IIIIIII

Transportation
ENngineering

An Introduction

@ Pearson C.JOTINKHISTY B.KENT LALL



About Pearson

Pearson is the world’s learning company, with presence across 70 countries
worldwide. Our unique insights and world-class expertise comes from a long
history of working closely with renowned teachers, authors and thought
leaders, as a result of which, we have emerged as the preferred choice for
millions of teachers and learners across the world.

We believe learning opens up opportunities, creates fulfilling careers and
hence better lives. We hence collaborate with the best of minds to deliver you
class-leading products, spread across the Higher Education and K12 spectrum.

Superior learning experience and improved outcomes are at the heart of
everything we do. This product is the result of one such effort.

Your feedback plays a critical role in the evolution of our products and you
can reachus@pearson.com. We look forward to it.



This page is intentionally left blank



Transportation
Engineering

An Introduction

Third Edition

C. Jotin Khisty
lllinois Institute of Technology, Chicago

B. Kent Lall
Portland State University, Portland

@ Pearson



Copyright © 2016 Pearson India Education Services Pvt. Ltd

Published by Pearson India Education Services Pvt. Ltd, CIN: U72200TN2005PTC057128,
formerly known as TutorVista Global Pvt. Ltd, licensee of Pearson Education in South Asia.

No part of this eBook may be used or reproduced in any manner whatsoever without the
publisher’s prior written consent.

This eBook may or may not include all assets that were part of the print version. The publisher
reserves the right to remove any material in this eBook at any time.

ISBN 978-93-325-6970-6
eISBN 978-93-325-8764-9

Head Office: 15th Floor, Tower-B, World Trade Tower, Plot No. 1, Block-C, Sector 16, Noida 201 301,
Uttar Pradesh, India.

Registered Office: 4th Floor, Software Block, Elnet Software City, TS-140, Block 2 & 9,

Rajiv Gandhi Salai, Taramani, Chennai 600 113, Tamil Nadu, India.

Fax: 080-30461003, Phone: 080-30461060

www.pearson.co.in, Email: companysecretary.india@pearson.com



I dedicate this book to the memory

of my father, Dr. B. R. Khisty,

physician and surgeon, philosopher and reacher,
wha introduced me to the “music of the spheres”

C. Jotin Khisty
To my wife, Margaret Vivienne, and son, Niren Nicolaus,
for helping me know myself

B. Kent Lall



About the Authors

C. Jotin Khisty received the Ph.D. degree in transportation systems engineering
from The Ohio State University, Columbus. He has been a Professor of civil en-
gineering and the Director of the Transportation and Infrastructure program at
the Illinois Institute of Technology (IM, Chicago, since 1990. Before joining IIT,
he was with the faculty at Washington State University, Pullman, from 1978
t01990, when he also served as the Deputy Director of the Washington State
Transportation Research Center. He has had considerable field experience as a
traffic engineer and transportation planner in Metropolitan Planning Organiza-
tions in the Midwest. He is the author of over 70 refereed publications and re-
ports, related to transportation planning and systems thinking. Dr. Khisty is a
registered professional engineer and a Life Member of the Amerkan Society of
Civil Engineers, the Institute of Transportation Engineers, and Sigma Xi.

B. Kent Lall received the Ph.D. degree in transportation and environmental
planning from the University of Birmingham, England. Since 1977 he has been a
Professor of civil engineering at Portland State University, Portland. Previously,
he has also held teaching and research positions in Canada, Australia, New Zea-
land, and India. His research interests include traffic operations using video-im-
aging technologies and intelligent transportation systems and he has authored
over 50 publications and reports. Dr. Lall is a registered professional engineer.
He was awarded the Frank M. Masters Award in Transportation Engineering by
the American Society of Civil Engineers during 1999. In addition to ASCE, he is
active with the Transportation Research Board, the Institute of Transportation
Engineers, and ITS America. He has chaired several committees and edited pro-
ceedings of specialty conferences.



