OF TRAFFIC MODELS
4

Planning Models

Macroscopic

Microscopic
Modeling Level of Detail

Traffic demands are variable and time dependent, and the paths used by vehicles to
traverse the network typically are sensitive to the capacity provided. This sensitivity is
created by the changes in travel time that capacity additions afford. HCM methodologies
tend to focus on individual network elements: specific facilities or collections of
facilities. Their intent is to assess the level of service (LOS) provided by a particular
facility with a given configuration and operational plan in response to the traffic flows
being accommodated. As a result, the geographic area being represented ranges from a
single point to a small region. The HCM methods represent traffic flows with variables
that reflect the flow dynamics. These methods stop short of representing the movements
of individual vehicles. The intent is to employ calculations that can be done by hand,
using a set of worksheets, or by computer, using a series of spreadsheets (iterative or
noniterative).
Chapter 31 - Simulation and Other Models
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Is. TRAFFIC SIMULATION MODELS
Simulation, empirical,
and analytical models
defined

Traffic simulation inodels use numerical techniques on a digital computer to create a
description o f how traffic behaves over extended periods o f time for a given
transportation facility or system. A s compared with empirical and analytical models,
simulation models predict performance by stepping through time and across space,
tracking events as the system state unfolds. Time can be continuous or discrete, and
system state is a technical term that effectively describes the status or current condition o f
the system. Empirical models predict system performance on the basis o f relationships
developed through statistical analysis o f field data, whereas analytical models express
relationships among system components on the basis o f theoretical considerations as
tempered, validated, and calibrated b y field data.
There are several strengths and shortcomings o f simulation models. Exhibits 31-2
and 31-3 summarize these attributes.
EXHIBIT 31-2. SlMlJLATlON MODEL STRENGTHS
Other analytical approaches may not be appropriate
Can experiment off-line without using on-line trial-and-error approach
Can experiment with new situations that do not exist today
Can yield insight into what variables are important and how they interrelate
Can provide time and space sequence information as well as means and variances
Can study system in real time, compressed time, or expanded time
Can conduct potentially unsafe experiments without risk to system users
Can replicate base conditions for equitable comparison of improvement alternatives
Can study the effects of changes on the operation of a system
Can handle interacting queuing processes
Can transfer unserved queued traffic from one time period to the next
Can vary demand over time and space
arr val and sen, ce patterns tnat do not fol ow more trad'r'ona, marnemar'cal d stri~,t'ons
Can mode ,n,s,al

EXHIBIT 31-3. SIMULATION MODEL SHORTCOMINGS
There may be easier ways to solve the problem
Simulation models require considerable input characteristics and data, which may be difficult or impossible to
obtain
Simulation models may require verification, calibration, and validation, which, if overlooked, make such models
useless or not dependable
Development of simulation models requires knowledge in a variety of disciplines, including traffic flow theory,
computer programming and operation, probability, decision making, and statistical analysis
The simulation model may be difficult for analysts to use because of lack of documentation or need for unique
computer facilities
Some users may apply simulation models and not understand what they represent
Some users may apply simulation models and not know or appreciate model limitations and assumptions
Results may vary slightly each time a model is run

Traffic simulation models focus on the dynamic o f traffic flow. They can represent a
range o f situations from a single facility to an entire network. Some implicit assumptions
include interdependencies between the traffic objects (vehicle headways, origindestination flow patterns), processing capabilities o f the physical places (saturation flow
sates, capacities, delay relationships), and processing logic (signal timing controls).
Exhibit 31-4 summarizes typical input and output parameters that are associated with
traffic simulation models.
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EXHIBIT 31-4. TYPICAL INPUT AI\ID OUTPUT PARAMETERS FOR TRAFFIC SIMULATION MODELS
Parameters
Inpui
Traffic Objects
Physical Places
Processing Logic
Other Resources
Output
Flow of Traffic
Use of Physical Places
Use of Other Resources

Descriptions
Object vehicles pass through the facility or system
Locations where vehicles can be in the system
Includes capacity relationships, driver behavior ru!es, path choice rules, and
signal control rules
Include traffic control devices used to control vehicle flow and vehicular
conflicts like permissive left turns
Includes travel times, paths chosen, delay, time spent in queues
vlc ratios and use of facilities by vehicle types
Includes percent of green time used

A related family of models, vehicle simulation models, predict how vehicles behave
as they interact with the highway environment. The focus of these models is often the
vehicle's propulsion, braking, suspension, and other systems. Car-following models,
when they exist on a stand-alone basis, fall into this category. Their main purpose is to
predict how the vehicle accelerates, decelerates, and changes lanes as it responds to the
highway geometry and the actions of other vehicles. Car-following models are often part
of more detailed traffic simulation models.

III. SIMULATION MODEL DESCRIPTORS
Four fundamental descriptors are commonly used in highway capacity-related
simulation models: state variables, events that are possible, time-step logic, and
processing logic. To describe a complete model, all four attributes must be specified, and
in combination, they must represent a unified and consistent model. In most situations,
many model options are available. The choice depends on the level of detail desired, the
computer platform available, the data required (and acquirable), and the inherent
capabilities of the model language used if the model does not contain its own inherent
logic.
State variables can be either discrete or continuous, and some models may involve a
combination of both. In any case, the state variables must be sufficient to represent the
state of the system at all points in time.
The events attribute captures all changes in system state. For the pretimed signal
operation numerical exercise in Section IV of this chapter, six events occur during each
cycle, one for each change in signal indications. For the car-following numerical exercise,
continuous variables and the system state change each time step as the car positions and
speeds change. For such models, a major issue is what the duration of the time steps
should be without jeopardizing the model predictions of how the state will change value
over time.
The processing logic determines how the state variables change with time. There are
two common forms of processing logic: if-then rules and predictive equations. In the first
case, the logic is that if the state of the system is x at time t, then it will be y at time t + 1.
For example, if the signal is currently in interval n, the system will transition to state
(interval) n + 1 when that interval n has terminated.
If predictive equations are involved, the logic states that variable x is predicted to
have a rate of change 6x(t) during the time step commencing at t and thus it is expected
to change by Ax = 6x(t) *: At between time steps t and t + At. Technically, 6x(t) is the
first term in the Taylor series expansion of the dynamic equation for the variable x

Fundamental descriptors

State variables

Events

Processing logic

Time-step logic
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evaluated at I. In the case where the motion of a vehicle is being tracked, 6v(t) might be
the vehicle's expected acceleration during the next time step following t and Av would be
the amount by which its speed would change in the interval At. Thus, at time t + At, its
new speed would be v(t) + Av.
Specification of these fundamental descriptors is complete when the system state at
all points in time can be predicted from its state at any other point in time, and in
particular if the state at t + 1 can be predicted from the state at t to within tolerable error
limits. Any piece of information not needed to predict that future state is extraneous, and
if that future state is ambiguous or uncertain, more information is needed.
It is important to know if some attribute of the model is stochastic instead of
deterministic and if the time-step logic is event based or time based. These simulation
model descriptors are described in detail for various simulation models. Also. Section IV
of this chapter gives four numerical exercises that explain these simulation model
descriptors using assumed traffic scenarios.

STOCHASTIC AND DETERMINISTIC MODELS
A deterministic model is not subject to randomness. Each application of the model
will produce the same outcome. If these statements are not true and some attribute of the
model is not known with certainty, the model is stochastic. Random variables will be
used during an analysis using simulation models to determine either specific variables or
the actions that should be taken. Descriptions of how these random numbers are selected
to obtain sample values of the parameter of interest (i.e., from its cumulative distribution
[unction) can be found in various texts (e.g., 53, 61, 71, 86). Different random number
sequences will produce different model results; therefore, the outcome from a silnulation
model based on a stochastic model cannot be predicted with certainty before analysis
begins.

EVENT-BASED AND TIME-BASED MODELS
There is a time-step logic
in both types of models

A model is event based if time advances from one event to the next, skipping over
intervening points in time. It is not that skipped points in time are unimportant but rather
that no event occurs during the skipped time such that no change in outcome would occur
even if the skipped time were considered explicitly. A model is time based if time
progresses explicitly from one point in time to the next. In traffic models this is typically
from 0.1 s to the next or 1.0 s to the next, depending on the level of detail at which events
need to be modeled.
Time always advances in accordance with a time-step logic. In event-based
simulation models, these steps vary in length and correspond to the intervals between
events. In time-based simulation models, the time steps are usually all the same or they
may vary in response to how active the system is, with smaller steps for more activity.
The numerical exercises in Section IV illustrate the differences between event-based and
time-based models.

MICRO-, MACRO-, AND MESOSCOPIC MODELS
Modelers often try to describe simulation models as being microscopic, mesoscopic,
or macroscopic. The difference pertains mainly to the level at which the traffic flow
phenomena are being represented.
Microscopic models capture the movement of every vehicle. Individual vehicles can
be traced through the network, and their time-space trajectories can be plotted. The
model contains processing logic that describes how the vehicles behave. This behavior
includes acceleration, deceleration, lane changes, passing maneuvers, turning movement
execution, and gap acceptance.
Macroscopic models are at the other end of the spectrum. They tend to employ flow
rate variables and other general descriptors of how the traffic is moving. Simulation
models based on the equations used to describe shock wave phenomena are typical of
Chapter 31 - Simulation and Other Models
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thcsc types of models. The flow ratc within one segment of the frceway is related to
upstream arid downstream flow rates through conservation-of-flow equations and other
equations that ensure that boundary conditions are met at the interface between systcm
segments.
Mesoscopic models fall bctween microscopic and inacroscopic models. They
typically model the movement of clusters or platoons of vehicles and incorporate
equations that indicate how thesc clusters of vehicles interact. Simulation models of
signalized networks arc oftcn designed this way, since the vehicles tend to move in
platoons that intcract with other platoons and exhibit predictable changes in character
ovcr time and distancc, as with platoon dispersion.

STATIC FLOW AND TINIE-VARYING FLOW MODELS
The tenns static flow and time-varying flow relate to the temporal characteristics of
the traffic ilows in the simulation model. Basically, the terms differentiate between a
model that uses constant traffic flow rates from one time period to another and a model
that does not. This differentiation is not to be confused with whether the model can
represent time-varying flows intcrnally that occur because of simulated events [e.g.,
incidents, signal cycling, ramp metering, high-occupancy vehicle (HOV) lane closures].
The issue is only the type of input flows that can be specified.
In the static flow case, the traffic flows are provided just once, as a set of constants.
The model rnay allow the headways to vary, but the overall flow rates are fixed. Put
another way, the origin-destination (OD) matrix is fixed and does not change throughout
the duration of the analysis.
In the time-varying case, the flow rates can change with time. More than one set of
flow rates must be specified so that the OD matrix can vary over time. Most models allow
the flows to change once an hour. Some allow changes every 15 min. A few make
provision for changes every 5 min, but provision for changes on a minute-by-minute basis
is rare. This flexibility of specifying more than one set of flow rates is particularly useful
when major surges in traffic need to be examined, such as the ending of a sports event or
concert or some other condition, including peak periods when a pronounced variation in
traffic flows exists.

This section refers to traffic
inputs to the models

DESCRIPTIVE AND NORMATIVE MODELS
The tenns descriptive and normative refer to the objective of performing the analysis
using simulation models. If the objective of the model is to describe how traffic will
behave in a given situation, the model is most likely to be descriptive. It will not try to
identify a given set of parameters that provide the best system performance but rather will
show how events will unfold given a logic that describes how the objects involved will
behave. For example, a simulation model could predict how drivers will behave in
response to traffic flow conditions. A model attempting to shape that behavior in some
fashion is not a descriptive model (e.g., if the model tried to force the drivers to maintain
specific headways).
Normative models try to identify a set of parameters that provide the best system
performance. An external influence (most often referred to as an objective function) tries
to get the system to behave in some optimal way. A good example is a model that tries to
optimize signal timings. Another illustration is a freeway network model that has drivers
alter their path choices to optimize some measure of system performance. In both cases,
the behavior of the system is modified through an external influence, probably on an
iterative basis. to create a sequence of realizations in which the objective function value is
improved, as in minimizing total travel time or total system delay.
The distinction can be restated this way. If the model has an objective and it seeks to
optimize that objective, it is a normative model. Conversely, if it does have an objective
but does not seek to optimize that objective, it is a descriptive model.

Descriptive models use inputs
to provide resulting
operational outputs

Normative models seek to
optimize performance
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The important point is that the analyst needs to know which type of model is being
used and how that type influences the model's predictions. For example, assume that the
analyst has created a model in which the signal timing is fixed and drivers can alter their
path choices in response to those signal timings (in a way that replicates how they would
actually behave). This is a descriptive model. Even though the analyst can change the
signal timings and see how the drivers respond (and how the system performance
changes). the model is still describing how the system would behave for a given set of
conditions.
If the analyst alters the model so that it seeks a better set of signal timings, a
normative model has been created. Further, if the analyst changes the rules by which
drivers behave (without an empirical basis for such a change), as in altering the rules by
which they select alternative paths, another step has been taken in the direction of making
the model normative.
A descriptive model is implied if the analyst introduces a new demand-supply
paradigm, like congestion pricing, based on a field study. A new demand-side routine
could be developed to predict how drivers alter path choices in response to congestion
prices and a supply-side routine that seeks to set those prices in some responsive and
responsible way in an effort to produce a desirable flow pattern. Even though two
competing optimization schemes are at work, each describes how a portion of the system
is behaving in response to inputs received. There is no explicit intent to optimize the
system performance in a specific manner.

OFF-LINE AND REAL-TIME MODELS
Most simulation models are intended to be run in an off-line mode. This is likely to
be true of all models of interest to HCM users. One sets up the model, specifies the
inputs, conducts an analysis, and reviews the results. Other than the fact that a shorter
run time is almost always better, no concern exists as to how simulated time relates to
real time. Simple off-line models can often simulate system behavior at rates faster than
real time, although more complex ones may run at rates slower than real time.
Real-time models, on the other hand, keep pace with the rate at which time actually
advances. A second of simulated time must be a second of real time. Thus, if conditions
in the network are quiet, and the model could go much faster, it cannot. Conversely, if
conditions are hectic and a large number of computations must be done to carry out the
analysis, the model must be fast enough to keep up with the passage of real time. Realtime simulation models are used if the computer model is attached to a physical traffic
control device. One application of the simulation model is to analyze vehicles for an
actuated traffic signal controller. The controller believes that the vehicles are actual onthe-street vehicles.
Off-line models are most often used for investigating what-if scenarios or testing
various options, especially if they run faster than real time. Real-time models are used for
training exercises and other situations in which a representation of how the system will
perform in real time is of great importance.

IV.

II-LUSTRATIVE SlMlJLATlON MODEL NlJMERlCAL EXERCISES

The numerical exercises in this section are presented to show how inputs are used
and how outputs are generated with simulation models. The exercises represent four
scenarios that can be assessed through use of simulation models based on the general
concepts described previously.
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The exercises do not imply that the Highway Capacity and Quality of Service
(HCQS) Committee or TRB endorses any specific formulas, proccdurcs, or simulation
models. The examples are intended for illustrative purposes only.

GAP-ACCEPTANCE MODEL
A single-lane exit ramp terminates in a two-lane street at a stop sign as shown in
Exhibit 3 1-5. The two integer variables that reflect the state of the system are the
presence or absence of a vehicle at Point B (the vehicles going westbound are irrelevant)
and the number of vehicles in queue at Point D on the northbound approach.

Stochastic event-based
exercise

EXHIBIT 31-5. RAMP TERMINAL

The three possible events are as follows: an eastbound vehicle arrives at B, a
northbound vehicle arrives at D, and a northbound vehicle accepts or rejects a gap
between vehicles arriving at B and executes (or does not execute) a right-turn maneuver.
The time-step logic can be discrete steps of variable size with the simulation model
stepping from one event to the next (event-based) since no modeling of the vehicle
dynamics (i.e., vehicle accelerations and decelerations) is involved. Three elements of
the processing logic are setting the gaps between arriving vehicles at B, setting similar
gaps for arriving vehicles at D, and having the vehicles at D determine whether gaps
between successive vehicles at B are large enough for them to execute their turning
maneuver (i.e., if the gap is large enough, to turn, otherwise to wait).
To set the gaps between vehicle arrivals and the minimum gap that the vehicles at D
will accept, three probability distributions are needed. Assume that the following
probability distributions pertain (this means that the model is stochastic):
Eastbound arrivals: 2 to 12 s apart, uniformly distributed;
Northbound arrivals: 4 to 20 s apart, uniformly distributed; and
Minimum acceptable gaps for the northbound vehicles: 3 to 5 s, uniformly
distributed.
The first distribution implies that the gaps between vehicles moving eastbound are
between 2 and 12 s long, with an equal likelihood that a particular gap will take on a
given value between those two limits. Exhibit 31-6 shows this probability density
function. For the northbound gaps and the minimum acceptable gaps, similar
distributions pertain. The differences are in the lower and upper limits, (4, 20) and (3, 5),
respectively, and in the height of the density functions, 0.0675 in the first case and 0.5 in
the second, since the area within the distribution must be 1 .O.

3 1-7

Gap is the spacing of a line
perpendicular to the position
of vehicle at D to the front
bumper of vehicle at B
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EXHIBIT 31-6. DISTRIBUTION OF EASTBOUND HEADWAYS

If this situation is simulated using the model, an identification will be made of one of
the possible event sequences that can occur as depicted in Exhibit 3 1-7. The columns in
Exhibit 3 1-7 are described as follows:
1. Randoin Variable 1&2 shows the random numbers drawn during the analysis to
determine each headway between the eastbound and northbound vehicles.
2. Random Variable 3 lists the random numbers used to determine the minimum
acceptable gaps for northbound vehicles.
3. Approach indicates the direction of arrival for each vehicle, either eastbound or
northbound.
4. Arrive shows the vehicle arrival times in seconds.
5. Minimum Gap indicates the minimum gap that northbound vehicles will accept.
6. Time for Conflicting Time shows the earliest time at which a conflicting event
can occur ( i t . , the arrival of the next eastbound vehicle) for a gap of the duration in
Column 5 to exist.
7. Go indicates whether a gap can be accepted.
The analyst can see how this works by tracing the sequence of events shown in
Exhibit 3 1-7.
The first row shows the arrival of the first eastbound vehicle. A random number
(0.6844) yields a gap (from t = 0) of 8.8 s [2 + 0.6844 * (12 - 2)] based on the formula
for the distribution: MinGap + RanNum * (MaxGap - MinGap). This formula produces
an arrival time for this vehicle of 8.8 s.
The second row shows the first northbound vehicle. As with the first eastbound
vehicle, a random number (0.3238) yields a gap (from t = 0) of 9.2 s [4 + 0.3238 *
(20 - 4)] and thus an arrival time o f t = 9.2 s. Then a second random number (0.9253)
produces an acceptable gap of 4.9 s.
The minimum gap of 4.9 s implies that this vehicle needs a window extending
until 14.1 s to inake its right turn and enter the eastbound traffic stream.
Since no eastbound vehicle arrives until t = 20.6 s (which is greater than 14.1 s),
the northbound vehicle can execute its turning maneuver.
The next vehicle to arrive is traveling northbound. Its headway from the previous
northbound vehicle is 4 + 0.1400 * (20 - 4) = 6.2 s, which means it arrives at t = 15.4 s.
The minimum acceptable gap for this northbound vehicle is 3 + 0.5453 * (5 - 3) =
4.1 s, which means that no conflicting event can occur until after t = 19.5 s if this vehicle
is to make its right turn.
Since the next eastbound vehicle does not arrive until 20.6 s, there is time for the
right turn to take place.
The gap between the second eastbound vehicle and the first is 2 + 0.9755 *
(12 - 2) = 11.8 s, implying that the second vehicle has an arrival time of 8.8 + 11.8 = 20.6
S.
Chapter 31 - Simulation and Other Models
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EXHIBIT 31-7. GAP-ACCEPTANCE MODEL hlUMERICAL EXERCISE
Random
Variable 1&2

0.6844

4

-

I

1
1

Random
Variable 3

1

Approach
East
North
North
East
North
East
East
East
East
North
North
East
East
North
East
East
East
East
North
East
East
North
East
North
North
East
East
North
East
East
North
East
East
East

I

Arrive

Minimum

Time for

8.8

The fifth row shows a third northbound vehicle, whose gap from the second is

+ 0.1028 *: (20 - 4) = 5.7 s, resulting in an arrival at 15.4 + 5.7 = 21.1 s.
With a minimum acceptable gap of 3 + 0.6718 * (5 - 3) = 4.3 s, this vehicle needs
a

to see no conflict until at least t = 25.4 s to make its right turn.
However, at 23.4 s the third eastbound vehicle arrives. Its gap from the second
eastbound vehicle is only 2 + 0.0773 *: (12 - 2) = 2.8 s, which means an arrival time of
20.6 + 2.8 = 23.4 s, so the northbound vehicle has to wait.
The gap until the next eastbound vehicle is 2 + 0.4027 * (12 - 2) = 6.0 s, so its
arrival time is not until 23.4 + 6.0 = 29.4 s.
Therefore, the third northbound vehicle, which needs a gap until at least 23.4 + 4.3
= 27.7 s, but sees a gap that lasts until 29.4 s, can make its right turn.
Exhibit 3 1-7 contains more event sequences that the reader can trace in a similar
fashion. It is interesting to note that only three northbound vehicles can accept the first
gap that appears: the vehicles that arrive at 39.0 s, 103.1 s, and 119.1 s. Moreover, the
northbound vehicle that arrives at 133.3 s has to wait for a pair of eastbound vehicles to
31-9
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pass before it can execute its turning maneuver. The others have to wait for a single
vehicle to pass before a gap large enough to execute a right turn appears.
All discrete event simulation models function in a manner similar to that shown in
the gap acceptance numerical exercise. They use random numbers (or some similar
mechanism) to determine when events will occur or how long they will last. They use
these values to play out the sequence of events, resolving conflicts as they arise and
postponing events until the necessary logical conditions are met for the event to occur (it
is possible that it may never occur).
This model is stochastic, meaning that randomness is involved in the events. Random
numbers are used to determine when specific events will occur. The outcomes, likc the
delays that result, are sensitive to the random numbers chosen, which means that different
analyses can produce different outcomes. In the case of the data presented in Exhibit
31-7, 12 northbound vehicles are involved, 7 of which experience delay. Exhibit 31-8
shows that these are the vehicles departing at t = 23.4, 50.2, 69.1, 89.1, 101.8, 108.2, and
138.5 s. They accumulate a total of 17.4 s of delay, which, when averaged across the 12
northbound vehicles, implies a delay of 1.45 s per vehicle.

I

EXHIBIT 31-8. VEHICLES INCURRING DELAY

Delay (s)
2.3
1.3
1.8
2.1
4.4
0.3
5.2

Depart Time (s)
23.4
50.2
69.1
89.1
101.8
108.2
138.5

Calculation Basis
23.4-21 .I
50.2-48.9
69.1-67.3
89.1-87.0
101.8-97.4
108.2-1 07.9
138.5-1 33.3

Other models are deterministic. In the current example, a deterministic model could
be created if all of the gaps were assumed to be equal to the means of the distributions
(7 s for the eastbound vehicles and 12 s for the northbound ones) and the minimum
acceptable gaps were always equal to the mean (4 s). An example like this, based on
pretimed traffic signal operation, is given next.

PRETllVlED SIGNAL OPERATION
Deterministic time-based
exercise

In deterministic models there is no randomness, and the outcome is the same (for
identical input values) from one analysis run to the next. A simulation model based on a
two-phase pretimed traffic signal illustrates how a deterministic simulation model
operates.
The state variable in this model is the signal's current interval. It can take on one of
six values (1 = main-street green; 2 = main-street yellow; 3 = main-street all red; 4 = sidestreet green; 5 = side-street yellow; and 6 = side-street all red). Knowledge of this value
completely defines the state of the system. Moreover, each possible advance from one
state to the next is an event. The time-step logic involves steps of constant size from one
second to the next, which means that the model is time based instead of event based. The
processing logic specifies which state occurs next and how long each state lasts.
A graphical portrayal of this model is shown in Exhibit 31-9. A hexagon is used to
represent the processing logic from main-street green to side-street green and return. The
circle at the top of the hexagon represents main-street green (State 1). At the bottom is
side-street green (State 4). Connecting them are state sequences (2, 3) and (5, 6). The
boxes following each state show how long the state lasts (for State 1 it is 30 s, followed
by 4, 2, 18, 4, and 2 s for States 2 through 6).
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EXHIBIT 31-9. SIMPLE TWO-PHASE SIGNAL
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When time reaches the end of each transition, a change in system state occurs. The
processing logic indicates that the system state will progress around the six-state ring
indefinitely.
Exhibit 31-10 shows the resulting time trace of the system state during one cycle.
Time is displayed along the horizontal axis, and the system state is displayed on the
vertical axis. Since time advances from one second to the next, an event occurs each
second, but some events involve maintaining the current system state whereas others
involve changing that state. The system is in State 1 from t = 0 to t = 30. Then it is in
State 2 for 4 s and State 3 for 2 s followed by State 4 for 18 s, State 5 for 4 s, and State 6
for 2 s. If the graph continued, the 60-s cycle would repeat.
Although there is not much more to say about this example as it stands, the model
might easily become more complex. Note that a single state variable has been defined and
it takes on discrete values, one for each condition of the traffic signal. But more complex
representations of the system state could be created. For example, a vector of six 0-1
state variables, one state for each bulb showing the signal indication (i.e., green, yellow,
and red for each direction), might be specified. This vector would then define the state of
the system. An even more complex model could specify the value of the interval timer
being used to control the length of these intervals. In this case, a continuous variable
would be needed to reflect the current value of the interval timer.
As this discussion indicates, many different simulation models can be created for the
same system. The analyst has to decide how the system should be represented or how the
model should specify those states. The definitions used hinge on the purpose of the
model and the level of detail desired. In modeling the dynamics of a queue, for instance,
the length of queue can be the state variable. Then the system state changes when
vehicies either join the queue or depart. On the other hand, if the analyst wants to
account for the motion of the vehicles in the queue (i.e., acceleration, deceleration),
continuous variables must be employed. One would be needed for the position and speed
31-1 1
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of each vehicle. The numerical example on car following illustrates the use of continuous
variables.

I

EXHIBIT 31-10. SYSTEM STATE VERSUS TIME DURING PRE-TIMED SIGNAL OPERATION
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SINGLE TOLL BOOTH
Stochastic and
deterministic eventbased exercise

This exercise considers a toll booth operation. The state variable is the number of
vehicles in the system (i.e., at the toll booth or waiting in line). The events include
vehicle arrivals, entry of a vehicle into the toll booth, and departure of a vehicle from the
toll booth. The time-step logic is event based, involving discrete steps of variable length.
The three processing logics are joining the back of queue, waiting for the toll booth to be
empty before moving forward, and paying a toll before departing.
First, assume that a vehicle arrives every 10 s and the service time at the toll booth is
5 s. Exhibit 31-1 1 shows the changes in system state that occur. This is a deterministic
model; no randomness is allowed. Either a vehicle is present (1) or it is not present (0).
At t = 0 the first vehicle arrives. It requires 5 s to be processed and then leaves. At
t = 10 s, the next vehicle arrives, and the process repeats. Note that the delay for each of
the nine vehicles is zero, and the state of the system is always either 1 or 0 depending on
whether a vehicle is being served at the toll booth or not.
The exercise could be altered slightly by introducing a stochastic element. Assume
that the average interval between arrivals is 10 s but the interarrival times can range from
4 to 16 s (Exhibit 31-6 shows how this looks). Further, assume that the average service
time is 5 s but the actual service times can range from 3 to 7 s. Then for the same nine
vehicles, a realization of how the events might unfold is shown in Exhibit 31-12.
The information in the columns of Exhibit 31-12 is as follows:
Vehicle Number shows a numerical index for the vehicles (i.e., 1 to 9),
Random Variable Headway lists the random number that determines the
interarrival time (headway),
Headway gives the headway from the previous vehicle [4 + Random Variable
Headway * (16 -4)],
Arrive gives arrival time based on the headway,
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EXHIBIT 31-1 1. SYSTEM STATE VERSUS TIME DURING TOLL BOOTH OPERATIONS

Time (s)

EXHIBIT 31-12. STOCHASTIC TOLL BOOTH MODEL
Vehicle
Number

1
2
3

4
5
6
7
8
9

Random Variable Headway
Headway

0.8672
0.8598
0.0204
0.0642
0.0012
0.4421
0.0469
0.4436
0.8326

14.4
14.3
4.2
4.8
4.0
9.3
4.6
9.3
14.0

Arrive

Random Variable
Service Time

Service
Time

Start of
Service

End of
Service

14.4
28.7
33.0
37.7
41.8
51.1
55.6
64.9
78.9

0.8871
0.9447
0.7159
0.1 672
0.8501
0.6317
0.5022
0.6696
0.3274

6.5
6.8
5.9
3.7
6.4
5.5
5.0
5.7
4.3

14.4
28.7
35.5
41.4
45.1
51.5
57.0
64.9
78.9

20.9
35.5
41.4
45.1
51.5
57.0
62.0
70.6
83.2

Random Variable Service Time shows the random number for determining the
service time,
* Service Time is 3 + Random Variable Service Time :"7 - 3),
Start of Service is the time when service starts (vehicle enters toll booth),
End of Service is the time when service ends (vehicle leaves toll booth), and
* Delay gives delay in seconds.
The entries in Exhibit 31-12 depict the following system realization. The first vehicle
enters the system at t = 14.4 s based on a headway of 4 + 0.8672 * (16 - 4) = 14.4 s,
which is based on the random number (0.8672). It also has a service time of 3 + 0.8871 *
(7 - 3) = 6.5 s based on a second random number (0.8871). The same logic pertains to
Vehicles 2 through 4.
For Vehicle 5, the headway is 4 + 0.0012 * (16 - 4) = 4.0 s, so its arrival time is 41.8
s. But at t = 41.8 s, the toll booth is already occupied. Thus, Vehicle 5 must wait until
the toll booth is free at t = 45.0 s before it can begin its service time. This wait produces
a delay of 3.3 s. Then at t = 45.1 s, Vehicle 5 begins service and emerges 3 + 0.8501 *
(7 - 3) = 6.4 s later when its service is complete. Vehicle 5 leaves the toll booth at t =
51.5 s, which allows Vehicle 6 to enter. Vehicle 6 has, in turn, been waiting, having
arrived at t = 51.1 s.
The resulting trend in system state is shown in Exhibit 31-13. Note that the number
of vehicles in the system now reaches two, not just one, and that the length of time when
vehicles are present varies, illustrating the effect of adding randomness (i.e.,
stochasticity). In fact, because of the randomness, the third, fourth, fifth, sixth, and
seventh vehicles experience delays of 2.5, 3.7, 3.3, 0.4, and 1.4 s, respectively. These are
not large values. but they are nonzero values, in contrast to those in the deterministic
solution considered earlier. The total delay is 11.3 s, or an average delay of 1.25 s per
vehicle. Hence a situation in which there is delay exists in the stochastic case, although
-
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there was none in the deteiministic case, even though the same average values were used
fbr both.

I

EXHIBIT 31-1 3. STATE TRENDS: STOCHASTIC MODEL
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As discussed earlier in the pretimed signal exercise, a more complicated simulation
inodel could be developed in which the model accounts for the acceleration and
deceleration behavior of each vehicle. Also, the vehicle acceleration and deceleration
trajectories could be treated as being stochastic instead of deterministic. Note that as the
model becomes more stochastic, the randomness will increase and, all else being equal,
the delays will increase, as found in this exercise. In such a model, the state variables
would become the location and speed of each vehicle, and these variables would be
continuous rather than discrete.
Many of today's traffic simulation models include subroutines that are intended to
account for these aspects of system behavior, and continuous variables must be used to
represent the state of the system.

CAR FOLLOWING
Continuous and
stochastic time-based
exercise

This car-following exercise uses a model that is both stochastic and time based. The
model is stochastic in that the behavior of the vehicles is subject to randomness and time
based in that the time-step logic involves advancing from one 0.1-s interval to the next, at
each point checking to see if the system state needs to be updated in response to
unfolding events.
Assume that a line of cars is moving single file in a single lane. Each vehicle has its
own randomly determined entry time, initial speed (also the target speed), initial
acceleration, maximum acceleration rate, and maximum deceleration rate. The initial
acceleration is zero. Driver type is also random, determined by the initial speed (faster
implies more aggressive). An influence zone determines the range over which cars are
sensitive to the presence of cars ahead of them. Following cars slow down if they get too
close to the car ahead, and they accelerate if the car spacing allows them to do so.
At every time step, the model reevaluates the state of each vehicle, determines if it
should be accelerating or decelerating, and updates its speed and location accordingly.
Therefore there are 2 * n state variables, where n is the number of vehicles in the system.
The state variables are the speeds and positions of all vehicles. The events include all
updates to vehicle position and speed, which occur every time step. The processing logic
indicates how the car is to respond to the situations it encounters.
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Some parts of the processing logic are simple. Equations 3 1 - 1 and 3 1-2 are used to
update the nth vehicle's position and time from lime step t to time step t + At:
x,(f + At) = x,(t) + v,(t) * At

(31-1)

v,(t + At) = v,(t) + a,(t) * At

(31-2)

where
x,(f)
v,(t)
a,(t)
Af

I

= position of nth vehicle at time t.
= speed of nth vehicle at time t,
= acceleration of nth vehicle at time t, and

= duration of one time step (0.1 s in this example).

The complex part of the processing logic relates to determining appropriate values
for a,(t). For this example, it is assumed that the lead vehicle is behaving erratically and
is following a sinusoidal acceleration pattern. Equation 31-3 is used for the calculation.
a, ( t ) = - sin(2nt / 50)

(31-3)

For subsequent vehicles, the acceleration rules are as follows. These rules should not
be construed as ideal, correct. or comprehensive but rather are used here for illustration.
If the vehicle ahead (i.e., vehicle n - 1) is beyond the influence zone, Equation 31-4
is used:
a,(t+At) =

max[O,a, ( t )+ 0.1 * RanVar] if v,(t) I V,
min[O,a, ( t )- 0.1 * RanVar] if v, ( t )> V,

where RanVar is a random variable uniformly distributed between 0 and 1 and V, is the
desired speed for Vehicle n. Effectively, if the car needs to accelerate toward its desired
speed, it does.
If the vehicle ahead is within the influence zone, the following vehicle takes action to
avoid a collision. The calculation begins by computing the relative speed and distance
from the subject vehicle (n) to the vehicle ahead (n - 1) using Equations 31-5 and 31-6.

(31-6)

Ad" ( t ) = dn-1 ( t )- d n ( t )

If Avn(t) is negative (Vehicle n is closing on Vehicle n - l), Equation 31-7 is used:

Note that the term inside the square brackets is negative, so a,(t + At) is zero or
negative, and k is a constant.
If Av,(t) is positive (the subject vehicle has slowed down too much), Equations 3 1-8
and 3 1-9 are used:
a,(t

+ At) =

max[O,a, ( t )+ O * Av, ( t )* Ad, ( t ) ] if v, ( t )I V,
if v, ( t )> V,
min[O,a, ( t )- 0.1 * RanVar]

(31-8)

I

always subject to the requirement that
a r i n I a, ( t ) I a r a x

(31-9)

a?" and a r " are the maximum deceleration and acceleration rates possible, and @ i s a
constant.
Physically. this means that if the vehicle ahead is farther away than the influence
zone, the subject vehicle simply hovers about its target speed. However, if the subject
vehicle encounters the vehicle ahead, it then decelerates to avoid overtaking that vehicle,
and does so more quickly the greater the relative speed between the two vehicles and the
31-15
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smaller the relative spacing. If the vehicle ahead is moving faster because the subject
vehicle has slowed down too much, the subject vehicle tries to reaccelerate toward its
desired speed and w i l l accelerate most quickly if i t finds a large relative speed and a large
relative spacing.
Time-space trajectories o f vehicles can be traced as their paths are produced b y a carfollowing simulation model. The slopes o f the lines are the speeds o f vehicles. Examples
o f such time-space trajectories are shown i n Exhibits 10-1 and 10-8.

I

V. TYPICAL APPLICATIONS OF MODELS
Simulation models should be considered when the desired study o f performance in a
traffic situation is not explicitly covered b y HCM methodologies presented i n Part I11 of
this manual or when the traffic situation is very difficult to analyze using empirical and
analytical models. Exhibit 3 1-14 summarizes situations that inight be addressed more
effectively b y simulation models.
EXHIBIT 31-14. SUMMARY OF TYPICAL MODEL APPLICATIONS
Traffic Situation

HCM Chapter
Interrupted-Flow Conditions
Applicable to all interrupted-flow
methodologies

15. Urban Streets

16. Signalized Intersections

17. Unsignalized Intersections
18. Pedestrians
19. Bicycles
26. Interchange Ramp Terminals
27. Transit
Uninterrupted-Flow Conditions
Applicable to all uninterrupted-flow
methodologies

20. Two-Lane Highways
21.
22.
23.
24.
25.

Multilane Highways
Freeway Facilities
Basic Freeway Segments
Freeway Weaving
Ramps and Ramp Junctions
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Oversaturated flow analysis (except for signalized intersections)
Bus activity
On-street parking
Special lane use
Queue spillback
Pedestrianlbicycle interactions
Effects of signal coordination
Mix of signals and no signals (stop and yield)
Effects of driveways
Effects of midblock bottlenecks
Signal timing plan development
Geometrically offset intersections
Alternative arrival characteristics
Phase skips
Pedestrian actuation
Timing plan development
Two-way left turns
Yield-controlled intersection delay
Effects of pedestrian actuation
See interrupted-flow situations
See interrupted-flow situations
See interrupted-flow situations
Bottlenecks
Oversaturated flow analysis
Time-varying demands
Unbalanced lane use
Special lane restrictions
Surveillance, work zones
Combination of terrain and traffic characteristics such as powerweight ratios or coefficient of variation of desired speeds
See uninterrupted-flowsituations
HOV lanes
See uninterrupted-flowsituations
Complex weaving areas
Ramp metering
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How a simulalion model represents the traffic situation under evaluation is an
iinporlanl Saclor in selection of an appropriate model. For example, when queuing is
evaluated from a design perspective, the analyst is concerned with the 85th-percentile or
95111-percentile back-of-queue situation ralher Lhan the average or 50th-percentile queue.
In this casc, a stochastic, microscopic model would better support the analysis compared
with deterministic, macroscopic models, where the average queue would bc appropriate.

PERFORMANCE MEASURES
Before Lhe analyst can select the appropriate model, the performance measures that
realistically reflect attributes of the problem under study must be identified. For example,
when studying oversaturated conditions, the analyst must use a model that quantifies the
effects of queuing as well as stops and delay. If the methodologies in this manual do not
provide a particular performance measure of interest to the analyst (e.g., fuel
consumption and emissions), a si~nulationmodel might be required. Exhibit 31-15
summarizes important performance measures discussed in HCM chapters on interruptedSlow mcthodologies. Exhibit 3 1- 16 summarizes important performance measures for
uninterrupted-flow methodologies.