Contents

PREFACE TO THE THIRD EDITION xv
PREFACE TO THE FIRST EDITION xvii
1. TRANSPORTATION AS A SYSTEM 1
1. Introduction, 1
rA The Field of Transportation Engineering, 5
3 The Practice of Transportation Engineering, 5
4, The Nature of Transportation Engineering, 6
3. The Systems Approach, 6
6. Transportation Policymaking, 8
7. Movement and Transportation, 9
8 Overview of Transportation Systems Characteristics, 10
9. Transportation Systems, Hierarchies, and Classification, 13
10. Communications, Transportation, and Transport Gaps, 15
11. Transportation and Transportation-Related Problems, 20
12. Transportation and Sustainability, 22
13. Emerging Transportation Technologies, 24
14. ISTEA and TEA-21,25
Summary, 26
References, 27
Exercises, 28
2. TRANSPORTATION ECONOMICS 31
1. The Scope of Transportation Economics, 31
2, Transportation Demand, 32
3 Demand, Supply, and Equilibrium, 33
4, Sensitivity of Travel Demand, 35
3. Factors Affecting Elasticities, 38
f. Kraft Demand Mode, 40

vii



wiii

S e

Contents

Direct and Cross Elasticities, 42
Consumer Surplus, 43

Costs, 46

Pricing and Subsidy Policies, 51
Summary, 54

References, 55

Exercises, 55

3. THE LAND-USE/TRANSPORTATION SYSTEM 61

e B A oo

Introduction, 61

Urban System Componenits, 62

Concepts and Definitions, 63

Criteria for Measuring and Comparing Urban Structure, 65
Some Selected Theories and Topics, 66

Land Use and Transportation, 76

Urban Growth or Decline, 70

Characteristics of Land-Use Forecasting and the Land-Use Plan, 80
Summary, 89

References, 91

Exercises, 91

4.  VEHICLE AND HUMAN CHARACTERISTICS 97

@ - R N

Introduction, 97

A Simplified Framework, 98
Perception Reaction, 103
Driver Strategy, 103
Characteristics of Vehicles, 105
Kinematics of Vehicles, 105
Dynamic Characteristics, 110
Tire Friction, 112

Summary, 114

References, 115

Exercises, 115

5. TRAFFIC FLOW CHARACTERISTICS 119

Ll ol

Introduction, 119

‘The Nature of Traffic Flow, 119

Approaches to Understanding Traffic Flow, 120
Parameters Connected with Traffic Flow, 120
Categories of Traffic Flow, 129

The Uninterrupted Traffic Flow Model, 130

Analysis of Speed, Flow, and Density Relationship, 131
Empirical Studies of Traffic Stream Characteristics, 133



Contents

10.
11.

A e L e e

Pho R

[

-l S U e L B =

ol o o8

Trajectory Diagrams, 142

General Model of Vehicle Stream Flow, 149
Centrally Versus Individually Controlled Modes, 156
Summary, 158

References, 158

Exercises, 159

GEOMETRIC DESIGN OF HIGHWAYS5

Introduction, 165

Locational Design, 165

Design Controls and Criteria, 166
Elements of Design, 181
Cross-Section Elements, 211

Summary, 219
References, 220

Exercises, 220
HIGHWAY CAPACITY

Introduction, 223

Highway Capacity and Level of Service, 224
Basic Freeway Capacity Studies, 225
Multilane Highway Capacity, 243