Certain pen'ormance
measures may be desired that
the HCM cannot deliver

EXHIBIT 31-15. PERFORMANCE MEASURES FOR INTERRUPTED-FLOW H C M METHODOLOGIES

1

HCM Chapter
15. Urban
Streets
16. Signalized
Intersections
17. Unsignalized
Intersections
18. Pedestrians
19. Bicycles
26. Interchange
Ramp Terminals
27. Transit

1

/

Queue
Length

Cycle
Failure

4

rndnc

rndnc

Fuel
Consumption
& Emissions
rndnc

rndnc

4

4

rndnc

rndnc

dna

4

rndnc

4

4

dna

rndnc

dna

4
4
4

dna
rndnc
rndnc

4
4
4

4
dna

4

dna
dna
rndnc

dna
dna
rndnc

dna
dna
dna

dna

dna

4

dna

dna

dna

Delay

Stops

4

rndnc

4

Throughput

Demand/
Capacity

dna

Notes:
dna = does not apply; mdnc = methodology does not compute

EXHIBIT 31-16. PERFORMANCE MEASURES FOR UNINTERRUPTED-FLOW H C M METHODOLOGIES
HCM Chapter

Speed

Delay

Throughput

Density

d

4

4

mdnc

i

d

& Emissions
rndnc

d

d

rndnc

4

4

dna

dna

rndnc

i

d

71

d

d

dna

dna

rndnc

dna

4

rndnc

4

4

rndnc

4

d

rndnc

4

4

mdnc

4

4

rndnc

d

4

rndnc

d

I
20. Two-Lane
Highways
21. Multilane
Highways
22. Freeway
Facilities
23. Basic Freeway
Segments
24. Freeway
Weaving
25. Ramps &
Junctions

Followina

1

Notes:
dna = does not apply; rndnc = methodology does not compu\e
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The same terms
sometimes have different
definitions between
alternative models

It is important to
understand underlying
assumptions used in
simulation models to
make proper application
of them

An important issue when a simulation model is selected is the exact definitions of the
performance measures provided, particularly when a comparison of performance
measures produced by different simulation models is to be made. Often, a performance
measure is given the same name in various programs, but its definition and interpretation
differ. For example, a model may define stop delay as the time during which a vehicle
has a speed lower than 5 milh, whereas another model may define stop delay as the time
during which a vehicle has a speed of 0 milh.

I

APPLYING A MODEL
Many assumptions are made to represent the simulated network. A lack of
understanding or improper use of simulation models may result in unrealistic outcomes
and provide incorrect information for decision making. Thus, considerable skill and
attention to detail must be exercised in order to derive reliable results from the simulation
model.
Exhibit 31-17 presents an eight-step procedure for determining which model or
models to use when the HCM methodologies do not provide the information needed.
Each step in this procedure is described in the following subsections.

1
2
3
4
5
6
7
8

I

EXHIBIT 31-17. MODEL SELECTION AND APPLICATION
Steos
1
Descriotion
Project scoping
Determine objectives, results needed
HCM methodology assessment
Check HCM capabilities
Model selection
Select a suitable model given needs
Data assembly
Gather input data for model
Data input
Prepare input data sets for model
Calibration and validation
Ensure cred~bilityof model outputs
Output analysis
Interpret output results
Alternatives analysis
Conduct analys~s

Determining Project Scope
The first step is to identify the problem and to define the purpose of the study. A
properly defined problem and project scope will lead to a correct selection of models or
procedures for the project. Answers to the following questions will assist in scoping the
project:
1. Does the network being studied include urban streets, freeways, or rural highways
or any combination of them?
2. What are the size and topology (isolated junctions, linear arterial, grid) of the
network?
3. What type of vehicles (cars, carpools, buses, trucks) should be considered?
4. What traffic control methods (regulatory signs, pretimed signals, actuated signals,
real-time traffic adaptive signals, and ramp metering signals) should be considered?
5. Should oversaturated traffic conditions be considered?
6. What is the duration of the analysis period?
7. Do the geometric conditions of the roadway facility change during the analysis
period?
8. Does the traffic demand fluctuate significantly during the analysis period?
9. Does the traffic control change during the analysis period?
10. What model output and level of detail are anticipated from the model?
11. What information is available for model input, model calibration, and
validation?
12. Is there more than one method to be considered for the analysis?
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Assessing HCM Methodologies
The purpose of the next step is to assess the capab~l~ty
of the existing HCM
methodologies and to determine if these methodologies can be applied to the issues that
are raised in the first step. In addressing these issues, two major questions should be
answered: What are the limitations of the HCM methodologies? Can these limitations be
overcome? Limitations of the existing HCM methodologies are identified in Part 111of
this manual. If it is determined that a traffic simulation model is needed or advisable, the
analyst continues to the next step.

Selecting a Mode!
Each simulation model, depending on the application, has its own strengths and
weaknesses. It is important to relate relevant model features to needs of an analysis and
determine which model satisfies these needs to the greatest extent. The following criteria
are considered in selecting a model: model capabilities, data availability, ease of use,
required resources, model applications and past performance, and validation and
calibration.
Each of the criteria is explained in detail in the next subsections. Above all, the
analyst must review the user's guide of the selected model to get a inore detailed
description of its characteristics.

Model Capabilities
Review of model capabilities is probably the most important aspect of selecting a
simulation model. Simulation model results may be of no value if the model is not
capable of addressing the issues raised in Step 1 and providing satisfactory results. Some
key features can be used to evaluate a model's capabilities, such as size of network,
network representation, traffic representation, traffic composition, traffic operations,
traffic control, and model output.
Size of Network: Most models have size limitations regarding the network to be
analyzed. The key network parameters limited by the model include number of nodes,
number of links, number of lanes per link, and number of sign- or signal-controlled
intersections.
Network Representation: Network representation refers to the model's capability
in representing the network geometries for urban streets, freeways, or rural highways or
any combination of them, ranging from single intersections to grid networks. For urban
streets, major geometric elements include lane channelization at intersections, turning
pockets, and bus bays and stops. For freeways, major geometric elements are
acceleration lanes, deceleration lanes, auxiliary lanes, on-ramps, off-ramps, lane
additions, lane drops, horizontal curvature, and grade. Elements for rural highways
include grade, curvature, passing and no-passing zones, and sight distance for overtaking
and passing.
Traffic Representation: In the representation of how traffic flows in the model, the
terms microscopic, mesoscopic, and macroscopic are commonly used, based on the level
of aggregation. Because of their microscopic and stochastic nature, microscopic models
have the ability to simulate sophisticated vehicle movements, allowing analysts to
perform complex traffic analyses such as those for weaving areas. In contrast,
mesoscopic and macroscopic models are generally not appropriate for evaluating
complex traffic conditions since they use aggregate measures of flows or densities to
measure vehicle movements.
Traffic Composition: Traffic composition represents the mix of cars, buses, trucks,
and carpools in the network and is used to incorporate the differences in performance
characteristics among types of vehicles.
Traffic Operations: The model should be capable of modeling real-world traffic
operations such as complex merging, diverging, and weaving maneuvers at interchanges,
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HOV lanes, bus [ransit operations, lane channelization at intersections, lane restrictions,
lane blockages, and parking activities.
Traffic Control: For street intersections, control methods include yield signs, twoway stop signs, all-way stop signs, pretimed signals, actuated signals, and real-time traffic
adaptive control signals. Those commonly used for freeway on-ramps are clock time (or
pretimed) control, denland and capacity control, occupancy control, speed control, HOV
priority at ramps, integrated (areawide) ramp control, ramp metering optimization, and
dynamic real-time ramp metering control with flow prediction capabilities. Signal
coordination between traffic signals or between on-ramp signals and traffic signals on
adjacent streets may also need to be considered.
Model Output: There are two types of model output, graphics files and static
illeasures of effectiveness (MOEs). Graphics files provide graphics output, including
animation, so that users can visually examine the simulation model results. Static MOEs
provide output for numerical analysis.

Data Availability
The next criterion identifies data requirements and potential data sources so that the
disparity between data needs and data availability can be identified. In general,
microscopic models require more intensive and detailed data than do mesoscopic and
macroscopic models. Three different types of data are required to make the application
of the traffic simulation model successful: data for model input, data for model
calibration, and data for model validation.
Data for Model Input: The basic data items required to describe the network and
the traffic conditions to be studied can be categorized into four major groups.
1. Transportation Network Data: Most models use the link-node concept to represent
the network, in which a link represents a roadway seapent and a node is an intersection
or change in roadway geometry. The link data include link length, number of lanes per
link, lane additions, lane drops, turning pockets, lane channelization at intersections,
grade, and horizontal curvature. The node data include node coordinates and types of
control.
2. Traffic Control Data: Detailed control data should be provided for all control
points, such as street intersections or freeway on- and off-ramps. Sign controls include
yield signs, two-way stop signs, and all-way stop signs. Signal controls include pretimed
signals, actuated signals, or real-time traffic adaptive signals. Ramp metering control
methods include clock time (pretimed) control, demand and capacity control, occupancy
control, and dynamic real-time ramp control with demand prediction capability. Timing
data are required for all signal controls. Detector data such as type and location of the
detector are required for actuated and traffic-adaptive signals.
3. Traffic Operations Data: To model the real-world traffic environment, most
simulation models take link-specific operations data as input, such as roadway capacity,
lane use, lane restriction, desired free-flow speed, HOV lanes, parking activities, lane
blockages, and bus transit operations.
4. Traffic Demand Data: Different models may require traffic demand data in
different formats. The most commoniy used demand data are traffic demand at the
network boundary or within the network, traffic turning percentages at intersections or
freeway junctions, 0 - D trip tables, path-based trips between origins and destinations, and
traffic composition.
Data for Model Calibration: Calibration is the process of quantifying model
parameters using real-world data so that the model can realistically represent the traffic
environment being analyzed. Vehicle characteristics and driver characteristics are the
key parameters, which may be site specific and require calibration. These data take the
form of scalar elements and statistical distributions that are referenced by the model. In
general, simulation models are developed and calibrated on the basis of limited sitespecific data available to the model developers. These parameters may not be
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transferable and therefore may not accurately represent the local situation. In Lhal case,
the analyst has to examine the model results with caution and identify the default
parameters that n ~ u be
s ~overridden to belter reflect local conditions. Most simulation
models allow the analyst to override the default driver behavior data and vehicle data to
better match local conditions, thereby allowing for model calibration.
I . Driver Behavior Data: Driver behavior is not homogeneous, and thus different
drivers may behave differently given the same lraffic conditions. Most of the
inicroscopic models represent stochastic or random driver behavior (from passive to
aggressive drivers) by laking statistical distributions of behavior-related parameters such
as desired free-flow speed. queue discharge headway, acceptable gaps for lane changing
and car following, and driver response to advance information and warning signs.
2. Vehicle Data: Vehicle data represent characteristics and performance of the types
of vehicles in the network. Different vehicle types (e.g., cars, buses, single-unit trucks,
semitrailers) have different characteristics as well as different performance attributes.
They vary in terms of vehicle length, maximum acceleration, maximum deceleration,
en~issionsrate, and fuel consumption rate. All of the models provide default vehicle
characteristics and performance data. These data need to be overridden only when the
local vehicle data are known to be different from the default data provided by the model.
Data for Model Validation: Validation is the process of comparing model results
with corresponding data observed in the field and ensuring that such results realistically
represent the real-world system. Only measurable data collected in the field can be used
to validate model results. Validation can be performed at the component system level as
well as for the model as a whole. depending on the purposes of the application. The most
commonly used data for validation are queue length, travel time, delay, speed, density,
and throughput. Individual vehicle trajectories are often used to validate the model at the
microscopic level.
Data Sources: Data collection is a costly undertaking. Analysts should explore all
possibilities to leverage previous efforts in data collection. The analyst should identify
which data are currently available and which data are missing and therefore need to be
collected in the field. Most of the static network, traffic, and control data can be collected
from local agencies. These include design drawings for geometries, signal timing plans,
actuated controller settings, traffic volume and patterns, traffic composition, and transit
schedules.

Ease of Use
Assumptions and complex theories arc used in the siinulation model to represent the
real-world dynamic traffic environment. Therefore, useful tools like input-output
graphical display and debugging tools that are easily understandable are important criteria
in the selection of a model. Although ease of use is important in a simulation model, the
fact that a particular model is easy to use does not necessarily imply that it is the correct
model of choice. The following five criteria can be considered when ease of use of a
simulation model is assessed:
Preprocessor: input data handling (user-friendly preprocessor);
Postprocessor: output file generation for subsequent analysis;
Graphics displays: graphic output capabilities, both animated and static;
* On-line help: quality of on-line help support; and
a Calibration and validation: ability to provide guidelines and data sets for
calibration and validation.

-

Required Resources
The following issues regarding resources should be addressed in the selection of a
model:
Costs to run the model: These costs include data collection and input preparation,
hardware and software acquisition, and model use and maintenance.
Chapter 31 - Simulation and Other Models
Typical Applications of Models

Highway Capacify Manual 2000
Staff expertise: Intelligent use of the model is key to success. The analyst should
understand the theory behind the model to eliminate improper use and avoid unnecessary
questions or problems during the course of the project.
Technical support: Quality and timely support are of importance in the acquisition
of a model.

Model Applications and Past Performance
Credibility and user acceptance of a model are built on the model's past applications
and experiences. No models are error free when first released and require continuous
maintenance as well as periodic enhancements.

Validation and Calibration
It is important to assess how extensively a given model has been validated. In many,
but not all, cases, simulation models are validated as part of the formulation and
development process. Certainly those that have been validated are nominally better to
use than those that have not been validated. Generally, models that have been in use for
some time are likely to have been assessed and validated by various researchers or those
who are using them in practice. It is useful to look for evidence of this validation in
professional journals and periodicals, which are valuable sources during model selection.
Some simulation models also allow the user to set critical parameters to values more
valid for local conditions. This procedure calibrates the model so it provides better
results than would be possible if default values were used. In certain situations, where
default values do not really apply, this can be an important model feature. The analyst
should determine what model parameters can be adjusted in this manner.

Assembling Data
Data requirements of a
model are an important
financial considera tion

Data assembly involves collecting the data required (but not already available) for
the selected model. Data collection is a costly undertaking. Analysts should capitalize on
previous modeling efforts and identify data availability from local agencies. Once
existing data are assembled, users should develop a comprehensive plan for collecting
those that are missing. In some cases, a pilot data collection effort may be needed to
ensure that the developed data collection plan is workable before a full-scale effort is
conducted.

inputting Data

1
Calibration can also be
performed on HCM
models

When all required data are in hand, the next step is to create the input files in a
format required by the selected model. The following are the most commonly used
methods for creating input files:
Importing from a traffic database: Many analysts have large amounts of data in a
variety of formats for the general purpose of traffic analysis. Such databases can be used
to create input files.
Converting from the existing data of other models: Many traffic models use the
same or similar data for modeling purposes so that these data may be shared. Some
traffic simulation models are accompanied by utility programs that allow the user to
convert data into input files required by other models.
Entering the data from scratch: Many traffic models have their own specific input
data preprocessors, most of which take advantage of the state of the art in software, which
aids the analyst with input data edit checking. These advanced features of the input data
preprocessor eliminate cumbersome coding efforts. In addition, some input preprocessors
include on-line help features.

Calibrating and Validating Models
Model calibration and validation refers to the process by which the analyst confirms
that the model does in fact provide a reasonable approximation of reality. The user
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should run the model with the data set describing the existing network and traffic
scenarios (i.e., the baseline case) and then compare the simulation model results with the
observed data collected in the field. The primary objective of this activity is to adjust the
parameters in the model so that simulation model results correspond to real-world
situations. Adjustment of these parameters is called calibration. If the model is not
properly calibrated or validated on the basis of limited site-specific data, the analyst
should use it with great caution. Validation occurs when the output of the model is
statistically compared with the baseline case observed in the field. Typical baseline case
parameters are speed. delay, and queue length. Although traffic simulation models
generally provide default values that represent average conditions for these calibration
data elements, it is the responsibility of the analyst to quantify these data to the extent
practicable through field observation rather than to accept these default values.
With respect to microscopic models, all of the driver behavior-related and vehicle
performance-related parameters are likely to be site specific and may require calibration.
These parameters include distribution of desired free-flow speed by driver type; headway
distributions for lane changing, car following, and queue discharge at intersections; and
drivers' responses to signs, signals, and geometric changes. In macroscopic and
mesoscopic models, only a few link-specific parameters can be calibrated, such as
capacity, desired free-flow speed, and speed-flow-density relationships.
Several critical issues must be addressed when an initial simulation model run is
conducted for the baseline case. First, the model should be able to properly represent the
initial state of the traffic environment before any statistics can be collected for analysis.
Second, the time should be long enough to cover the entire analysis period. Third, if the
model can handle time-varying input, the analyst should specify the dynamic input
conditions that describe the traffic environment to the extent possible. For example, if
1 h of traffic is to be simulated, the analyst should always specify the variation in demand
volumes over that hour at an appropriate level of detail rather than specifying average,
constant values of volume.
Finally, the analyst should know how to interpret the simulation model results, draw
any inferences from them, and determine whether they constitute a reasonable and valid
representation of the traffic environment. Given the complex processes taking place in
the real-world traffic environment, the user must be alert to the possibilities that the
model's features may be deficient in adequately representing some important process;
the specified input data, calibration, or both are inaccurate or inadequate; the results
provided are of insufficient detail to meet the project objectives; the statistical analysis of
the results is flawed (as discussed in the following section); or the model has bugs or
some of its algorithms are incorrect, therefore necessitating revision. If animation
displays are provided by the model, this option should always be exercised to identify any
anomalies.
If the simulation model results do not reasonably match the observed data collected
in the field, the user should identify the cause-and-effect relationships between the
observed and simulated data and the calibration parameters and perform calibration and
validation of the model. Information on calibration and validation of models may be
found in the references to this chapter (2, 3, 22, 32, 38, 39, 49, 51, 63, 64 ).

Analyzing Output
Proper output analysis is one of the most important aspects of any study using a
simulation model. A variety of techniques are used, particularly for stochastic models, to
arrive at inferences that are supportable by the output.
Once the model is calibrated and validated, the user can conduct a statistical analysis
of the simulation model results for the baseline case with calibrated parameters. If the
selected simulation model is stochastic in nature, simulation model results produced by a
single run of the model represent only point estimates in the sample population. Typical
goals of data analysis using output from stochastic model experiments are to present point
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estimates of the performance measures and to form confidence intervals around these
estimates. Point estimates and confidence intervals for the performance measures can be
obtained either from one run or from a set of replications of the system, using
independent random number streams. The analyst should refer to previous studies for
dctails on the design and analysis of stochastic simulation models (2-4,14,22,26,27,31,
40,51,57,58, 68,73,92,97,103,106).

Analyzing Alternatives
When satisfactory simulation model results are obtained from the baseline case, the
user can prepare data sets for alternative cases by varying geometry, controls, and traffic
demand. If the model is calibrated and validated on the basis of the observed data, values
of these calibrated parameters should also be used in the alternatives analysis, assuming
that driver behavior and vehicle characteristics in the baseline case are the same as those
in the alternative cases.
Traffic simulation models produce a variety of performance measures for alternatives
analysis. As discussed in Step 1 (see Exhibit 3 1-1 7), the user should identify what model
performance measures and level of detail arc anticipated. These performance measures,
such as travel time, delay, speed, and throughput, should be quantifiable for alternatives
analysis. Some models provide utility programs or postprocessors, allowing users to
easily perform the analysis. If animation is provided by the model, the user can gain
insight into how each alternative performs and can conduct a side-by-side comparison
graphically.
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1
1

EXAMPLE PROBLEMS

Descriptions
Develop timing plan for a network of signalized intersections
Add capacity to existing freeway bottleneck area
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EXAMPLE PROBLEM1
The Objective

Develop a timing plan for a network of signalized intersections.

The Facts
d Timing plan should be developed using p.m. peak-hour volumes and capacities.
d Optimal signal timing is required.
d Approximately 10 percent trucks on the entire network.
Mixed actuated and pretimed signal controls.
11 There are 120 signalized intersections in the network.
d Field-observed delay data are available on some key approaches.

I

Project Scope On the basis of this problem description, the analyst is looking for an
evaluation procedure that
Evaluates a network of intersections,
Optimizes signal timing, and
Computes traffic patterns in a deterministic manner.