Two-Lane Highway Capacity, 255
Summary, 282

References, 282

Exercises, 282

INTERSECTION CONTROL AND DESIGN

Introduction, 287

Types of Intersections, 287

Design Considerations and Objectives, 288
Traffic Control Devices, 288

Conflict Areas at Intersections, 291

Types of Intersection Controls, 292

Traffic Signals, 297

Summary, 332

References, 333

Exercises, 333

AT-GRADE INTERSECTION CAPACITY AND LEVEL OF SERVICE

Introduction, 337

Capacity and Level of Service, 338

Capacity of Signalized Intersections, 339

Level of Service for Signalized Intersections, 340

165

287

337



—
e

i b

—_
-

ek EDNC DO el R R R

ol R

Contents

Other Analyses, 382
Unsignalized Intersections, 388
Summary, 418

References, 422

Exercises, 422

PUBLIC PASSENGER TRANSPORTATION 431

Introduction, 431

Historical Development of Urban Transportation, 432
Mass Transit Definitions and Classifications, 437
Transit System Operations, Service, and Characteristics, 438
Family of Regular Transit Modes, 441

Classification of Urban Transport Demands, 447
Capacity and Level of Service of Urban Transit, 449
Operational Design, 455

Screening of Transportation Modal Options, 464
Routes and Networks, 471

Planning Concerns and Planning Guidelines, 473
Summary, 479

References, 479

Exercises, 480

URBAN TRANSPORTATION PLANNING 485

Introduction, 485

Organization, 486

Planning Work Program, 486

Transportation Plan, 487

Plan Refinement, 487

Transportation Improvement Program, 488
The Continuing Process, 488

Overview of Information Needs, 489

Travel Forecasting, 491

Overview of the Forecasting Process, 493
Urban Activity Forecasts, 493

Trip Generation, 494

Trip Distribution, 512

Mode Usage, 515

Trip Assignment, 531
Back-of-the-Envelope-Type Calculations, 544
Specification, Calibration, and Validation, 545
Summary, 547

References, 548

Exercises, 549



Contents

B L D e

13.

hoR e b

i
-

= - R N

=
P e O WD

15.

'_J'l-:l-h:-hJI-J'l—

LOCAL AREA TRAFFIC MANAGEMENT

Introduction, 557

Pedestrian Facilities, 557

Bicycle Facilities, 572

Traffic Planning and Management, at the Local Level, 579
Parking and Terminal Facilities, 585

Summary, 598

References, 599

Exercises, 600

ENERGY ISSUES CONNECTED WITH TRANSPORTATION

Introduction, 603

Energy Issues in Transportation, 604

Energy Conservation, 606

Energy Contingency Strategies, 513

Energy Analysis Information and Methods, 615
Summary, 627

References, 627

Exercises, 629

TSM PLANNING: FRAMEWORK

Introduction, 631

What is TSM? 631

The Need for TSM, 634

Long-Range versus TSM Planning, 634

TSM Planning Cycle, 635

TSM Strategies, 636

TSM Classification: Assessment of Impacts, 638
Air Quality Impacts, 640

Strategic Management Framework for TSM, 643
Experience with Freeway Corridors: An Example, 648
Case Study: White Plains CBD Study, 650
Transportation Demand Management and ITS, 655
Summiary, 662

References, 662

Exercises, 664

EVALUATION OF TRANSPORTATION IMPROVEMENT

Introduction, 667

Feasibility Issues, 668

Evaluation Issues, 668

The Evaluation Process, 669

Values, Goals, Objectives, Criteria, and Standards, 671

557

603

631

667



= e

i

16.

U

Estimation of Costs, Impacts, and Performance Levels, 672
Evaluation of Alternatives, 673