The HCM does not evaluate systems of intersections to develop
HCM Assessment
optimum timing plans.
Model Selection Five criteria identify a model capable of addressing the issues of
interest:
1. Model capabilities
Network size: approximately 150 intersections or nodes.
Network representation: at a microscopic level and on a lane basis.
Traffic composition: mix of automobiles and trucks.
Traffic operations: realistic lane changing, merging, diverging, weaving modeling
logic required at intersections. Logic for lane channelization at intersections is also
desirable.
Traffic control: actuated and coordinated signals.
Model outputs: graphics outputs and static performance measures (speed,
throughput, delays, on a segment basis).
2. Data requirements
System descriptors: it is assumed that transportation network data, traffic control
data, traffic operations data, and traffic demand data are all available for input.
Calibration and validation benchmarks: observed arterial speed and throughput
are available for model calibration and validation. Delay data at some approaches are
available at some signalized intersections.
3. Ease of use
The model needs to be easy to use and have graphical capabilities on both input and
output to facilitate model development and debugging as well as results assimilation and
analysis.
4. Resources required
Three resources are important:
Cost to run the model,
Staff expertise, and
Technical support.
The cost of the software may not be an issue, depending on the size of the project.
However, knowledge of use of the model is key to the success of the model application.
The analyst also needs to ensure that technical support for the model will be available.
5. Model applications or past experience

I
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The analytical staff should contact their technical support staff and the model
developers to learn about experience with this model in similar application situations (i.e.,
assessing the impact of signal timing from the system perspective).
Data Assembly
data accordingly.

Check the data required for the selected model and assemble the

Use an input data preprocessor to create the network model for the
Data Input
problem situation.
Model Calibration and Validation
* Run the model for the baseline case conditions (without the lane addition) and the
default values of the parameters.
* Compare the baseline case model results with the observed field data.
* Calibrate the key model parameters to match the baseline case model results and
the observed data to the extent possible; repeat this step by calibrating other parameters.
Make sure that the simulation model results are valid statistically.
Make multiple runs for the baseline case in order to address
Output Analysis
stochastic issues and make the performance measures (arterial speed and delay at select
intersections) statistically meaningful.
Alternatives Analysis
Perform the same analysis (i.e., make multiple runs) for the
proposed case with the lane addition and values of the calibrated parameters.
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The Objective

Add capacity to an existing freeway bottleneck area.

The Facts
u' Network encompasses a freeway, parallel arterial street, and several crossing
streets.
Interchanges connect the freeway to the surface street network.
u' Freeway traffic includes 95 percent passenger cars and 5 percent trucks.
u' Surface street traffic includes 98 percent passenger cars and 2 percent trucks.
Mixed actuated and coordinated signal controls on surface streets.
1 Analysis period between 7 and 9 a.m. with 30-min peak period.
1 There is a proposal to add a new lane to the freeway bottleneck area.
u' Assume demand remains unchanged after capacity is increased at the bottleneck.
On the basis of the description of the project, an areawide analysis is
Project Scope
required, and systemwide speed and delay need to be observed to assess the effect of a
lane addition to the bottleneck area.

I
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HCM Assessment

Refer to Part IV and also to Chapter 22, "Freeway Facilities."

Five criteria identify a model capable of addressing the issues of
Model Selection
interest:
1. Model capabilities
Network size: approximately 50 freeway links, 20 freeway nodes, 150 street links,
and 50 street nodes. This is a small network and should be accommodated by most
models.
Network representation: at a microscopic level and on a lane basis.
Traffic composition: mix of automobiles and trucks.
a Traffic operations: realistic lane changing, merging, diverging, weaving modeling
logic required at interchanges and intersections. Logic for lane channelization at
intersections is also desirable.
0
Traffic control: actuated and coordinated signals on streets.
Model outputs: graphics outputs and static performance measures (speed,
throughput, delays on a link basis).
2. Data requirements
* System descriptors: it is assumed that transportation network data, traffic control
data, traffic operations data, and traffic demand data are all available for input.
0
Calibration and validation benchmarks: observed link speed and throughput are
available for model calibration and validation.
3. Ease of use
The model needs to be easy to use and have graphical capabilities on both input and
output to facilitate model development and debugging as well as results assimilation and
analysis.
4. Resources required
Three resources are important:
Cost to run the model,
Staff expertise, and
0
Technical support.
The cost of the software may not be an issue, depending on the size of the project.
However, knowledge of use of the model is key to the success of the model application.
The user also needs to ensure that technical support for the model will be available.
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5. Model applications or past experience
The analytical staff should contact their technical support staff and the model
developers to learn about experience with this model in similar application situations (i.e.,
assessing the impact of capacity increase from the system perspective).

Data Assembly
accordingly.

Check the data required for the selected model and assemble the data

Use an input data preprocessor to create the network model for the
Data Input
problem situation.
Model Calibration and Validation
Run the model for the baseline case conditions (without the lane addition) and the
default values of the parameters.
0
Compare the baseline case model results with the observed field data.
Calibrate the key model parameters to match the baseline case model results and
the observed data to the extent possible; repeat this step by calibrating other parameters.
Make sure that the simulation model results are valid statistically.
Make multiple runs for the baseline case in order to address
Output Analysis
stochastic issues and make the performance measures (system speed and delay)
statistically meaningful.
Alternatives Analysis
Perform the same analysis (i.e., make multiple runs) for the proposed case with
the lane addition and values of the calibrated parameters.
Compare the system speed and system delay for the baseline and the proposed
cases and assess the effect of the added lane capacity on network performance.
Q
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The Objective

Develop an off-line diversion plan for freeway incidents.

The Facts
4 Same facts as in Example Problem 3.
4 Instead of adding a new lane to freeway bottleneck area, identify intelligent
transportation system (ITS) technologies that can help to reduce the nonrecurring
congestion.
Project Scope On the basis of the description of the project, an areawide analysis is
required, and systemwide speed and delay need to be observed to assess the effect of
off-line diversion plans using ITS technologies.

I

HCM Assessment Refer to Chapter 22.
Five criteria identify a model capable of addressing the issues of
Model Selection
interest:
1. Model capabilities
Network size: approximately 50 freeway links, 20 freeway nodes, 150 street links,
and 50 street nodes. This is a small network and should be accommodated by most
models.
Network representation: at a microscopic level and on a lane basis.
Traffic representation: either micro- or mesoscopic; microscopic is desirable.
Traffic composition: mix of automobiles and trucks.
Traffic operations: realistic lane changing, merging, diverging, weaving modeling
logic required at interchanges and intersections. Logic for lane channelization at
intersections is also desirable.
0
Traffic control: on-ramp closure, off-ramp diversion, freeway traffic diversion, a
new signal control plan during the diversion period to favor diverted traffic.
0
Model outputs: graphics outputs and static performance measures (speed,
throughput, delays on the link).
2. Data requirements
System descriptors: it is assumed that transportation network data, traffic control
data, traffic operations data, and traffic demand data are all available for input.
0
Traffic management plan: proposed traffic diversion plan (e.g., percent of freeway
traffic to be diverted to streets).
Signal timing plan: a proposed signal timing plan during the diversion period to
favor diverted freeway traffic.
0
Calibration and validation benchmarks: observed link speed and throughput are
available for model calibration and validation.
3. Ease of use
The model needs to be easy to use and have graphical capabilities on both input and
output to facilitate model development and debugging as well as results assimilation and
analysis.
4 Resources required
Three resources stand out as being important:
Cost to run the model,
* Staff expertise, and
0
Technical support.
The cost of the software may not be an issue, depending on the size of the project.
However, knowledge of use of the model is key to the success of the model application.
The user also needs to ensure that technical support for the model will be available.
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5. Model applications or past experience
May contact model developers or the technical support center for past experience
with this model application (i.e., assessing the impact of incidents on the network).

Data Assembly
data accordingly.

Check the data required for the selected model and assemble the

Use an input data preprocessor to create the network model for the
Data lnpuf
problem situation.
Model Calibration and Validation
Run the model for the baseline case conditions (without an incident) and the
default values of the parameters.
Compare the baseline case model results with the observed field data (with no
incident).
Calibrate the key model parameters to match the baseline case model results and
the observed data to the extent possible; repeat this step by calibrating other parameters.
Run the baseline case with an incident but without any incident diversion plan.
Output Analysis Make multiple runs for the baseline case in order to address
stochastic issues and make sure the performance measures of interest (system speed
and delay) are statistically meaningful.
Alternatives Analysis
Perform the same analysis (multiple runs) for the proposed diversion plan.
Compare the system speed and system delay for the baseline case and the
proposed case and assess the effect of the proposed diversion plan on the network in the
case with the incident.
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Index entries defined in Chapter 5, "Glossary," are marked with an asterisk. All symbols used in HCM 2000 are defined in
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A
acceleration and deceleration

analysis periods (continued)
intersections
unsignalized 10-33
multilane highways 12-10
ramps and ramp junctions 13-24
pedestrians 11- 13
two-lane highways 12- 18
analytical approaches and methodologies 9- 1
see also areawide analysis; corridor analysis; design
analysis; multiple facility assessment; operational
analysis; planning analysis
application example 3-3E
areawide analysis 30- 1-30-16
problems 30- 17-26
AWSC intersections 17-32-40
applications 17-40-45
problems 17-77-98
worksheets 17-103
bicycles 19-1-8
applications 19-8-1 0
problems 19-1 1-23
worksheet 19-24
buses see below transit facilities
corridor analysis 29-1-12
problem 29-12-26
economic analyses 3-5-6. 3-8E
utility models 28-1,28-4-5
elements of analysis 3-1E
environmental analyses 3-6,3-8E
freeway facilities 22- 1-3
applications 22- 19-22
computations 22-42-64
problems 22-23-41
freeway segments 23-1-13
applications 23- 14-17
problems 23-1 7-27
worksheet 23-30
freeway weaving 24-1-19
applications 24- 19-2 1
problems 24-22
worksheet 24-39
interchange ramp terminals 26-7-9
applications 26-10-1 1
problem 26-1 4-17
levels of analysis 3-5-6
light rail transit see below transit facilities
limitations 9-1

delays 16-88, 16-91E
lanes* 13-22, 13-24,25-1
accessibility
areawide analysis 28-3, 30-1 1,30-13
buses 14-10,27-10
corridor analysis 28-3,29-9,29-26
highways 29-9
rail transit 27-28
transit facilities 14-6,27-4-5, 30-13
access-point density*
multilane highways 12-6, 12-9,21-7
two-lane highways 12-18,20-6
accidents and freeway capacity 22-10-1 1
adjustment factors* 16-11E
bicycles 16-135-139,27-10-11
buses 27-10-1 1,27-17-18,27-22-23
directional distribution 20-10, 20-1 1E
driver population 21-1 1,23-11-12
freeway segments 23-5-8
grades and terrain 20-7,20- 13-1 9
heavy vehicles
freeways 22-7-8, 23-7-8
highways 20-7,20-13-19
interchange density (freeways) 23-6-7
left turns 16- 13, 16- 122-1 35
multilane highways 21-5-8, 21-1 1
pedestrians 16-135-1 39
progression adjustment 15-6-7, 16-19-20
right turns 16-1 lE, 16-12
saturation flow rates 16-9-1 3
signalized intersections 16- 10-13
left turns 16-13, 16-122-135
progression 15-6-7, 16- 19-20
right turns 16-1lE, 16-12
two-lane highways 20-7,20-10,20-IlE, 20-13-19
alignments of roadways see grades and terrain
all-way stop-controlled (AWSC) intersections see
intersections, AWSC
analysis hour and peak-hour volume 8-6-9
analysis periods*
bicycles 11-18
freeway segments 13-12
intersections
roundabouts 10-34
signalized 10-21
1
* Defined in Chapter 5, "Glossary."
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Highway Capacify Manual 2000
areawide analysis (continued)
traversal time 30-7-8. 30-39
variability 28-3
highways 30- 1 1
transit 30- 13
arrival types'k 10-23, 16-4-5
co~nputation16- 19-20
descriptions 16-4E
platoon ratio and 15-54, 16-4-5
progression quality and 10-23, 16-4
speed changes 15-12E
arterials* 10-1, 10-6-7
see also urban streets
automobiles
accessibility 27-4-5
registered (1986-1996) 8- 14E
rural interstate travel by 8-15E
transit interactions
travcl time 14-3 1, 27-3
weightlpower ratio 8- 1E
average travel speed*:7-2,7-3
see also speed
AWSC (all-way stop-controlled") intersections see
intersections. AWSC

bicycles and bicycle facilities (continued)
events and interference 19-2, 19-3
flow 2-1, 11-14
flow-speed relations 19-5
hindrance:? 1 1 - 15, 19-2, 19-3
input data and values 11-17-18
interrupted-flow facilities 11-17, 19-5
signalized intersections 19-5-6
unsignalized intersections 19-6-7
urban streets I 9-7
left-turning vehicles 16-135-139
LOS and hindrance 1 1-15
LOS criteria 11- 16
exclusive paths 19-3E
shared paths 19-4E
urban streets 19-7E
lnethodology 19-1-8
applications 19-8-9
input parameters 1 1-17-18
problems 19-11-23
worksheet 19-24
modeling application 31-16E
off-street paths see below paths
on-street lanes 11-14, 19-1, 19-4-5
peak-hour factor 11-18
pedestrian interactions 11-16
shared facilities 18-6-7
performance measures 11-4-5
planning applications 19-8
queuing 19-7
right-of-way 19-6
rightdurning vehicles 19-6
service volume table 1 1- 18-20
signalized intersections 19-5-6
adjustment factor 16-1 IE, 16-13, 16-135-1 39
turning movements 10-15
speed 11-18, 19-5
exclusive paths 19-3E
urban streets 19-7E
terminology 1 1- 14
traffic characteristics 8-2
transit interactions 14-6, 14-27
accessibility 27-4-5
uninterrupted-flow facilities 11-17, 19- 1-5
unsignalized intersections 19-6-7
urban streets 10-25, 19-1, 19-7
worksheets 16- 161, 19-24
bike paths see above bicycle paths
bottlenecks* (freeways)
analysis 22-1 4, 22-21
problem 3 1-28-29
breakdowns and freeway capacity 22- 10-1 1
busesXand bus facilities 14-2,27-9
see also transit facilities

B
back of queue'" 0-16, 16-15 1
average 16-152-1 55
determining 16-15 1-1 58
percentile 16-155-156
queue storage rate 16- 156
worksheet 16- 157E
bicycles and bicycle facilities* 11-4, 19-1
access to transit facilities 27-4-5
adjustment factor 16-13
computation 16-138E
formula 16-1l E
procedure 16- 135-1 39
analysis period 11-18
bicycle lanes* 1 1-14, 19-1, 19-4-5
urban streets 19-7
widths 19-4
bicycle paths" 19- 1
exclusive 19-2-3
lengths 1 1 - 18
pedestrians 1 1 - 16
shared 19-3-4
widths 1 1-18
bus interaction 27- 10-1 1
capacity 11-14
computational steps 19-8
conflict zones 16- 135, 16-136E
control delay 19-6-7
critical gap 19-6-7
3
*

Defined in Chapter 5, "Glossary."
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buses and bus facilities (continued)
accessibility 14- 10. 27- 10
adjacent lane use 27- 13
urban buses 27-1 9E. 27-20
adj~~stments
bicycles 27-10-1 I
blockage 16-10, 16-11E
right turns 27-17-1 8
areawide analysis 30-1 1-16
problems 30-23-26
berths':: see below loading areas
bicycle adjustment 27-10-1 1
blockage adjustment 16-10, 16-1 1E
boarding islands'V4- 10, 14-1 8, 14-19E
boarding times 27- 10
bus-bus interference 27-23-24, 27-26
bus lanes* 14-3. 14- 1 1
cxclusivc 14-14-15. 14- 16E, 14-19E
mixed traffic 14-15. 14- l6E, 27-25
rcserved 14-18
vehicle capacity 14-12E
bus malls 8-28
bus signals 14-17
bus stops* 14-9-1 1
capacity 14-13,27-13-14,29-12, 30-12
loading areas 14-10-1 1
location factors 27- 18
relocation 14-18, 14-19E
vehicle capacity 14-12E
waiting area size 27-26
bus terminals 14-9
loading areas 8-29
busways* (CBD) 14-13-14
capacity 27- 14-1 6
reserved 14-1 8
volumes 8-28
capacity
bus stops 14-13,27-13-14, 29-12, 30-12
busways 27-14-16
loading areas 14- 13, 27- 13
mixed-traffic 27-25-26
person capacity 14-3-5,27-20
vehicle capacity 14-3-5, 14-12-15, 27-17-19
clearance time 14-9, 27-1 1
corridor analysis 29-10-1 2
problem 29- 12-26
crush loads 27-12
curb extensions 14-18, 14-19E
delays 14-18, 27-1 1
see also below dwell time
dwell time 14-3, 1 4 - 5 4
calculating 27-9-1 1
problem 27-36-37
variability 14-8, 27-1 1
Index
"Enafter a page number indicates an exhibit.

buses and bus facilities (continued)
exclusive urban facilities 27-16-24
fare payment 14-6
freeway segments 23-7-8
freeways 13-12
HOV lanes 14-18
capacity 27- 14-16
intersection preferences 14-15-1 9
loading areas* 14-7-8, 14-9E
bus stops 14-1G11
capacity 14-13,27-13
productivity 8-29
vehicle capacity 14-12E
volume 14-10
methodology 27-2-26
applications 27-32-33
problems 27-36-43
mixed-traffic facilities 27-24-26
problems 27-38-41
parameters 27-9-26
parking restrictions 14-18, 14-19E
passenger loads 27-5,27-12
peak-hour factor 14-1 1
person capacity 14-3, 14-4E
busways 14-14E
calculating 14-6
influences 14-5E
mixed-traffic 27-25-26
problem 27-42
urban bus lanes 27-20
person delay 14-18
platooning 14- 1 1
priority treatments 14-15-19
comparisons 14-9E
corridors 29- 12
queue bypassljump 14-17, 14-18, 14-19E
queue failure rate 27- 1 1-12
queue formation 14-10
reentry delay 27-1 1
registered buses (1986-1 996) 8-14E
right-turn adjustments 27-17-18
rural interstate travel 8-15E
service types 14-7
signalized intersections 16-10, 16-1 1E
priorities 14-17, 14-19E
skip-stop operation 14-11,27-13
example 14-15, 14-16E
problems 27-41, 27-43
speed adjustment 27-22-23
urban bus lanes 27-18-19
speeds 27-8
busways 27-14, 27-1 6
HOV lanes 27- 1 SE, 27- 16
mixed-traffic 27-26
4
Defined in Chapter 5, "Glossary."
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buses and bus facilities (continued)
speeds
problem 27-43
skip-stop 27-22-23
urban bus lanes 27-20-24
traffic characteristics 8-2
traffic condition impacts 2-4-5
traffic signals
bus priorities 14- 17
timing 14- 1 I
turn restrictions 14-18
two-lane highways 12-7, 12-19
directional segments 20- 13-1 4, 20- 17-20
two-way segments 20-7-9
urban bus facilities 27-16
adjacent lanes 27-19E, 27-20
busways 14-13-14,27-14-16
person capacity 27-20
speed 27-20-24
vehicle capacity 27-17-19
vehicle capacity 14-3, 14-4E, 14-5
bus stops 14-13
busways 14-14E
dwell time 14-14-15
influences 14-I 2E
loading areas 14-7-1 1
mixed-traffic 27-25-26
urban bus lanes 27-17-19
volumes 8-28-29
loading areas 14-10
waiting area size 27-26
wheelchair accessibility 27-10

capacity (continued)
intersections
unsignalized 10-29
movement capacity 17-8-2 1
passenger capacity
pedestrians 1 1-4-5
person capacity 14-3-5, 27-20
potential (TWSC) 17-7-8, 17-9E
rail transit 14-20-14-22,27-3 1-32
ramp-freeway terminals
ramps and ramp junctions 22-8
diverge 13-22,25-14
merge 13-22,25-7-8
reasonable expectancy 2-2
roundabouts 17-4648
shared lane 7-12-13
urban streets 15-9, 10-3647
vehicle capacity 14-3-5, 14-12-15
calculations 27-17-19
capacity analysis 2-1, 2-2
freeways 13-2
signalized intersections 16-1, 16-30, 16-31-33
change interval* lost time 8-26
see also lost time
Class I/II highways 12-12-13, 12-17
clearance lost time 10-12-1 3
see also lost time
climbing lanes* (highways) 20-28-29
cloverleaf interchanges 26-2-3
see also interchange ramp terminals
turning movements 26-4E
collector-distributor roadways (freeways) 24-19
collector streets* 10-1
see also urban streets
comfort and convenience
freedom to maneuver 2-2, 12-2
LOS measure 2-2
multilane highways 12-12
transit facilities 14-24E, 14-26, 14-3 1
perceptions 14-29
measures 27-6-8
traveler satisfaction 28-4-5
commuters
freeways 13-7
multilane highways 12-7
conflicting flows
AWSC intersections 17-36-39
bicycles and pedestrians 11-7, 18-5
conflict zones 16-135, 16-136E
TWSC intersections 10-28, 17-4-5, 17-6E
computations 17-18-1 9
congestion 29-1
duration* 28-3
areawide 30-9-10, 30-13

C
capacity* 2-1-2,8-16
see also volume-to-capacity (v/c) ratios
bicycle facilities 11-14
bus transit
bus stops 14-13,27-13-14
busways 27-14-16
loading areas 14-13, 27-13
mixed-traffic 27-25-26
person capacity 14-3-5, 27-20
vehicle capacity 14-3-5, 14-12-15,27-17-19
freeway weaving segments 24-9-19
freeways 8-17, 13-2, 13-28
estimating 22-4748
reductions 22-612
highways (multilane) 12-2
intersections
AWSC 17-3444
roundabouts 17-4648
signalized 10-25
TWSC 10-29, 17-7-21
5
* Defined in Chapter 5, "Glossary."
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congestion (continued)
duration
corridor 29-8-9
extent'* 28-3
areawide 30-10, 3-13
corridor 29-9
intensity" 28-3
areawide 30-8-9,30-13
corridor 29-7-8
multiperiod carryover 30-36-38
status (freeways) 13-29
variability" 28-3
highways 29-9,30-11
transit 30-13
construction activities (freeways) 22-7-8
control conditions'%2-5-6
see also control delay; intersections, signalized; traffic
signals
control delay* 7-9-10, 10-15-17, 15-2
.see also delay; dwell time
acceleration-deceleration 16-88, 16-91E
aggregated estimates 16-22-23
bicycles 19-6-7
buses 14-15, 27-1 1
co~nputation10-46-47
deceleration-acceleration 16-88, 16-9 1E
determination 15-3-8, 16-19-23
field measurement 16-88-92
incremental delay* 15-4, 15-5, 15-7-8
adjustment 10-24
calibration factor 16-22E, 16-33
computation 16-21-23, 16-33
injtial queue* 16-22, 16-33, 16-142-1 50
interchange ramp terminals 26-8-9
intersection (node) delay 30-27
adaptive control 30-27-29
all-way stop 30-35-36
signal delay 30-29-34
two-way stop 30-34-35
LOS 16-23-24
minimizing 16-99
person delay* 14- 18
reentry delay (buses) 27-1 1
sensitivities 16-24-25
uniform delay* 15-5, 16-19-21, 16-23
determining 16-33-35
exclusive lanes 16-140-141
worksheet 16-34E
urban streets 10-15-16. 15-2, 15-3-8
worksheet 16-89
convenience see comfort and convenience
corridor analysis 3-2: 29-1-2
.see also multiple facility assessment

Index
"En after a page number indicates an exhibit.

corridor analysis (continued)
accessibility* 28-3.29-26
highways 29-9
congestion duration* 28-3
highways 29-8-9
congestion extent* 28-3
highways 29-9
congestion intensity* 18-3
congestion variability* 28-3
highways 29-9
corridors (defined) 28-2
delay
highways 29-6.29-8-9
transit 29-1 1-12
gates* 29-2
highway corridors 29-3
excess demand 2 9 - 5 6
input data 29-3
performance measures 29-7-10
queue delay 29-67
segment capacity 29-4
subperiods 29-7
traversal times 29-6
methodology 29- 1-2
highway corridors 29-3-10
transit corridors 29-1 0-12
0 - D matrix estimation 29-26-33
performance measures 29-7-9, 29-20
points* 29-2
problem 29-12-26
quantity of service* 28-3
segments* 29-2
system performance 28-2-4
reporting 28-4E, 29-24E
terminology 29-2
transit corridors 29-10
bus-stop capacity 29-10
input data 29-10
priority treatment 29-1 2
segment capacity 29- 10-1 1
speeds 29- I 1
travel time and delay 29-10-1 1
trip table estimates 29-26-32
variability* 28-3, 29-9
vehicle-trip estimate 29-26-33
zones 29-2
critical gap" 7-9, 10-28
bicycles 19-6-7
roundabouts 17-46
TWSC 17-5, 17-7, 17-30
critical lane groups* 16-14-1 8
cross-flow* traffic 1 1-7, 18-5
crosswalks*
delays in 18-7
6
*

Defined in Chapter 5, "Glossary."
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crosswalks (continued)
evaluating 1 1-4
lengths 11- 13
street corners 18-8, 18- 10E
time-space 18- 12-13
zebra-striped 18- 13
D
D-factor see directional distribution
DDHV see directional design-hour volume
deceleration and acceleration
delays 16-88, 16-91E
lanes* 25-1, 13-22, 13-24
delay* 7-9-1 0
see also control delay; queues and queuing
acceleration-deceleration 16-88, 16-91E
areawide analysis 30-9,30-36-38
control delay see control delay
corridor analysis 29-6, 29-8-9,29-11-12
deceleration-acceleration 16-88, 16-91E
incremental delay 15-4, 15-5, 15-7-8
intersection (node) delay 30-27-36
lost time 7- 10-1 I
queue delay 15-5
turning delays 20-47E
TWSC intersections 17- 15-1 7
estimates 17-25-26
uniform delay 15-4, 15-5
value conventions 9-7
demand*
average values 9-8
freeways 13-27-29,22-5422-46-47
highways (two-lane) 20-6-9,20- 13-22
management strategies 13-28
peak demand 8-8
signalized intersections 16-36
vehicles registered, 8- 13-1 4
volume and 2-2.8-2
demand-to-capacity ratio* (freeways) 22-12-14
computation 22-4849
density* 7-4
density-flow 7-5-6
freeways 1 3 - 3 4
multilane highways 12-3, 12-4E
pedestrians 11-2-3
densi ty-speed
pedestrians 1 1-2
design analysis 3-5,3-6E, 4-1-2
freeway segments (problem) 23-17
freeway weaving segments 24-20
problem 24-22
multilane highways 21-1 3
problems 2 1-24

design analysis (continued)
signalized intersections 16-26, 16-27E
problems 16-37. 16-85
ramps and ramp junctions 25-20
diamond interchanges* 26- 1-2
see also interchange ramp terminals
signalized 26-67,26-11-14
directional design-hour volume (DDNV)" 8- 1 1.
23-16-17
directional distribution and split* 8-1 1
analytical factor 9-8-9
D-factors 8- 11, 8-12E
multilane highways 12- 13
traffic condition impacts 2-5
two-lane highways 8-1 1. 12-13, 12-18
adjustments 20- 10, 20-1 I E
diverge* influence areas see ramps and ramp junctions
downgrades
see also grades and terrain
freeways 23-1 1
multilane highways 21-9,21-1 IE
two-lane highways 20-14, 20-20E
drivers
commuter vs. noncommuter 12-7, 13-7
driver populations*
freeway segments 13-12,23-11-12
freeways 13-7
multilane highways 12-7, 12-10
ramp-freeway junctions 13-22, 13-25
tasks and characteristics 8- 1-2
dwell time*
buses 14-3, 1 4 - 5 4
calculating 27-9-1 1
problem 27-36-37
variability 14-8, 27-1 1
light rail 27-26-28
transit systems 14-3, 14-5-6
variability 14-8

E
economic analysis 3 - 5 4 3 - 8 E
utility models 28- 1, 2 8 - 6 5
effective green* 10-1 1-1 3
see also traffic signals
ratios 10-19, 10-23
effective red* 10-11, 10- 12E
see also traffic signals
entrance ramps see on- and off-ramps
environmental analysis 3-6 , 3-8E
events* and occurrences
bicycles 19-2, 19-3
value conventions for 9-7
exclusive turn lanes* 10- 17-19
lane grouping 16-6, 16-7E
Index

* Defined in Chapter 5, "Glossary."
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freeway facilities (continued)
geometric adjustments 13-28
heavy vehicles 22-7
IlOV facilities 13-26, 13-28.22-3
ice and capacity 22-9
incident management 13-28
capacity reduction 22- 10-1 1
problem 22-23
input data 22-20E
lane control signals 13-28
lengths of sections 22-5
LOS inapplicable 22-3
mainline factors 22-1 6 - 1 7
calculation 22-56-59
management strategies 13-27-29, 22-21-22
methodology 22- 1-3
applications 22- 19-22
computational modules 22-42-64
computational steps 22- 19-20
input data 22-20E
problems 2 2 - 2 3 4 1
modeling application 3 1- 16E
night and capacity 22-1 0E
nodes 22-1 5,22-44
on-ramps and off-ramps 13-21-22
capacity 22-6, 22-48
example 22-5
flow (oversaturated) 22- 15E, 22- 17
variables 22-44-45
oversaturated conditions 13-3, 22- 15
analytical procedure 22-52-55
flows 22- 15-1 6.22-50-1
mainline factors 22- 16-17, 22-56-59
MOE computation 22-5C63
problems 22-23
ramp flows 22- 17,22-59-61
segment factors 22- 18, 22-6 1-62
performance measures 13-29, 22-3
determining 22- 18
queue backup 22- 14
queues on ramps 22- 18
rain and capacity 22-9
ramp capacity 22-8
ramp closure 13-28
ramp-freeway junctions 13-2C26,25- 1
ramp metering 13-28,22-3, 22-6
problem 22-23
ramp roadways 25-4-5
rubbernecking 22-1 1
sections 22-5
segments 13-26,22-4-5
variables 22-43-44
shock wave analysis 22-14, 22-57-59
snow and capacity 22-9

freeway facilities (continued)
speed 22-1 5
time interval scale factor 22-6
tollroads compared 13- 1
traffic management strategies 13-27-29, 22-21-22
traffic signals 13-28
traffic volumes 8-3, 8-17, 8-18-20
undersaturated conditions 13-3, 22- 14-1 5
MOE computation 22-49-50
problem 22-23
weather and capacity 22-8-10, 22-1 1-12
freeway segments 13-1-2, 13-26, 22-4-5, 23-1
see also freeway facilities; ramps and ramp junctions
analysis period 13- 12
base conditions 13-2,23- 1
base FFS (BFFS) 23-5
capacity 13-2
composite grade 23-28-30
density-flow curves 13-4
design analysis (problem) 23-17
downgrades 23- 11
driver population 13-7, 13- 12
adjustment 23-1 1-12
extended segments 23-8-9
flow 13-2-3
saturation 13-3, 13-5
flow rate calculation 23-7-1 2
free-flow speed (FFS) 13-2,13-5-6
base (BFFS) 23-5
determining 23-4-7
values 13- 12
freeway facilities 13-26-29
grade and terrain 13- 12
composite grade 23-28-30
downgrades 23-1 1
specific grades 23-9-1 I
upgrades 23-9-1 1
heavy vehicles 13-12
adjustment 23-7-8
input data and values 13-1 1-1 3
results sensitivity 23- 12-13
interchange density 13-1 1
adjustment 23-6-7
lane width 13-5, 13- 11
adjustment 23-5
lanes (numbers) 13-6
adjustment 23-6
lateral clearance 13- 1 1, 13- 12
adjustment 23-5-6
levels of service (LOS) 13-8-1 1
criteria 2 3 - 2 4
determining 23- 12
methodology 23-1-13
applications 23- 14-1 7
Index

*

Defined in Chapter 5, "Glossary."
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Highway Capacif y Manual 2000
freeway scgments (co~itinuetl)
flowchart 23-2E
inpul paramctcrs 13-1 1-13
problems 23- 17-27
worksheet 23-30
modeling application 3 1- 16E
operational analysis (problems) 23-17
passenger-car equivalents 1 3-7
peak-hour factor (PHF) 13-12.23-7
planning analysis 23- 16-17
queue discharge 13-5
ramps and ramp junctions 13-20-26
saturation flows 13-3, 13-5
sections and segments 22-5
service volume tables 13-13
speed 13-6
see also above free-ilow speed
speed-flow curves 1 3 - 3 4
LOS and 23-4E
terrain ant1 grade 1 3- 12
upgrades 23-9-1 1
worksheet 23-30
freeway weaving segmentsX 13- 13-14,24-1
see also freeway facilities
capacity 24-9,24-18-19
Type A 24- 10-1 1
Type B 24-12-15
Type C 24-16-17
collector-distributor roadways 24-19
configurations 13- 14,24-5
capacity 24-9
effects 13-17
operation type and 13-18-20
Type A 13-14-15, 13-18-19,24-10-11
TypeB 13-15-16, 13-19,24-12-15
Type C 13-16-17, 13-19,24-16-17
constrained operation 13-19-20, 24-7-8
design analysis 24-20
problem 24-22
diagram 24-3. 24-4E
flow rates 24-3
intensity 13-17, 24-7
factors 24-6E, 24-7
lane changing 13-13. 13-14
see also abo11econfigurations
lane use characteristics 13-18-20
configuration and 13- 17
level of service (LOS) 24-2-3
lengths 13-17-18
methodology 24-1-19
applications 24-19-21
flowchart 24-2E
input pararnelers 24-3. 24-4E
problems 24-22
Index
"EMafter a page number indicates an exhibit.

freeway weaving segments (continued)
worksheet 24-39
modeling application 3 1 - 16E
multiple segments 24-1 9
nonweaving flow 13- 13
intensity 24-7
lane use 13-18
operation type 24-7-8
speed 24-5-7
operation type 13-28-20
determining 24-7-8
operational analysis 24-20
problems 24-22
planning analysis 24-20
problem 24-22
ramp-freeway junctions 13-2&26
ramp-weave 13-14, 13-15E
service volume tables 13-20
speeds 24-5-7,24-8
two-sided weave 13-16, 13-17E
unconstrained operation 13-19-20,24-7-8
widths 13-18
worksheet 24-39

G
gaps* 7-8-9
critical gap 7-9, 10-28
bicycles 19-6-7
roundabouts 17-46
TWSC 17-5, 17-7, 17-30
departure headway 17-42
gap acceptance* (TWSC) 10-28-29
model example 3 1-7-1 0
roundabouts 7-9, 17-45
two-stage 17-19-20, 17-31
headway compared 16-105
headway distribution 8-24, 8-26
time gap 1 6- 1 05
grades and terrain
climbing lanes 20-28-29
composite grade* 21-9, 23-8-10
downgrades
freeways 23- 1 1
multilane 21-9, 21-1 1E
two-lane 20- 14, 20-20E
freeway segments 23-8-1 1
general terrain* 12-9-1 0
heavy vehicles 20-8, 21- 1&12
level terrain 21-8
heavy vehicles 20-8
mountainous terrain* 21-9
multilane highways 12-9-10, 12-11
adjustments 21-8-1 1
heavy vehicles 21-10-1 2
10
*

Defined in Chapter 5, "Glossary."
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grades and terrain (continued)
rolling terrain" 21-9
heavy vehicles 20-8
specific grade 12-9-1 0
equivalents 2 1-9
speeds and 20-7
signalized intersections 10-25
adjustments 16-10, 16-11E
two-lane highways 12-13, 12-17
adjustment factor 20-7
adjustments 20-1 3-20
upgrades
climbing lanes 20-28-29
freeways 23-9-1 1
multilane 21-9, 21-10E
two-lane 20- 14
glC ratio see green time
green time*
see also traffic signals
allocation 16-98
estimation 10-45-46
computation 16-108
model 16-106107
signal timing 16-100
ratio (g/C) 10-19, 10-23, 16-25

H
HCM see Highway Capacity Marzuai 2000
headways* 7-4-5
adherence (transit) 27-3,27-7, 27-8
departure headway s 17-42-43
determining 7-7-8
distribution 8-24-26
gaps 8-24,8-26
time gap 16- 105
queue discharge headway 8-27
rail transit 27-28-3 1
random flow 8-24-26
saturation headways 8-26
AWSC 17-42-44
sign-controlled intersections 7-8-9
heavy vehicles*
see also buses; recreational vehicles; trucks
construction 22-7
freeway segments 23-7-8
freeways 13- 12,22-7
multilane highways 12-7, 12-10
adjustments 2 1-7-8
grades 2 1 - 10-1 2
two-lane highways 12-7, 12-19
adjustments 20-7-8,20- 13-21
ramps and ramp junctions 13-22, 13-25
signalized intersections 10-25, 16-4
adjustment factor 16-10, 16- 1 1E

heavy vehicles (continued)
traffic condition impacts 2-4-5
high-occupancy vehicle* (HOV) lanes
alternatives 13-28
buses 14-18,27-14-16
capacity
freeway facilities 13-26. 13-28, 22-3
high-speed merging see ramps and ramp junctions
high-speed street design 10-6E, 10-7
Highway Capacity Mattual2000 1 - 1-6
see also analytical approaches and methodologies;
simulation and modeling
analysis and applications 3-1-7
example 3-3E
decision making and 4- 14
methodologies and models 3 1- 1
methodologies structure 9-4-5E
precision and accuracy 9-2, 9-3-8
procedures overview 9- 1-2
research basis 1 -7E
scope of facilities 3- 1E
highway facilities
see also areawide analysis; corridor analysis;
highways, multilane; highways, two-lane; ramps
and ramp terminals
areawide analysis 30-3-1 1
corridor analysis 29-3-10
multilane 12-1-1 1
two-lane 12-1 1-19
highways, multilane* 12-1-3
access-points density 12-6
FFS adjustment 2 1-7
values 12-9
analysis period 12-10
areawide analysis 30-3-1 1
base conditions 2 1- 1
composite grade 2 1-9
corridor analysis 29-3-10
design analysis 21 -1 3
problems 21-24-29
directional distribution 12-13
downgrades 21-9,21-11E
driver population 12-7, 12-9
adjustment 21-1 1
extended general segments 21-8-9
flow characteristics 2-1
flow rate 12-7
determining 21-7-1 1
flow-density functions 7-5-6, 12-3, 12-4E
free-flow speed (FFS) 12-2-3
access points 12-6
adjustments 2 1-5-7
base 2 1-5
data and values 12-10
Index

Defined in Chapter 5, "Glossary."
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highways, multilane (continued)
free-flow speed (FFS)
determining 21 -3-5
cslimating 21 -7
lane widthllateral clearance 12-4-5
speed limits 12-6-7
grade and terrain 12-9-1 0, 12-11E
equivalents 21 -8-9
heavy vehicles 21 -9. 21 - 10-1 1
specific grades 21 -9
heavy vehicles 12-7, 12-10
adjustments 21-7-8
grades 21-10-12
input data and values 12-8-10
sensitivity of results 21-1 1
lane widthllateral clearance 12-4-5
FFS adjustments 21-5-7
values 12-10
level of service (LOS) 12-7-8
criteria 21 - 2 4
determining 21 -1 1
median types 12-5
FFS adjustment 21-6
values 12-9
methodology 21- 1-3
applications 21 - 12-1 5
computational steps 2 1 - 13
flowchart 21-2E
problems 21 - 16-29
worksheet 21-30
modeling application 3 1- 16E
operational analysis 21-13
problems 21-16-23
peak-hour factor (PHF) 12-10,21-7
planning applications 21-13-14
service volume table 12-10, 12-1 1E
speed 21-2-3,21-12
FFS 12-2-7, 21-5-7
speed-densi ty functions 7-5-6, 12-3, 12-4E
speed flow curves 21 -4E
speed limits 12-6-7
terrain see above grade and terrain
trucks see above heavy vehicles
upgrades 2 1-9,21 - 10E
VICratio 21-12
volume variations 8- 17,8-20E
worksheet 21-30
highways, two-lane* 12- 1 1-1 2,20- 1-2
access-points density 12-18, 20-6
analysis periods 12-18
areawide analysis 30-3-1 1
average travel speed* 12-12
base conditions 1 2-1 3
buses see below heavy vehicles
Index

"Enafter a page number indicates an exhibit.