Economic and Financial Concepts, 675

Analysis Techniques, 676

Reporting Results, 689

Summary, 689

References, 693

Exercises, 693

TRANSPORTATION SAFETY

Introduction, 697

The Highway Safety Problem, 698

Safety Responsibility, 698

Typical Accident Categories, 700

The Highway Safety Improvement Program, 701
Examples, 723

Summary, 726

Beferences, 727

Exercises, 728

APPENDIX A: ELEMENTS OF ENGINEERING ECONOMICS

o

Introduction, 729

Notation, 729

Simple Interest, 730

Compound Interest, 730

Uniform Series of Payments, 732

Uniform Gradient Series, 734

Discrete Compound Interest Factors, 734

Uniform Continuous Cash Flow and Capitalized Cost, 735
References, 737

Exercises, 737

APPENDIX B: APPLICATION OF PROBABILITY AND STATISTICS

=] B WA e e B

Introduction, 739

The Elements of Probability, 739
Data Analysis and Evaluation, 748
Sampling, 751

Significance Testing, 754
Regression Analysis, 756

Queing Models, 763

Exercises, 771

Contents

697

729

739



Contents xiii

APPENDIX C: GENERAL STATISTICS ON TRANSPORTATION SYSTEM
AND USE IN UNITED STATES 775

Transportation System Extent and Use, 776
Transportation and Safety, 778

Mobility, 780

Transportation and the Economy. 787
Transportation, Energy, and the Environment, 789
Exercises, 791

APPENDIX D: CONVERSION TABLES FOR UNITS OF MEASUREMENT 795

L T P e

INDEX 799



This page is intentionally left blank



Preface to the Third Edition

The attempt to express, much less understand, the nature of the relationships inherent
in transportation and its myriad components is a challenge for transportation educa-
tors. Fortunately, the book you hold in your hands explains many of these interactions
and complexities, as well as the design problems that go with them. Another challenge
that transportation engineering poses, as a comparatively young discipline, is that pro-
fessionals have to constantly deal with a plethora of new problems that seem to crop up
faster than they can be tackled. In short, transportation is an exciting field.

The purpose of this edition, like previous editions, is to cover the major areas of
traffic engineering and transportation planning at an introductory level, and provide
the student with a basic rationale and a set of design concepts. The primary audience
for this textbook is upper-division undergraduates and master-level students studying
for degrees in civil engineering, as well as those in urban planning, economics, man-
agement, and other related disciplines. The orientation of the book is pragmatic and
multidisciplinary, providing both students and practitioners with a variety of worked
examples illustrating the basic concepts, covering an unusually wide spectrum of topics
in transportation planning and traffic engineering.

While the general structure of this third edition remains generally the same as in
previous editions, a number of chapters have been thoroughly revised in light of the
Highway Capacity Manual, published in 2000 and issued by the Transportation Re-
search Board, as well as the latest material on geometric design from the AASHTO
Publications. In addition, three new appendices have been added to this edition. Ap-
pendix B covers the elements of statistics and probability that are frequently used in
transportation engineering. Appendices C and D consist of material drawn from the
Bureau of Transportation Statistics, U. S. Department of Transportation, Washington,
DC. Minor additions have been made in many of the chapters to reflect changes in
design practice and policies that have occurred since the last edition.

Many students, professionals, and colleagues have been curious to know the sig-
nificance of the Mobius band that you see on the cover of the United States edition of
the book. We are flattered, and a word regarding it is perhaps in order. The Mobius
band throws some light on the interdisciplinary character and complexity embedded in
transportation, which is one of its unique features. It is a paradox with geometrical and
topological characteristics that are fascinating and special. In reality, the Mobius band

Xv



XVi Preface to the Third Edition

has only one edge and one side. If you imagine yourself standing on the band, you see two
edges and two sides. But when you begin walking along the band, you eventually return
to your starting place and find yourself on the other side of the band. Indeed, the Mobi-
us band resembles the interdisciplinary nature of transportation engineering, embrac-
ing several areas of knowledge blending together —it is the one and yet it is the many.
It drives home the point that it is just an accident of history that transportation engi-
neering finds its home in civil engineering and that the recent advances in this disci-
pline easily warrant a department of its own.

To access the solutions manual online, instructors need to visit
www.pearsoned.co.in/cjotinkhisty

The authors are grateful to many colleagues, professionals, and students who have
suggested improvements, and many of these have been incorporated in this edition. Sev-
eral of our students, past and present, have assisted us in revising this edition; namely,
Dr. PS. Sriraj, Dr. Cemal Ayvalick, Turan Arslan, Porson Chantra, Sagar Sonar, Sameer
Patil, and Edward Anderson. We would also like to thank Peter T. Martin, Utah Traffic
Laboratory, and Shashi Sathisan Nambisan, University of Nevada—Howard K. Hughes
College of Engineering, for reviewing the manuscript. Jenny Kincaid and Margaret Lall
lent invaluable assistance in proofreading sections of the book. We also acknowledge
admirable support provided by Kevin Bradley, Sunflower Publishing Services, and
Laura Fischer of Prentice Hall.