highways, two-lane (continued)
classification (Class I, 11) 12-12-13, 12-17
climbing lanes 20-28-29
corridor analysis 29-3-10
demand flow rate
two-way segments 20-6-9
design and operational treatments 20-44-48
directional distributionlsplit 12-13, 12-18
adjustments 20-10, 20-1 1E
directional segments 12-14,20-12
climbing lanes 20-28-29
demand flow rate 20-13-22
free-flow speed 20- 13
grades 20- 13-20
LOS 20-22
passing lanes 20-22, 20-24-28
problems 20-33-38
time-spent-following 20-22, 20-23-24
travel speed 20-20-21
directional segments 20-13-22
downgrades 20- 14, 20-20E
flow characteristics 2-1
flow rate 12-13-15
adjustments 20-6-9
demand 20-6-9, 20-1 3-22
free-flow speed (FFS) 12- 14, 12-18
base 20-5
directional segments 20- 13
two-way segments 20-4-6
grade and terrain 12-13, 12-17
adjustment factors 20-15-1 9
computations 20-20
directional segments 20-13,20-15-19
downgrades 20-14,20-20E
two-way segments 20-7
upgrades 20- 14
heavy vehicles 12-7, 12-19
directional segments 20-13-14,20-17-20
two-way segments 20-7-9
input data and values 12-17-19
intersection turn lanes 20-46-47
lane widening 20-4546
lane widths 12-13
adjustment 20-5-6
input data 12-18
left-turn lanes 20-46
two-way (TWLTL) 20-4748
level of service (LOS) 12-15-17,20-2
directional segments 20-22
passing lanes 20-27
problems 20-30-43
two-way segments 20-3, 20-4E, 20-10-1 1
unintempted-flow facilities 20-29-30
methodology 20-2-30
12
Defined in Chapter 5, "Glossary."
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highways, two-lane (continued)
methodology
applications 20-30-32
flowchart 20-2
input parameters 12- 17-19
problems 20-3248
worksheets 20-49
model~ngapplication 31 -1 6E
no-passing zones 12- 13. 12-17-1 8
speed effects 20-9, 20- 10E
time-spent-following 20-23E
passing lanes 12- 15
alternatives 20-44-46
analysis 20-25-28
climbing lanes 20-28-29
directional segments 20-22, 20-24-28
lengths 12- 18.20-24E
LOS 20-27-28
opposing traffic 20-28
time-spent-following 20-24, 20-26-27
travel speed 20-27,20-28E
turnouts 20-45
peak-hour factor (PHF) 12-18, 20-7,20- 13
recreational vehicles see obove heavy vehicles
service volume tablc 12-19
shoulder use 20-45
turnouts 20-4445
shoulder widths 12-13, 12-18
adjustment 20-5-6
speeds
see above free-flow speed
see below travel speed
terrain and grade see above grade and terrain
time-spent-following 12-13, 12-14E, 12-15E
determining 20-9-10
directional distribution 20-9,20-1 IE
directional segments 20-22,20-23-24
two-way segments 20-9-1 0
total travel 20-12
travel speed 12- 12,20-9,20-10E
directional segments 20-20-21
two-way segments 20-5
trucks see above heavy vehicles
turning delays 20-47E
turnouts 20-44-45
two-way left-turn lanes (TWLTL) 20-4748
two-way segments 12- 14-1 5.20-3
demand flow rate 20-6-9
free-flow speed 20-4-6
LOS 20-10-1 1
problems 20-3943
time-spent-following 20-9-10
travel speed 20-9,20- 10E
upgrades 20- 14,20-15-1 9

Defined in Chapter 5, "Glossary."

highways, two-lane (continued)
upgrades
climbing lanes 20-28-29
V/Cratio 20-1 1-1 2
volumes 8-20-21
wider cross sections 20-4546
worksheets 20-49
hindrance*: (bicycles) 1 1 - 15, 19-2. 19-3
horizontal alignments of roadways see grades and terrain
HOV see high-occupancy vehicle lanes
human factors 8- 1-2

1
incremental delayYsee control delay
influence areas* see ramps and ramp junctions
initial queue delay" 16-22, 16-33, 16-142
method 16-142-150
multiple time periods 16-146
numerical examples 16-145-148
worksheet 16-150E
intelligent transportation systems* (ITS) 2-6
interchange ramp terminalsY3-IE, 2 6 - 1 4
alternative configurations 26-14-1 7
cloverleaf interchanges 26-2-3,26-4E
control delay 26-8-9
diamond interchanges 26-1-2
signalized 26-4-7.26-1 1-14
interchange density 13-6, 13-1 1
FFS adjustment 23-6-7
level of service (LOS) 26-8-9
criteria 26-9
methodology 26-7-9
applications 26-10-1 I
problem 26-14-17
modeling application 31-1 6E
parclos 26-2-3,26-4E
saturation flow rates 26-9
signalized interchanges 26- 1,26-4-5
demand starvation 26-7
lane change and use 26-6
off-sets 26-1 3-14
phasing and timing 26-7.26-12-14
platoon behavior 26-6-7
queuing 26-5-6
turning movements 2 6 - 3 4
interchanges see interchange ramp terminals
intermediate street design 10-6E, 10-7
interrupted-flow facilities 2-1, 3-1 E
see olso interchange ramp terminals; intersections;
traffic signals
access control points 2-5
base conditions 2 - 3 4
bicycles 11-17, 19-5-7
control delay 7-9-10
Index
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in~erruptcd-flowfacilities (continued)
intersections
control delay 7-9-10
sign-conlrolled 7-8-9
signalized 7-7-8
lost time 7-10-1 1
modeling application 3 1- 16E
paranieters 7-6-1 3
pedestrians 15-7-1 8- 15
queuing 7-1 1-1 3
saturation flow rate 7-10-1 I
signal control7-7-5
specd 7-9
intersection turn lanes 20-46-47
intersection turning movements 10-1
estimalion method 10-19-20, 10-33
interchanges 26-1, 26-3-4
intersections, AWSC (all-way stop-controlled) 10-30-3 1,
17-32
analysis period 10-33
approaches 17-37
capacity lnodel 17-3444
inultilane sites 17-36-39
single-lane sites 17-35-36
computations 17-4144
conflict (degree of) 17-36-39
conlrol delay 10-3 1
computation 17-40
estimation 30-35-36
gaps and headway 7-9
geometry 10-33, 17-41-42
headways 17-9, 17-33
saturation 17-4244
input data and values 10-33
level of service (LOS) 17-32, 17-44
methodology 17-3241
applications 17-4043
flowchart 17-41E
input parameters 10-33
problems 17-80-99
worksheets 17-103
modeling application 3 1-16E
mullilane sites 17-36-39
peak-hour factors (PHF) 10-33
planning and design 17-4445
saturation headway 17-44
service volume table 10-35
single-lane sites 17-35-36
study period 10-33
traffic signs 2-5, 7-9
turning movements 10-33
volu~nes10-33
worksheets 17-103

Index
"Enafter a page number indicates an exhibit.

intersections, signalized 10-9, 10- 1 IE, 16-1-2
acceleration-deceleration delays 16-88, 16-91E
actuated signal controls 10-14, 16-94-95
k-values 15-8E, 16-22E
adjustment factors 16-10-12
formulas 16-1 1E
signal progression 15-6-7, 16-19-20
analysis period 10-21
analysis types 16-26, 16-27E
area type 10-26
adjustment factor 16-1 I E, 16-12
arrival types 10-23, 15-5-6, 16-4-5
computation 16- 19-20
descriptions 16-4E
progression quality 10-23
speed-flow 15-12E
back of queue 10-16, 16-151
average 16-152-1 55
determining 16-151-158
percentile 16-155-156
queue storage rate 16-156
worksheet 16-157E
bicycle blockage 16-13, 16-135-1 39
computation outline 16-138E
formula 16-1I E
bicycles 19-5-6
protected turns 10-15
bus blockage 16-10, 16-1l E
buses 10-25, 16-10, 16-1 1E
priorities 14-17, 14-18, 14-19E
capacity 10-15, 16-13-14
capacity analysis 16-30, 16-31-33
computational steps 16-27-35
results 16-35-36
control delay 10-15-1 6, 15-2
acceleration-deceleration 16-88, 16-91E
aggregated estimates 16-22-23
computation 10-46-47
determination 15-3-8, 16-19-23
field measurement 16-88-92
initial queue 16-22, 16-33, 16-142-150
LOS 16-23-24
minimizing 16-99
node delay 30-27-36
sensitivities 16-24-25
worksheet 16-89
critical lane groups 16-14-1 8
cycle failure 10-16
cycle length 10-19, 10-21-22
delay and 16-25
estimation 10-45
data and values 10-17-26
delay see above control delay

14
* Defined in Chapter 5, "Glossary."
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intersections, signalized (continued)

delay-to-demand ratio 16-24
demand volumes 16-36
dual-ring phases 16-96E, 16-97, 16- 103-104
effective green time 10-1 1-1 3
effective red time 10- 1 1, 10- 12E
estimation method 10-3647
data needs 10-37
worksheet 10-47
exclusive [urn lanes 10-17-19
lane grouping 16-6, 16-7E
signal control 16-95E, 16-9
uniform delay 16-33, 16-34E
flow characteristics 10-9, 10-1 1-14
flow rates 1 6 - 3 4
determining 16-7-8
fully actuated controls 10-14, 16-94
gap 16-105
geometry 16-3
grade adjustments 10-25
factor 16-10, 16-1 1E
green extension time 16- 108
green phasing 16-95E, 16-96-97
green time allocation 16-98
green time estimation 10-4546
computation 16-108
model, 16-106-1 07
signal timing 16-100
green timeratio (g/C) 10-19, 10-23, 16-14, 16-25
heavy vehicle factors 10-25, 16-4
adjustment 16-10, 16-1l E
incremental delay 15-4, 15-5, 15-7-8
computation 16-21-23, 16-33
initial queue delay 16-22, 16-33
method 16-142-150
worksheet 16- 150E
input data and values 10-17-27
input parameters 16-3-6
interchanges 26-1, 26-4-7
timing 26-1 1-14
intersection control type 10-21
k-values for controllers 15-8E, 16-22E
lagging green phasing 16-95E, 16-96-97, 16-128-1 31
lane additions 10-17
lane grouping 16-6, 16-7E
analytic parameters 16-3E
capacity 10- 15
equalizing 16-98
lane utilization 10-26
adjustment factor 16-1 IE, 16-12
lane volume 10-4143
worksheet 10-47
lane widths 10-24-25
adjustment factor 16-10, 16-1 1E

intersections, signalized (continued)
leading green phasing 16-95E, 16-96-97, 16-128-1 3 1
left-turns 10-37-38
see also left lanes and turns
adjustment factors 16-13, 16-122-135
exclusive lanes 10-18
permitted turn phases 16-23, 16-128-1 31
signal phasing 10-22-23
worksheets 10-47, 16-132E, 16-133E
level of service (LOS) 10-15-17, 16-2
control delay 10-15-1 6, 16-23-24
methodology 16-2-24
worksheet 16-32E
lost time 7-10, 10-12-14
estimation 10-45
signal timing 16-101
values 10-22-23
methodology (capacity/LOS) 16-1-24
applications 16-26-36
flowchart 16-2E
input parameters 10-17-27
inputs 16-3-6
problems 16-37-86
sensitivities 16-24-25
worksheets 16-161
methodology (estimation) 10-3647
modeling application 3 1- 16E
multiphase signals 16-96-98, 16-112-1 20
critical lanes 16-18E
node delay estimation 30-27
adaptive control 30-27-29
all-way stop 30-35-36
signal delay 30-29-34
two-way stop 30-34-35
operational analysis 16-1-24
flowchart 16-28E
parking maneuvers 10-25
peak-hour factor (PHF) 10-21
peak-hour volumes 10-19
pedestrian adjustments 16-135-139
blockage 16-1 lE, 16-13
computation 16- 138E
flow values 10-25
protected turns 10-15
pedestrian facilities I 1-13, 18-7-1 3
permitted phasing 16-23
left-turns 16-122-1 34
permitted turning 10-15
phase control plans 10-4344, 16-95
dual ring 16-96E, 16-97, 16-103-1 04
multiphase 16-96-98, 16-1 12-1 20
two-phase 16-96E, 16-100, 16-109-1 10
phasing see below signal phasing
platoon ratio 15-6, 16-20
Index
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Highway Capacity Manual 2000
intersections, TWSC (two-way stop-controlled) (continued)
capacity
movement 17-8-21
potential 17-7-8, 17-9E
shared lane 17-12-1 3
computational steps 17-28-3 1
conflicting flows 10-28, 17-4, 17-6E
computations 17- 18-1 9
control delay 10-31
computation 17-23-24
cstimation procedure 30-34-35
control determination 17-27
criteria 17-27
critical gap 17-5, 17-7
computing 17-30
delay estimates 17-25-26
flared approaches 17-21-22
computing 17-31
flow conflicts 10-28, 17-4, 17-6E
computations 17- 18-1 9
follow-up time 10-28
computing 17-30
gap acceptance
models 10-28-29
two-stage 17-19-20, 17-31
gap, critical 17-5, 17-7
computing 17-30
gaps and right-of-ways, 7-8-9
geometry 10-32
impedance effects 17-9-12
computing 17-30
input data and values 10-32
requirements 17-3
LOS criteria 17- 1, 17-2
LOS F 17-26
major-street approaches 10-27-28
conflicts 17-4-5, 17-6E
shared-lane capacity 17-13
stream priorities 17-3-4
medians 10-29, 17-3
methodology 17-1-28
applications 17-28-31
flowchart 17-29E
input parameters 10-32
problems 17-45-80
worksheets 17-103
minor-street approaches 10-27-28
conflicts 17-4-5, 17-6E
flared 17-21-22, 17-31
shared-lane capacity 17-12
stream priorities 17-3-4
modeling application 3 1- 16E
movement capacity 17-8
impedance effects 17-9-12

* Defined in Chapter 5, "Glossary."

intersections, TWSC (two-way stop-controlled) (continued)
movement capacity
shared-lane capacity 17- 12-1 3
upstream signals 17-13-21
peak-hour factor 10-33
pedestrians 17-4, 17-5
impedance 17-10, 17-1 1-12
performance measures 10-31
planning and design 17-31-32
platoon analysis 17-14-1 8
queue clearance 17-14-1 5
queue lengths 10-31
estimation 17-22-23
right-of-way ranking 10-27-28
stream priority 17-3-4
service volume tables 10-34-35
shared-lane capacity 17-12-13, 17-26
computing 17-31
traffic conflicts 17-4-5, 17-6E
traffic signals 17-13-19
computing effects 17-30
traffic signs 2-5,7-8-9
turning movements 10-33
two-way left-turn lanes 10-29
upstream signal effects 17-13-19
computing 17-30
V/Cratio 10-31
vehicle impedance 17-9-1 1
volumes 10-33
worksheets 17- 103
intersections, unsignalized 10-27-35, 17-1
see also intersections, AWSC; intersections, TWSC;
roundabouts
AWSC intersections 10-3@3 1, 17-32-44
bicycles 19-6-7
modeling application 3 1 - 16E
pedestrians 1 1-13, 18-13-1 5
problems 17-29-1 01
roundabouts 10-31 , 10-34, 17-45-48
service volume tables 10-34-35
TWSC intersections 10-27-29,7-1-3 1
interstate highways see highways, multilane
ITS see intelligent transportation systems
K
K-factors 9-8-9
directional distribution 8-1 1
peak volume 8-9-10
values (typical) 8-9

E
lagging green phasing 16-95E, 16-96-97, 16-128-1 31
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lanes
see also exclusive turn lanes; left lanes and turns; right
lanes and turns
acceleration lanes$: 13-22, 13-24,25-1
bicycle lanes'" 11- 14, 19-1, 19-65, 19-7
bus laness: 14-3, 14-1 1
exclusive 14-14-15, 14-16E, 14-19E
mixed-traffic 14-15, 14-1GE, 27-25
reserved 14-18
vehicle capacity 14-12E
deceleration lanes* 13-22, 13-24, 25-1
exclusive turn lanes* 10-17-1 8, 16-6-7
freeway segments 13-5, 13-11
FFS adjustments 23-5-6
freeway weaving 13- 13-20
freeways 13-5-6
HOV* lanes 13-26
alternatives 13-28
intersection turn lanes 20-4647
lane changing 13-13, 13-14
see also freeway weaving segments
lane control signals 13-28
lane distribution* 2-5, 8-12-13
ramp areas 13-22
lane grouping* 16-6, 16-7E
analytic parameters 16-3E
capacity 10-15
equalizing 16-98
lane utilization:" 10-26
adjustment factor 16-1 lE, 16-12
freeway weaving 13-17, 13-18-20
interchanges 26-6
lane volume 10-41-43
worksheet 10-47
lane widening 20-45-46
left-turn lanes (two-way*; TWLTL)
multilane highways 12-1
signalized intersections 10-29
two-lane highways 20-47-48
multilane highways 12-4-5, 12-10, 21-5-7
numbering conventions 13-21
passing lanes* see passing lanes
signalized intersections 10-24-25, 16-10, 16-1 1E
two-lane highways 12-13, 12-18
adjustment 20-5-6
weaving configurations 13-14-1 8
weaving lanes 13- 18-20
lateral clearance*
freeway segments 13-5. 13-11
FFS adjustment 23-5-6
multilane highways 12-4-5
FFS adjustments 21-5-7
values 12-10
ramps and ramp junctions 13-22
Index
" E after a page number indicates an exhibit.

leading green phasing 16-95E, 16-9697, 16-128-13 1
left lanes and turns
adjustment factors 16-1 lE, 16-13, 16-122E
method 16-122-135
bicycles and vehicles 16-135-139
complex phasing 16-23, 16-128-131
critical lane groups 16-15-1 7
dual-ring phases 16-97
exclusive lanes 10- 18, 10-42, 16-6-7
green time 16-128-1 3 1
lane grouping 16-6, 16-7E
lane volume 10-40E, 10-42
estimating 10-43E
left-lane equivalence 10-4243
multilane approaches 6-124-126
permitted turn phasing 16-23
procedure 16-122-134
phasing types 16-13
protected phasing 10-22, 16-16E
protected-plus-permitted phasing 16-23-24
critical lane groups 16-17E
lane volumes 10-4243
procedure 16-140-142
signal phasing 10-22
single lane approaches 16-126-128
sneakers 10-42, 16-102, 16-124
turning movements 10-15
two-lane highways 20-46
two-way left-turn lanes (TWLTL) 10-29, 12-1
two-lane highways 20-47-48
uniform delay 16-140-142
worksheets 10-47, 16-132E, 16-133E
level of service* see LOS
light rail transit* (LRT) 8-2, 14-1, 14-3, 14-19,27-26
capacity 14-20-22
calculating 27-3 1-32
door availability 27-27
dwell time 27-26-28
mini mum headways 27-28-3 1
on-street operation 27-29-30
operating margins 27-28
passenger flows 27-27E, 27-28
person capacities 14-22E, 27-3 1-32
priority treatments 14-22
problem 27-4445
signal priorities 14-22
speed 27-3 1-32
signals and 27-30
single track sections 27-30-3 1
travel times I 4-20, 14-22E
volumes 8-29
peak 27-27
wheelchair accessibility 27-28
links and link analysis see areawide analysis
18
* Defined in Chapter 5, "Glossary."
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loading areas* (buses) 14-7-8, 14-9E
bus stops 14- 10-1 1
capacity 14-13. 27- 13
productivity 8-29
vehicle capacity 14-12E
volume 14-10
loading areas (transit) 14-3
local streets 10- 1
see nlso urban streets
LO§ (level of service)" 2-24.4-3, 28-1
see also performance measures; quality of service
analysis hour and 8-8
AWSC intersections 17-32. 17-44
bicycles (criteria) 1 1 -6
exclusive paths 19-3E
shared paths 19-4E
urban streets 19-7E
Class 1/11 highways 12-13
control delays
urban 10-15-16
factors affecting 2-3-6
freeway segments 23-2-4,23- 12
freeway weaving segments 24-2-3
freeways 13-8-1 1
HCM methods 4- 1 - 4
interchanges 26-8-9
levels 2-3
measurements 4-2-5
MOE and 4-3
multilane highways 12-7-8
criteria 2 1 - 2 4
determining 21- 11
pedestrians 18-1
criteria 11-7
cross flows 18-5E
queuing areas 1 1- 1OE, 18-6E
shared paths IS-7E
signalized intersections 18-8E
stairways 18-5E
unsignalized intersections 18-15E
urban streets 18-16E
walkways 11-9E, 18-4E
ramp areas 13-23-24,254-5
diverge 25-14-15
merge 25-8
service flow rates 2-3
service measures and 4-3
signalized intersections 10-15-17, 16-2
control delay 10-15-1 6, 16-23-24
methodology 16-2-24
worksheet 16-32E
transit facilities 14-23
hours-of-service 27-6E

*

Defined in Chapter 5, "Glossary."

LOS (level of service) (continued)
transit facilities
intercity transit 27-4E
paratransit 27-4E
passenger load 27-6E
reliability 27-8E
service l'requency 27-2
two-lane highways 12- 12, 12- 15-17,20-2,20-29
directional segments 20-22
passing lanes 20-27
two-way segments 20-3,20-4E, 20-10-1 1
uninterrupted-flow facilities 20-29-30
urban streets 10-4-5
determining 15-2-3, 15-27-28
weaving segments 24-2-3
lost time" 7-10-1 1, 10-12-14
change interval* lost time 8-26
clearance lost time" 10-12-1 3
estimation 10-45
example 7-8
signal timing 16-101
signalized intersections 8-26-28
start-up lost time* 8-26: 8-28, 10-12-13
total lost time 10-14
unsignalized intersections 8-28
values 10-22-23
LRT see light rail transit
M
mainlines* (freeways) 22- 16-17
calculation 22-56-59
major-street* approaches (TWSC) 10-27-28
conflicts 17-4-5, 17-6E
shared-lane capacity 17-13
stream priorities 1 7 - 3 4
measures of effectiveness* (MOE) 2-3,3-2
see also service measures
computation 22-50-63
LOS and 4-3
procedures 22-49-63
oversaturated 22-50-63
undersaturated 22-49-50
uses 4-2
medians
multilane highways 12- 1, 12-5, 12-9, 21-6
TWSC intersections 10-29, 17-3
merge* influence areas see ramps and ramp junctions
minor arterials* 10-6: 10-7
minor-street* approaches (TWSC) 10-27-28
conflicts 17-4-5, 17-6E
flared 17-21-22, 17-31
shared-lane capacity 17-12
stream priorities 1 7 - 3 4
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mixed-traffic bus facilities:* 27-24-26
problems 27-38-41
modeling see simulatioll and modeling
MOE see measures of effectiveness
motorcycles 8- 14E
motor vehicles
see also buses; passenger cars; recreational vehicles;
vans
driver characteristics 8-1
numbers registered 8- 13-1 4
operating characteristics 8-2
multilane highways see highways, multilane
multiple facility assessment 28-1
see crlso areawide analysis; corridor analysis
areawide analysis 30-1-2
corridor analysis 29- 1-2
system LOS 28-5-6
system performance 28- 1-3
traveler satisfaction 28-1,28-4-6
utility models 28-1, 28-4-5

on- and off-ramps (freeways) (continued)
variables 22-44-45
weaving 13-13
operational analysis 3-5. 3-6E. 4-1
bicycles (problems) 19-1 1
corridor analysis 29-1
freeway segments (problems) 23-17
freeway weaving segments 24-20
problems 24-22
models 3 1-1
multilane highways 21-1 3
problems 21-15
pedestrians (problems) 18-19
ramps and ramp junctions 25-20
problems 25-23
signalized intersections 16- 1-24, 16-27
problems 16-37
two-lane highways (problems) 20-32
oversaturation* conditions (freeways) 13-3,22-15
analytical procedure 22-52-55
flows 22-1 5-16,22-50-1
mainline factors 22-16-17, 22-56-59
MOE computation 22-50-63
problems 22-23
queue discharge 13-5
ramp flows 22- 17,22-5941
segment factors 22-1 S,22-61-62

N
node delay estimation 30-27
adaptive control 30-27-29
all-way stop 30-35-36
two-way stop 30-34-35
signal delay 30-29-34
nodes* 22- 15.30-27
variables 22-44
no-passing zones* (two-lane highways) 12-13, 12-17-1 8
see also passing lanes
speed effects 20-9, 20-10E
time-spent-following 20-23E
values 12- 17-12-18

P
paratransit* 27-3-4
parclos (partial cloverleaf interchanges*) 26-2-3
turning movements 26-4E
parking
maneuvers (urban) 10-25
park-and-ride lots 14-24E, 14-27
transit flow restrictions 14-18, 14-19E
passenger cars see automobiles
passenger demand, loads, perceptions, etc. see transit
facilities
passing lanes* (two-lane highways) 12-15
alternatives 20,4446
analysis 20-25-28
climbing lanes 20-28-29
directional segments 20-22,20-24-28
lengths 12-18, 20-24E
LOS 20-27-28
opposing traffic 20-28
time-spent-following 20-24, 20-26-27
travel speed 20-27,20-28E
turnouts 20-45
peak-hour factors* (PHF) 9-8-9
bicycles 11-18
buses 14-1 1
freeway segments 13-12, 23-7

0
occurrences see events and occurrences
on- and off-ramps (freeways) 13-21-22
capacity 22-6. 22-48
example 22-5
flow (oversaturated) 22-1 5E, 22-17
influence areas 13-23
interchanges 26- 1
off-ramps
capacity 25-4
left-hand 25-17
other 25-17
two-lane 25-4.25-1 5-16
weaving 13-13
on-ramps 13-21-22
capacity 25-4
left-hand 25-1 1
other 25-10-1 I
two-lane 25-4.25-8-9
Index
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peak-hour factors (PHF) (continued)
~nullilanehighways 12-10, 21 -7
ramp-freeway junctions 13-25
roundabouts 10-34
signalized intersections 10-33
subhourly flow variations 8-9
transit facilities 14-4
two-lane highways 12-18,20-7,20- 13
unsignalized intersections 10-19, 10-33
urban streels 10-8
peak-hour volume 8-6-9
AADT and DDHV 8-1 1.23- 16-17
K-factors 8-9E. 8-1 1-12
transit trips 14-2E
pedestrians" 1 1- 1, 18-I
adjustment factor 16-1 IE, 16-13
computation 16- 138E
formula 16- 1 I E
procedure 16- 135-1 39
bicycle interactions 1 1-16
shared facilities 18-6-7
body ellipse 11-4, 11-5E
capacity I 1-4-5
circulation time 18-8. 18-1 1-12
clear walkway width 11-6
conflicts 1 1-7, 18-5
zones 6- 135,6-136E
cross-flows 1 1-7
determining 18-5
crosswalks
evaluating 11-4
lengths 11 - 13
street corners 18-8, 18-10E
time-space 18- 12-1 3
zebra-striped 18-13
delays 11-13, 18-7
density 1 1-1
flow-density 1 1-2-3
speed-density 1 1-2
effective green time 18- 13
effective walkway width 11-6, 11-12
determining 18-2-3
environmental factors 1 1 -I
facility t y p s 18- 1
flow 2- 1
flow-density relationships 11-2
flow rate 11-1, 11-10E
cross-flows 1 1-17
flow-speed relations 1 1-3
flow values (urban) 10-26
holding areas 18-8, 18-10-1 1
impedance 17-10, 17-1 1-12
input data and values 11-12-13

* Defined in Chapter 5 , "Glossary."

pedestrians (continued)
interrupted-flow facilities 18-7
signalized 18-7-1 8- 13
unsignalized 18- 13-1 5
levels of service (LOS) 18-1
criteria 1 1-7
cross flows 18-5E
queuing areas I 1 - 10E. 18-GE
shared paths 18-7E
signalized intersections 18-8E
stairways 18-5E
unsignalized intersections 18- 15E
urban streets 18-16E
walkways 1 1-9E, 18-4E
major-street crossing 18-8-10
methodology 18-1-15
applications 18-16
computations 18-16, 18-17-1 8
problems 18-19-3 1
worksheets 16-161, 18-32
minor-street crossing 18-8, 18-9
modeling application 3 I - 16E
off-street paths 18-1
pedestrian space'+ 1 1- 1
calculating 18-1 1-12
display convention 9-7
requirements 1 1-4, 1 1 -5E
performance measures 1 1-7-8
platoons 11-1, 11-8, 11-11
calculation 11- 13, 18-14
effects 18-4-5
numbers in I 1 - 13
queuing areas 18-1
determining 18-5-6
LOS 1 I-1OE
service volume table 11- 14E
shared-use facilities 18-1, 18-6-7
sidewalks and walkways 18-1
analysis 18-3-4
lengths 11-12
LOS criteria 18-4
urban 18- 15
widths 11-6, 11-12
signalized intersections
adjustment factor 16-1IE, 16-13, 16-135-1 39
facilities 18-7-1 8-1 3
platoon size 11- 13
turning movements 10-15
speed see below walking speed
speed-density relations 11-2
speed-flow relations 11-3
speed-space relations 11-4
stairways 18-5
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pedestrians (conlinucd)
standing areas 1 1-4, l I -5E
start-up time 1 1-4. 1 1-13
street corners
areas 18-8, 18-9-1 0
radius I 1-12
lime-space 1 1 - 10-1 3
termjnology I 1-1
lraffic characleristics 8-2
traffic control 1 1 - 1
pcdesrrian delay 1 1 - 13
trip purpose 11-6
TWSC intersections 17-4. 17-5
impedance 17-10, 17-1 1-12
types 1 1-6
uninterrupted-flow facilities 18-3-7
unsignalized intersections 1-13
facilities 18-13-15
urban street facilities 18- 1
default flows 10-26
vlc ratios 18-4
vehicle-pedestrian interactions 17- 1 1-1 2
waiting times 18-10-1 1
walking space see above pedestrian space
walking speed 11-1, 11-2, 1 1 - 6 5 , 11-6E
determining 18- 1
speed-density 1 1-2
speed-space 1 1-4
values 11-13
walkways see abollc sidewalks and walkways
worksheets 16-161, 18-32
performance measures* 2-3. 28-1
accuracy and precision 9-2.9-3
areawide analysis 30-2
congestion 30-38
highways 30-8-1 l
transit 30-1 3-14
average values 9-8
bicycle facilities 11-4-5
corridor analysis 29-7-9, 29-20
economic analyses and 3-7, 3-8E
environmental analyses and 3-6, 3-8E
freeways 13-29,22-3.22-18
models and 3 1- 18
multiple facilities 28-1-3
pedestrian facilities 11-7-8
presentation o f 4 - 3 4
roles and uses of 4- 1-3
selection 4-3
transit facilities 14-23, 14-24E
person capacity"
buses 14-3, 14-4E
busways 14-14E

Index
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person capacity (continued)
buses
calculating 14-6
influences 14-5E
mixed-traffic 27-25
problem 27-42
urban bus lanes 27-20
rail transit 14-22E, 27-3 1-32
transit facilities 14-3, 14-4-5
calculating 14-6E
person delay (transit facilities) 14-18
person flow 2-2
see also pedestrian flow
PHF see peak-hour factor
planning analysis 3-6,4-2
freeway segments (problems) 23-1 7
freeway weaving segments 24-20
problems 24-22
models 31-1
pedestrians (problem) 18-30
performance-based planning 28-2
ramps and ramp junctions
signalized intersections 16-26, 16-27E
problems 16-37, 16-79
platoons* and platoon analysis
arrival types 15-5-6, 1 6 - 6 5
buses 14- 1 1
gap distribution 7-9
interchanges 26-6-7
pedestrian 11-1, 11-8, 11-11
calculation 11-13
effects 1 8 - 6 5
platoon ratio* 15-6, 16-20
TWSC intersections 17- 14-1 8
progression adjustment factor* (PI?) 15-6-7, 16-19-20

Q
quality of service* 2-2, 28-1
see also LOS (levels of service); performance
measures
multiple facilities 2 8 - 6 6
transit facilities 14-23, 34-24E
availability 14-30-3 1
comfort and convenience 14-31
factors 14-26-29
framework 14-29-3 1
measures 27-2
traveler perceptions 28-4-6
quantity of service* 28-3
queue accumulation polygons (QAPs) 16-23
application 16- 106-1 07, 16-1 12-1 14
uniform delay 16-140-141
queues and queuing* 7- 1 1
see also headway
22
Defined in Chapter 5, "Glossary."
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queues and queuing (continued)
back of queue+lO- 16, 16- 151
average 16- 152-155
determining 16-15 1-158
percentile 16- 155-1 56
queue storage rate" 16-156
worksheet 1 6- 157E
bicycles 19-7
buses
bypassljump 14-17. 14-18, 14-19E
formation 14-10
queue failure 27-1 1-12
initial queue delay" 15-5, 16-22, 16-33
examples 16-145-148
method 16-142-150
multiple time periods 16-146
worksheet 16- 150E
interchange characteristics 26-5-6
lengths 7- 12
TWSC 10-3I, 17-22-23
pedestrians 18-1, 18-5-6
LOS 11-10E
queue carryover" 16-7
queue clearance" (TWSC) 17-14-1 5
queue discharge flows*
freeways 13-3, 13-5
headways 8-27
queue size 16-1 12-1 14, 16-140-141
queue storage ratio9 16-156
saturation conditions 13-5, 7- 1 1-12
service time 16- 107-1 08

R
rail transit see light rail transit
ramp-freeway junctions 13-21-22,25- 1
see also ramps and ramp junctions
ramps and ramp junctions* 13-20,25- 1
see also interchange ramp terminals
acceleration and deceleration lanes
capacity 25-1
length 13-22, 13-24
analysis period 13-24
capacity 22-8
diverge 13-22, 25-14
merge 1 3-22,25-7-8
components 13-20-21
corridor analysis 29-3-9
design analysis 25-20
diverge influence areas 13-21-23
analysis 25-1 1-17
capacity 13-22, 25-14
flow prediction 25-1 2-1 3
lane drops 25- 16

ramps and ramp junc~ions(continued)
diverge influence areas
LOS 13-23-24. 25-4-5, 25-14-15
major diverges 25- 16
off-ramp cases 25- 15-1 7
weaving 13-13, 13-26
driver population factor 13-22. 13-25
entrance ramps see below on-ramps
exit ramps see below off-ramps
free-flow speed (FFS) 13-22
values 13-24
freeway-to-freeway ramps 13-21
heavy vehicles 13-22, 13-25
input data and values 13-24-25
lane distribution 13-22
lane numbering 13-2 1
lateral clearances 13-22
levels of service (LOS) 13-23-24,25-4-5
diverge areas 25-14-15
merge areas 25-8
merge influence areas 13-21-23
analysis 25-5-1 1
capacity 13-22, 25-7-8
flow prediction 25-5-7
lane additions 25-9
LOS 13-23-24,25-4-5,25-8
major merges 25-9-1 0
on-ramp cases 25-8-1 1
ramp controllmeters 25-1 1
weaving 13-13, 13-26
methodology 25- 1-1 9
applications 25-19-22
computational steps 25-20
flowchart 25-3E
problems 22-23-40
worksheet 25-40
modeling application 31-16E
off-ramps 13-21-22
capacity 25-4
left-hand 25- 17
other 25-17
two-lane 25-4,25-15-16
weaving 13-13
on-ramps 13-21-22
capacity 25-4
left-hand 25-1 1
other 25-10-1 1
two-lane 25-4,25-8-9
weaving 13-13
operational analysis 25-20
problems 25-23
operational characteristics 13-21-22
parameters 13-22
peak-hour factor (PHF) 13-25
Index
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ramps and ramp junctions (continued)
planning analysis 25-20
ramp closure 13-28
ramp-freeway junctions 13-20-21, 25- 1
ramp influence areas 25- 1-3
capacity 13-23
diverge 13-21-23.25-1 1-17
merge 13-21-23,25-5-11
overlapping 25-17
speed 25-18-19
ramp lanes 13-21-22
values 13-24
ramp metering" 13-28,22-3,22-6
ramp roadways" 2 5 - 3 4
ramp-street junctions 13-20, 13-21
ramp terminals 25-3
ramp-weave 13-14, 13-15E
service-volume table 13-25-26
signalized intersections 25-2
speed 25- 18-1 9
variables 25-2E. 25-3
worksheet 25-40
recreational facilities and routes 8-6, 8-7, 8-8
recreational vehicles* (RVs)
freeway segments 23-7-8
fleeways 13- 12
multilane highways 12-7, 12-10
adjustments 2 1-7-8
grades 21-10-12
traffic condition impacts 2-4-5
two-lane hlghways 12-7, 12-19
directional segments 20- 13-14,20-18-19
two-way segments 20-7-9
red time* 10-1 1 , 10-12E
see also traffic signals
right lanes and turns
adjustment factor 16-1 lE, 16-12
bicycles 19-6
buses 27- 1 7-1 8
exclusive lanes 10-18
right turn on red (RTOR) 16-9, 16-12
right-of-ways
bicycles 19-6
W S C intersections
gaps 7-8-9
ranking 10-27-28
stream priority 1 7 - 3 4
roadway conditions 2-4
see also exclusive turn lanes; lanes; lateral clearance;
shoulders
roundabouts* 10-3 1. 17-45
applications 17-48
approach capacity 17-47E
capacity model 17-4648
Index
" E after a page number indicates an exhibit.

roundabouts (continued)
critical gap 17-46
gap acceptance 7-9, 17-45
geometry 10-32E
headways 17-45
input data and values 10-34
methodology 17-4548
multilane limits 17-48
volumes 10-33
worksheets 17-103
RTOR (right turn on red) 16-9, 16-12
running speed* 7-3, 10-3
RVs see recreational vehicles

S
saturation* conditions (freeways)
oversaturated conditions 13-3,22-15
analytical procedure 22-52-55
flows 22-15-16,22-50-1
mainline factors 22-1 &17,22-5659
MOE computation 22-5C63
problems 22-23
ramp flows 22-17,22-59-61
segment factors 22-1 8,22-6 1-62
undersaturated conditions 13-3,22-14-15
MOE computation 22-49-50
problem 22-23
saturation flow rate*
adjustment factors 16-10-1 3
gaps and headway 7-9
interchanges 26-9
lost time and 7-8,7-10-11
signalized intersections 8-2628, 10-15, 10-24
determining 16-9-1 3, 16-30, 16-31E
measurement 16-158-160
signal timing 16-99
values 10-24
unsignalized intersections 8-28
service flow rates* 2-3
service measures* 2-3,28- 1
see also LOS (levels of service); quality of service
LOS and 4-3
uses 4-2-3
service volume* tables
bicycle facilities 11-18-20
freeway ramps 13-25-26
freeway segments 13-13
freeway weaving 13-20
multilane highways 12-10, 12-1l E
pedestrian facilities 1 1-14E
ramps and ramp junctions 13-25-26
signalized intersections 10-26-27
table preparation 9-7,9-9.9- 1 1-1 2
two-lane highways 12- 19