Finally, we would appreciate any suggestions, criticisms, and corrections from our
readers.

C.JoriN KHisTy
B.KenT LALL

The publishers would like to thank Professor S. Anbu Kumar, Associate
Professor, Department of Civil Engineering, Delhi Technological University,
Delhi, for his valuable suggestions and inputs for enhancing the content of this
book to suit the requirement of Indian Universities.




Preface to the First Edition

The main purpose of this book is to cover the major areas of transportation engineering,
planning, and management at an introductory level. The contents of this book are
intended for use primarily at the junior or senior undergraduate level in the civil engi-
neering curriculum, and at the graduate level in the disciplines of urban geography,
economics, public administration, and city and regional planning. Professionals working
directly or indirectly in the field of transportation would also find this book useful. For
them, the book is intended to give sufficient background and sources to references for
further elucidation, should this be desired. Informed laymen and elected officials wishing
lo gain a quick understanding of the technical implications of a particular transportation-
related problem, method, or procedure would hopefully find the text helpful also.

This textbook would also prove useful for self-study, for both the beginning student
as well as for those mature students inclined to review and integrate information.
Numerous worked examples are provided in every chapter to reinforce the contents,
and exercises of varying complexity are to be found at the end of each chapter. An
instructor’s manual 15 available.

Transportation engineering and planning have been developed 1o a large extent
by the joint efforts of engineers, planners, economists, geographers, mathematicians,
physical scientists, and social scientists. Transportation is a multidisciplinary area of
study, which has created several problems in teaching a required course (or courses),
particularly in the undergraduate civil engineering (CE) program. Some of these prob-
lems are lack of suitable, moderately priced, relatively self-contained, introductory
textbooks; general deficiency among students in areas such as microeconomics and
statistics, which are needed to comprehend transportation problems; lack of under-
standing of the systems approach necessary to address socioeconomic issues connected
with transportation; lack of appreciation of the multivariable, open-ended, conflict-ridden,
value-laden nature of real-world problems; and presentation of the principles of
transportation from a modally oriented point of view (Khisty, 1986, 1987).

The questions stemming from these problems are: What constitutes transportation
engineering education for an undergraduate CE curriculum? What do employers
expect from a CE undergraduate? How should the course be developed so that it
addresses the needs of a relatively large number of CE students who in all probability

xvii
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do not foresee the possibility of pursuing further studies in transportation, and at the same
time stimulates a relatively small number of students who may develop an active interest
in transportation?

Although the master’s degree is considered by most educators and practitioners as
the degree of specialization in transportation. only a small percentage of undergraduates
elect to pursue the master of science in civil engineering (MSCE) with a major in
transportation. This is not surprising. When industry pays an individual with a BSCE a
respectably good starting salary, it deprives the young engineer of any significant
motivation to acquire an advanced degree. This posture is changing,

Proper grounding in the principles of transportation is essential because the
entry-level BSCE in federal, state, and local government, as well as in construction, de-
sign, and consulting firms, may have had only one required course in transportation en-
gineering. Over the years, there has been a running debate about what to include in this
required course (or courses) because no two teachers seem to have identical views as
to what transportation engineering topics should be taught to aspiring civil engineers.

Not too long ago, the author of a transportation textbook conducted a survey of
professors teaching transportation to determine the content of a transportation
course(s) that should be included as a requirement in a CE curriculum (Wright, 1983).
To follow up on the results of this survey, the writer conducted another survey to iden-
tify the views of transportation practitioners working for departments of transporta-
tion, counties, cities, and private firms. The practitioners were asked to evaluate the
importance of 30 topics that could possibly be included in a required course in trans-
portation for CE students. Table P-1 shows 20 topics by rank on a 5-point scale. It also
includes, as a comparison, the 10 topics that received the highest scores awarded by
transportation educators. There is little doubt that there is a high congruence in the
expectation of educators and practitioners in prioritizing the topics (Khisty, 1986).

Conversations with practitioners interviewed in my survey resulted in the follow-
ing general observations, views, and suggestions with respect to enriching a required
course in transportation:

+ Students should be given the opportunity to tackle open-ended problems, de-

fending their solutions or conclusions with short narratives,

* Students should be given every opportunity to tackle real-life problems. This

could be in the form of one or more projects done individually or in a group.
The group project idea should be encouraged because it provides students
with a realistic experience in team dynamics.

* The ability to solve problems with incomplete or redundant data should be

impressed on students through appropriate examples and class assignments.

* The fundamental principles underlying transportation should be emphasized.

* To do justice to such topics as pavement design, construction methods, main-

tenance of facilities, and so forth, it would be best to address these topics in
courses other than the required course.

On the basis of these results, I have framed the contents of this textbook to focus
on clarity of exposition, topical coverage, technical content, and pedagogical elements.
The sixteen chapters in this text correspond closely to the ones indicated in the table.
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TABLE P-1 Transportation Topics

Practitioners Educators
(N = 50) (M = 51)
Topics Score Rank Score Rank
Geometric Design of Highways 4.80 1 4.62 2
Vehicle Operating Characteristics 472 2 4.34 5
Highway Capacity Studies 466 3 428 [
Intersection Design 458 4 4.00 g
Transportation Planning 14 5 3.96 9
Traffic Control Devices 432 6 4,38 4
Economics of Transportation 4.20 7 - —
Land-Use/Transportation Interaction 418 8 — —
Evaluation Techniques 413 9 3 10
Transportation Systems Management 406 0 At Fad
Description of Transport Svstem am 11 472 1
Traffic Flow Characteristics 404 12 454 |
Traific Safety 4.0 13 4.22 7
Contracting Procedurés 3w 14 230 —
Specifications 380 15 - =
Operational Characteristics of Modes 380 16 — -
Mass Transit 7% 17 — —
Airport Planning 363 18 — —
Human Powered Transport 350 19 - -
History of Transporation 341 20 - -

Sowrce: Khisty, 1986,

Some of the text’s special characteristics are as follows:

¢ The material is built on ideas, concepts, and observations that students are
likely to be most familiar with, e.g., roads, streets, highways, buses, bicyclists,
pedestrians, and so on.

* The organization of the book and individual chapters has been carefully
planned for easy transition from one area to another.

* While numerical problem solving has been emphasized where appropriate,
the need to substantiate these numerical results, buttressed by proper expla-
nations and discussions, has been duly illustrated. Several exercises at the end
of chapters are the open-ended type questions requiring creativity and critical
thinking.

* The latest manuals codes, reports, and practices have been incorporated. e.g.,
Highway Capacity Manual, 1985; and A Policy on Geometric Design of Highways
and Streers, 1984,

This text is a partially multimodal work in that it deals primarily with highways
and the people who use them—motorized, nonmotorized, private, and public. A sepa-
rate chapter on public transport deals to a limited extent with the rail mode. No attempt
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is made to describe transportation engineering as it relates to air transport, water
transport, or pipelines. The results of the survey described earlier amply justifies the
choice of topics.

The first three introductory chapters set the stage for the rest of the book; they are
crucial and fundamental. Chapters 4 through 9 are traffic engineering-related, Chapter
10 deals with public transport, and Chapter 11 through 14 are planning-related. The last
two are on evaluation and safety. A brief description of each chapter follows:

Chapter 1, “Transportation As a System,” introduces the student to the field of

transportation engineering, planning, and management. [t provides an overview

of transportation systems characteristics, hierarchies, and classifications.