* Defined in Chapter 5, "Glossary."
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scrvice-volume tables (continued)
TWSC intersections 17- 12-1 3, 17-26, 17-31
unsignalized intersections 10-34-35
urban streets 10-9, 10- 10
shoulders*
bicycle lanes 19-4
two-Ianc highway use 20-45
turnouts 20-44-45
widths on highways
multilane
two-lane 12-13, 12-18 , 2 0 - 5 4
side streets see minor-street approaches
sidewalks and walkways
pedestrians 18- 1
analysis 1 8 - 3 4
lengths 1 1- 12
LOS criteria I I -9E, 18-4E
urban 18-15
walkways 11-6, 11-12
transit facilities 14-24E, 14-26, 14-27
signals see traffic signals
signs 2-5, 7-8-9
see also intersections, AWSC; intersections, TWSC
simulation::' and modeling 3 1- 1-3
alternatives analysis 3 1-24
examples 3 1-27, 3 1-29, 3 1-3 1
applications 3 1 - 16-24
calibration* and validation* 3 1-22
examples 3 1-27, 3 1-29, 3 1-3 1
data assembly and input 3 1-22, 3 1-23
examples 3 1-27, 3 1-29, 3 1-3 1
data availability 31-20-21
descriptive models:" 31-5-6
descriptors 3 1-3
deterministic models* 3 1-4
exercises 3 1 - 10-14
ease of use 3 1-21
event-based models* 3 1-4
exercise 3 1-7
events 3 1-3
HCM assessment 3 1-9
examples 31-26, 3 1-28. 3 1-30
input parameters 3 1 -3E
logic types 3 1 - 3 4
normative models* 3 1-5-6
numerical exercises 3 1-6-1 6
car following 3 1-14-16
gap acceptance 3 1-7-1 0
pretimed signal 3 1-10-12
toll booth 31-12-14
off-linc models* 31 -6
output analysis 3 1-23-24
examples 3 1-27, 3 1-29. 3 1-3 1
output parameters 3 1 -3E

sinlulation and modeling (continued)
performance measures in 3 1- 18
problems 3 1 - 15-3 1
project scope 3 1-18
cxa~nples3 1-26, 3 1-28, 3 1-30
randomness elements 3 1-4
real-time models* 3 1-6
resource requirements 3 1-21-22
selection of model 3 1-19-22
examples 3 1-26,31-28,31-30
state variables 3 1-3
stochastic models* 3 1-4
exercises 31-7-10, 31-12-16
time-based models* 31 -4
exercise 3 1 - 1 4 - 1 6
traffic inputs to models 31-5
traffic simulation models 3 1-2-3
types of models 31 -4-5
utility models 28-4
vehicle simulation models 3 1-3
cxcrcise 31-14-1 6
skip-stop bus service<: 14- 1 1,27- 1 3
example 14- 15, 14- 16E
problems 27-41, 27-43
speed adjustment 27-22-23
urban bus lanes 27-18-19
space mean speed* 7-3
spacing between vehicles see gaps; headway
speed'"-24,7-9,8-21-23
bicycles 1 1-18, 19-3E. 19-5, 19-7E
buses 27-8
busways 27-14. 27- 16
HOV lanes 27- 15E, 27- 16
mixed-traffic 27-26
problem 27-43
skip-stop 27-22-23
urban bus lanes 27-20-24
density-speed relations 7-5-6
freeway segments 1 3 - 3 4
multilane highways 12-3, 12-4E
flow-speed relations 7-5-6
bicycles 19-5
freeway segmcnts 13-34, 23-4E
multilane highways 12-3, 12-4E
signalized intersections 15-9-1 2
two-lane highways 12-14
urban streets 15-9-12
free-flow speed (FFS) 7-3
freeway segments 23-4-7
freeways 13-2, 13-5-6, 13-12
multilane highways 12-2-7, 12- 10
ramps and ramp junctions 13-22, 13-23
two-lane highways 12-14, 12-18
urban streets 10-3. 10-7-8
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speed (continued)
freeway lveaving segments 24-5-8
freeways 13-6.22- 15
interrupted flow 7-9
as LOS measure 2-2
lnultilane higl~ways12-3, 12-6-7
parameters 7-3
pedestrians 1 1 - 1, 11-2, 11-6E
determining 18-1
factors 1 1-4-5
ramps and ramp junctions 25-18-19
running speed'* 10-3
space-speed relations 11-4
speed limits (highways) 12-6-7
travel speed9:7-2, 7-3
urban 10-4
trends 8-21-23
two-lane highways 12-12, 20-9-10
directional 20-20-21
grade adjustment 20-7
no-passing 20-9.20- 10E
two-way 20-5, 20-IOE
types 7-3
uninterrupted flow 7-2-4
urban streets 10-3-4
FFS 10-7-8
sensitivities 15-9-12
value conventions for 9-7
variations per volume 8-21, 8-23, 8-24E, 8-25E
speed limits
multilane highways 12-6-7
urban streets 10-6
start-up lost time* 8-26,8-28, 10-12-13
see also lost time
stop signs 2-5, 7-8-9
see cilso intersections, AWSC; intersections, TWSC
streetcarsq 14- 19-20, 27-26
capacities 27-3 1-32
dwell time 27-26-28
minimum headways 27-28-30
travel times 14-20, 14-22E
volun~es8-29
peak 27-27
streets see sidewalks and walkways; urban streets
suburban streets* 10-6E, 10-7
symbols see Chapter 6
system analysis 3-2-4

T
terrain see grades and terrain
time mean speed* 7-3
time-spent-following 12-13, 12-14E, 12-15E
determining 20-9-1 0
directional distribution 20-9.20-1 1E

time-spent-following(continued)
directional segments 20-22, 20-23-24
two-way segments 20-9-10
toll booth (modeling example) 31-12-14
toll roads 13- 1
topography see grades and terrain
traffic-actuated signal controls see traffic signals
traffic characteristics
demand and volume 8-2-1 3
values (measured and observed) 8-13-29
vehicle and human factors 8-1-2
traffic conditions* 2-4-5
see also directional distribution and split
signalized intersections 16-3-5
traffic control systems see traffic signal phasing; traffic
signals
traffic signal phasing 10-14-15, 10-22
see also traffic signals
critical lanes 16-16E, 16-7E
interchanges 26-7, 26-12-14
leadingllagging 16-95E. 16-96-97, 16-128-13 1
multiphase 16-18E, 16-96-98, 16-112-120
overlapping phases 16-15
parameters 6-104-105
permitted 16-23, 16-122-134
phase plans 10-43-44, 16-95
pretimed signal controls 10-14, 16-94
k-values 16-22E
timing plan 16-98-100
protected 10-22, 16-16E
protected-plus-permitted 16-23-24, 16-128
procedure 16-140-143
two-phase 3 6-96E, 16-100, 16-109-1 10
types 16-13
traffic signals
see also traffic signal phasing
actuated signal controls 10-14, 16-94-95
control delay see control delay
controllers 16-94-95
settings 16-105-106
cycle failure 10-16
cycle length 10-12E, 10-19, 10-21-22
estimation 10-45
effective green 10-11-13
ratios 10-19, 10-23
effective red 10-11, 10-12E
freeways 13-28
fully actuated 10-14
green extension time 16-108
green phasing 16-95E, 16-96-97
green time 10-1 1-1 3
allocation 16-98
estimation 10-45-46
computation 16-108
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Lraffic signals (continucd)
glecn lime
model 16-106-107
signal liming 16-100
ratio ($2) 10- 12E, 10-19, 10-23, 16-25
interrupted-flow facilities 2-5
lagging/leading green phasing 16-95E, 16-96-97,
16-128-131
light-rail trains 14-22
multilane highways 12-1
multiphase control 16-96-98, 16-112-120
critical lanes 1 6- 18E
pedestrians 1 I - 1
delay 11-13
permitted phasing 16-23
left turns 16- 122-1 34
phase control plans 10-4344, 16-95-98
dual-ring I 6-96E. 16-97, 16- 103-104
multiphase 16-96-98, 16-112-1 20
two-phase 16-96E, 16-100, 16-109-1 10
pretilned signal controls 10-14, 16-94
k-values 16-22E
modeling example 3 1-10-12
timing plan 16-98-1 00
protected phasing 10-15, 10-22, 16-16E
protected-plus-permitted phasing 16-23-24, 16-128
procedure 1 6- 140- 143
rail transit priorities 14-22
red time 10-1 1. 10-12E
semiactuated signals 10-14
signal controls 16-94-95
flow rate and 7-7-8
fully actuated 10- 14
semiactuated 10-14
traffic-actuated 16-101-1 20
signal controllers 16-94-95
k-values 15-8E, 16-22E
settings 16- 105-106
signal coordination 15-9
signal delay see control delay
signal density (urban) 10-8
speed and 15-9-12
signal phasing 10-1 4 - 1 5
signal progression 15-6-7, 16-19-20
signal timing
design method 16-93-1 20
estimation 10-4346, 16-99-1 01
estimation limits 16-120-1 21
example 16- 1 16-1 20
interchanges 26-7
left-turn flows 10-37, 10-42
lost time 16-101
phase plans 16-95-98
pretimed 16-98-101

Lraffic signals (continued)
signal timing
semiactuated 16- 1 15-1 16
tiining plans 1 6-98-1 1 2
traffic-actuated 16-I0 1-1 15
signalization conditions 16-3E, 16-5-6
timing plans
minimum phase time 16-1 11
pretimed 16-98-1 00
problem 3 1-26-27
traffic-actuated 16-102-1 15
traffic-actuated controls 16-94-95
control settings 16-105-1 06
estimation limits 16-120-1 21
model 16-101-1 04
multiphase example 16-116-120
timing computations 16-115E
timing plan 16-101-1 15
worksheet 16-103
two-phase control 16-96, 16-100, 16-109-1 10
types 10-14
upstream signal effects (TWSC) 17-13-19
computing 17-30
traffic signs 2-5,7-8-9
see also intersections, AWSC; intersections, TWSC
transit facilities 14-1-3, 27-1-2
see olso areawide analysis; buses and bus facilities;
corridor analysis; light rail transit; street cars
accessibility" to stops 14-10, 27-4-5
amenities 14-27, 27-6-7
areawide analysis 30-1 1-16
problems 30-23-26
availability see below transit availability
automobiles
accessibility 27-4-5
travel time 14-31, 27-3
bicycles 14-6, 14-27
accessibility 27-4-5
bus facilities 14-3, 14-7-18
bus priorities 14-15-1 9
parameters 27-9-26
signal timing 14-11
capacity 14-3-6
estimation 27-1
comfort and convenience 14-24E, 14-26, 14-31
measures 27-6-8
perceptions 14-29
corridor analysis 29-10-1 2
problem 29-1 2-26
costs to passengers 14-28
delays see below dwell time
dwell time 14-3, 14-5-6
variability 14-8
fare payment 14-6
Index

* Defined in Chapter 5, "Glossary."

"E" after a page number indicates an exhibit.

Highway Capacity Manual 2000
t~.ansilfacilities (continued)
GIs analysis 30-14-16
headway adherence 27-3,27-7,27-8
hours of servicc 14-24E
determining 27-5-6
intercity scheduled service 27-3, 27-4
level of service (LOS) 14-23
hours of service 27-6E
intercity transit 27-4E
paratransit 27-4E
passenger load 27-6E
reliability 27-8E
service frequency 27-2
light rail 14-3, 14-19-22
parameters 27-26-3 1
priority treatments 14-22
loading areas 14-3
modeling application 31-1 6E
operator point of view 14-23, 14-24E
paratransit 2 7 - 3 4
park-and-ride lots 14-24E, 14-27
passenger demand 14-4
dwell time 14-6
passenger loads 14-24E, 14-29, 14-31
determining 27-5
passenger perceptions
appearance and comfort 14-29
point of view 14-23, 14-24E
safety and security 14-28
peak-hour factor (PHF) 14-4
peak-hour trips 14-2E
pedestrians 14-26, 14-27
accessibility 27-4-5
performance measures 14-23, 14-24E
areawide 30-13-14
corridor 29- 10-1 2
person capacity 14-3, 14-4-5
calculating 14-6E
priority treatments
buses 14-15-1 9
rail 14-22
quality of service 14-23, 14-24E
availability 14-30-3 1
comfort and convenience 14-31
factors 14-2629
framework 14-29-31
measures 27-2
trip decision making 14-23, 14-25
rail transit 14-3, 14- 19-22
parameters 27-26-31
priority treatments 14-22
reliability see below transit reliability
routes and route segments
availability 14-30
Index
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transit facilities (continued)
routes and route segments
comfort and convenience 14-31
hours of service 27-5
reliability 27-7-8
safety and security 14-28
scheduling 14-27
seating availability 14-29
service coverage 14-25E, 14-26-27
areawide analysis 30-13-16
availability 14-30-31
service frequency 14-24E, 14-30
determining 2 7 - 2 4
LOS 27-3E
service information 14-25E. 14-28
service measures 14-23
quality-of-service 14-30E
threshold levels 14-31
sidewalk conditions 14-24E, 14-26, 14-27
speed 14-24E, 27-8
areawide 30-12
corridor 29-1 1
streetcars 14-3, 14-20, 14-22E
parameters 27-26-31
transit availability* 14-25E, 14-26
measures 27-2-5
transit reliability* 14-24E, 14-29, 14-31
determining 27-7-8
transit stations 14-3
amenities 14-27
spacing 14-6
transit stops* 14-3
accessibility 27-4
amenities 14-6, 2 7 - 6 7
availability 14-30
comfort and convenience 14-31
passenger loads 27-6
service frequency 27-2
spacing 14-6
travel time 14-31,29-11-12
trip decision making 14-23-24, 14-25E, 14-26E
trip times 14-28
trolleybuses 14-2
unscheduled service 2 7 - 3 4
urban scheduled service 27-3
vehicle capacity 14-3, 14-24E
calculating 14-5E
vehicle operation 14-23, 14-24E
waiting areas see above transit stations; transit stops
wheelchair accessibility 14-6
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transportation facilities 3-IE, 3-3E, 9-1-2
see also bicycles; freeways; highways; interruptedflow facilities; intersections; multiple facility
assessment; pedestrians; transit facilities;
uninterrupted-flow facilities; urban streets
travel speedx 7-2,7-3, 10-4
see also speed
traveler satisfactionx and utility 28-1, 2 8 - 6 5
trolleybusesx 14-2
trucks*
freeways 13-12
freeway segments 23-7-8
multilane bighways 12-7
adjustments 21-7-8
grades 21 - 10-1 2
registered (1986-1996) 8-14E
values 12-10
rural interstate travel by 8-15E
traffic condition impacts 2 - 6 5
two-lane highways 12-7, 12-19
directional segments 20-13-14, 20-17-20
two-way segments 20-7-9
volume variations (daily) 8-5E
weightlpower ratios 8-1E
turning movements 10-1, 10-15
estimation 10- 19-20
values 10-19, 10-33
interchanges 26- 1, 26-3-4
turnouts* 20-44-45
two-lane highways see highways, two-lane
two-way left-turn lanes* (TWLTL) 12-1
gap acceptance 10-29
two-lane bighways 20-47-48
TWSC (two-way stop-controlled) intersections see
intersections. TWSC

upgrades (continued)
two-lane highways 20- 14,20- 15-1 9
urban streets 10-1-2, 15-1
see nlso interchange ramp terminals; intersections;
pedestrians; urban bus facilities
analysis period 10-8-9
analytical exa~nple3-3E, 3-4E
arrival types 10-23, 1 5 - 5 4
arterials 10-I . 10-6-7
AWSC intersections 10-30-3 1
back of queue 10-16
bicycles 10-25, 19-1, 19-7
buses (local) 10-25
bus facilities 27-16
adjacent lanes 27-19E, 27-20
lane speed 27-20-24
person capacity 27-20
vehicle capacity 27-1 7-19
busways (CBD) 14-13-14
capacity 27- 1 6 16
reserved 14-18
volumes 8-28
capacity 15-9
estimation 10-3647
classification system 10-5-7, 10-8E
classifications 10-1-3
collector streets 10-1
control delay 10-15-16, 15-2
computation 10-4647
determination 15-3-8
corridor analysis 29-3-9
cycle length 10-19, 10-21-22, 15-9
estimation 10-45
design categories 10-6E, 10-7
effective green 10-11-13
ratios 10-19, 10-23
exclusive turn lanes 10- 17-1 8
free-flow speeds (FFS) 10-3
speed-flow curves 15-9-12
values 10-7-8, 15-3E
functional classes 10- 1
green time estimation 10-4546
green time ratio (g/C) 1 0- 19, 10-23
heavy vehicle factors 10-25
highways compared 10-11
incremental delay 15-4, 15-5, 15-7-8
input data and values 10-7-9
signalized intersections 10-17-27
unsignalized intersections 10-32-34
lengths 10-7, 15-13
level of service (LOS) 1 0 - 6 5
applications 15-5
computations 15- 13
control delay 10-15-1 6

u
undersaturated conditions (freeways) 13-3,22-14-15
MOE computation 22-49-50
problem 22-23
uninterrupted-flow facilities 2- I,
see also freeways; higbways
density 7-4
flow rate 7-1-2
headway and spacing 7 - 6 5
parameter relationships 7 - 5 4
parameters for 7- 1-6
spacing and headway 7-4-5
speed 7 - 2 4
upgrades
see also grades and terrain
climbing lanes 20-28-29
freeway segments 23-9-1 1
multilane highways 21-9, 2 1-10E

" Defined in Chapter 5, "Glossary."
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urban streets (continued)
level of service (LOS)
determining 15-2-3, 15-9, 15-27-28
methodology 15-1-3
pedestrians 18-16E
problems 15- 15-24
local streets 10-1
methodology 15-1-12
applications 15- 12-1 5
flow chart 15-2E
input parameters 10-7-9
problems 15-15-24
worksheets 10-47, 15-28
peak-hour factor (PHF) 10-8
pedestrians 1 1-1, 18-1
default flows 10-26
street corners 11-10-13, 18-8, 18-9-10
planning applications 15-15
coniputations 15-25-26
platoon ratio 15-6
progression adjustment factor (PF) 15-6-7
queue delay (initial) 15-5
determining 16-22, 16-142-148
roundabouts 10-31
running time 10-3
determining 15-3, 15-4E
segments 15-13
service volume table 10-9, 10-10
signal coordination 15-9
signal density 10-8
speed and 15-9-12
signal progression 1 5 - 6 7
signalized intersections 10-9-27
estimation method 10-3-6
flow 10-9, 10- 1 1
LOS 10-15-17
values 10-17-27
variables 10-12E
speed-flow curves 15-9-1 2
speed profiles 10-4
speeds 10-3-4
street classes 10-5-7, 10-8E
determining 15-3, 15-4E
speed and 15-9-1 2
street corners
areas 18-8, 18-9-1 0
radius 1 1- 12
time-space 11-3 0-1 3
transit facilities
busways 14-13-14,27-14-16
scheduled service 27-3
travel speed 10-4
sensitivities 15-9-1 2
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urban streets (continued)
travel time 15-27-28
TWSC intersections 10-27-29
uniform delay 15-4, 15-5
unsignalized intersections 10-27-35
values 10-32-35
upstream signals 15-8
variables 10-12E
volumes 8-21, 8-22E
weaving 13-14
worksheets 10-47, 15-28
utilityb and traveler perception 28-1, 28-4-5

v
variability* of congestion 28-3
highway facilities 29-9, 30-1 1
transit facilities 30-13
V/Csee volume-to-capacity ratios
vehicle capacity*
buses 14-3, 14-4E, 14-5
bus stops 14-13
busways 14-14E
dwell time 14-14-15
influences 14-12E
loading areas 14-7-1 1
mixed-traffic 27-25
urban bus lanes 27- 17-1 9
transit facilities 14-3, 14-24E
calculating 14-5E
vehicle types 8-1
see also automobiles; buses; recreational vehicles;
trucks
lane distribution by 8-13E
rural interstate travel by 8-15E
vertical alignments of roadways see grades and terrain
volume* 8-13-16,8-17E
see also service-volume tables
analysis hour and peak hour 8-7
average values 9-8
buses 8-28-29, 14-10
daily-hourly equivalencies 9-8-9
demand and volume 2-2,8-2
directional distribution 8-1 1, 8-12E
equivalency factors 9-8-9
flow rate and volume 7- 1-2, 8- 16
forecasts 8-9
freeways 8-3, 8-17,8-18-20
lane distribution 8-12-1 3
multilane highways 8-17, 8-20E
peak-hour volume 8-6-9
rail transit 8-29, 27-7
signalized intersections 10-33, 16-3-5
adjustment 16-30, 16-31E
spatial distributions 8-10-13
30
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volume (continued)
speed relationships 8-21, 8-23, 8-24E, 8-25E
temporal distributions 8-9-10
two-lane highways 8-20-21
variations
daily 8-4, 8-33
hourly 8-4. 8-6, 8-7E
seasonal and monthly 8-3-4
subhourly 8-9, 8- I OE
volume-to-capacity (vlc) ratios:::
freeways 13-29
pedestrians 18-4
signalized intersections 10- 16. 16-14
application 15-9-1 2
computation 10-46
critical lanes 16-14-15
equalizing 16-98
two-lane highways 20-1 1-12
value conventions for 9-7

W
walkways see pedestrians; sidewalks
wcaving* and weaving segments* see freeway weaving
wheelchair accessibility
busts 27- 10
rail transit 27-28
transit Facilities 14-6

Y
yield signs 2-5, 7-8-9
see also intersections, AWSC; intersections, TWSC
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