Chapter 2, “Transportation Economics,” covers the most elementary ideas in

economics useful to the transportation engineer. Most of these principles are ap-

plied to problems taken up in later chapters.

Chapter 3, “The Land-Use/Transportation System.” illustrates the basic interde-

pendence between land use and transportation. It is a critical chapter for students

to comprehend and one that introduces a myriad of basic concepts underlying
this relationship.

Chapter 4, “Vehicle and Human Characteristics,” describes how human beings, as

vehicle operators, passengers, and pedestrians, interact with vehicles and the trans-

portation facilities they use. This chapter synthesizes several topics connected with
the human element, the vehicle, and the environment.

Chapter 5,*Traffic Flow Characteristics,” examines the uninterrupted flow of ve-

hicles moving individually or in groups on roadways or tracks, subject to con-

straints imposed by human behavior or vehicle dynamics. The fundamental
equations of vehicular flow are derived by taking into consideration safety, speed
requirements, and capacity.

Chapter 6, “Geometric Design of Highways,” deals with proportioning of the

physical elements of highways, such as vertical and horizontal curves, lane widths,

and cross sections. The 1984 edition of A Policy on Geometric Design of High-
ways and Streets, published by the American Association of State Highway and

Transportation Officials (AASHTO), is the principal source of reference.

Chapter 7, “Highway Capacity,” involves the quantitative evaluation of a high-

way section, such as a freeway, multilane, or two-lane to carry traffic. The proce-

dures and methodologies contained in the 1985 Highway Capacity Manual
published by the Transportation Research Board (TRB) are used in this chapter.

Chapter 8, “Intersection Control and Design.” deals with at-grade intersections

and the traffic signals, signs, and markings needed to regulate, guide, warn, and

channel traffic. The design of traffic signals is an important part of this chapter.

Chapter 9, “At-Grade Intersection Capacity and Level-of-Service,” covers the
apmalysis of intersections based on the procedures spelled out by the 1985
Highway Capacity Manual. Analysis is done at two levels: the operational and
planning levels Unsignalized intersections are also considered.

Chapter 10, “Public Passenger Transportation.” describes those modes of passen-
ger transportation open for public use, such as bus, light rail, and rail-rapid transit.
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Beginning with the historical development of urban transportation, the chapter
includes a classification of mass transport systems and their capabilities to carry
passengers. The operational designs of a simple rail and a bus system are also
explained.

Chapter 11, “Urban Transportation Planning,” presents the traditional four-step
sequential process of travel forecasting. The chapter initially explains the general
organization and philosophy of long- and short-range (TSM) planning, currently
followed in the developed and developing world.

Chapter 12, “Local Area Traffic Management,” deals with problems and solutions
related to existing neighborhoods and their possible expansions and renovations.

The planning and design of pedestrian and bicycle facilities and parking and ter-
minal facilities are considered in detail.

Chapter 13, “Energy Issues Connected with Transportation,” provides an intro-
duction to techniques for energy planning and energy conservation.

Chapter 14, “TSM Planning,” introduces the reader to the short-range component
of transporiation systems. Transportation Systems Management (TSM) covers a
broad range of potential improvement strategies focussing on nonfacility and
low-capital-cost operations.

Chapter 15, “Evaluation of Transportation Improvements,” covers the basic tech-
nigues of benefit-cost analysis of alternative proposals, including cost-effective and
multicriteria evaluation.

Chapter 16, “Transportation Safety,” describes the Highway Safety Improve-
ment Program (HSIP). It begins by examining the nature and characteristics of
accidents by type, severity, contributing circumstances, and environmental con-
ditions. Methods of identifying hazardous locations are also discussed.

This textbook is designed for use in engineering, city planning, and management
courses. Although the emphasis in these courses may differ to some extent, a combi-
nation of chapters can be chosen for each course to suit specific objectives. Table P-2
may be used as a guide for structuring a course outline. Two courses are indicated for
engineering students. The first is assumed to be a mandatory course, and the second
may be an elective. Planning and management courses can cover the first three intro-
ductory chapters followed by the planning-related chapters, 10 through 16. The traffic
engineering chapters may be omitted or briefly scanned.

A companion texthook, Laboratory and Field Manual for Transportation Engi-
neering (Prentice Hall, 1991), supplements this textbook for those students taking a lab
course. My colleague Dr. Michael Kyte and I are the authors.

Although the initial chapters of this book were written and rewritten in Pullman,
Washington, serious attempts to put several of the crucial chapters together were done
at the University of Washington, Seattle, where [ spent the 1984-1985 academic year
on a sabbatical. | appreciate the interaction with colleagues at the University of Wash-
ington—Jerry Schneider, Nancy Nihan, Scott Rutherford, Stephen Ritchie, Joe Ma-
honey, Jimmy Hinze, and Sandor Veress—that proved most beneficial. Although Bob
Davis of Prentice Hall at Seattle was instrumental in encouraging me to submit parts of
the manuscript for possible consideration to Prentice Hall, it was Doug Humphrey, Senior
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TABLE P-2

(=
2]
fand
-

Topics
. Transportation As a System
. Transportation Economics
. The Land-Use/Transportation Svstem
. Vehicle and Human Characteristics
. Traffic Flow Characteristics
. Geometric Design of Highways
. Highway Capacity
. Intersection Control and Design
. At-Grade Intersection Capacity and Level-of-Service
10. Public Passenger Transportation
11. Urban Transportation Planning
12. Local Area Traffic Management
13. Energy Issues Connected with Transportation
14. TSM Planning-Framework
15. Evaluation of Transportation Improvement
16. Transportation Safety P X
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=
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1 = Engineering 1 course (mandatory)

2 = Engineering 2 course (mandatorylelective)
3 = Planning (graduaie)

4 = Management (graduate)

x = entire chapter; p = partial chapter

Engineering Editor, who steered me through the prepublication process. It has been a
delight to work with him. Also, Ms. Marianne Peters, the production editor, deserves a
special word of thanks for her patience and guidance.

In writing this book I have been constantly reminded of the debt [ owe to in-
structors, colleagues, and students, in India, Germany, and the United States. They have
influenced my own views on several aspects of transportation engineering and planning.
I am indebted to several individuals who reviewed various chapters of the manuscript
and offered invaluable suggestions: J. D. Gupta, Michael Kyte, B. Kent Lall, Martin
Lipincki, and Thomas Mulinazzi. A special word of thanks is due to Dr. Surinder Bhagat,
Chairman of the Civil and Environmental Engineering Department, who provided
encouragement and support.

From among my students, | particularly take great pride in mentioning the fol-
lowing who helped me in a number of ways: A Alzahrani, M. Y. Rahi, Ping Yi, and Mor-
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Chapter 1

Transportation as a System

1. INTRODUCTION

The importance of transportation in world development is multidimensional. For ex-
ample, one of the basic functions of transportation is to link residence with employ-
ment and producers of goods with their users. From a wider viewpoint, transportation
facilities provide the options for work, shopping, and recreation, and give access to
health, education, and other amenities.

The field of transportation can be compared to a mansion with several stories,
many chambers, and scores of connections We would like to take the reader on a short
tour of this mansion just to acquaint him or her with some of its characteristics. One of
the prerequisites for accompanying us on this trip is to have an open mind. Almost
everyone will have had several years of personal experience as a wser of the trans-
portation system, such as a car driver, a bus passenger, an elevator user, a frequent
flyer, or just a sidewalk user. A very small fraction of readers may be involved in pro-
viding transportation services, such as a student who partially earns her livelihood by
driving the morning express bus for the local transit company. Naturally, almost every
person will tend to acquire his or her own personal viewpoint. No two persons can ex-
pect to come to the same conclusion about a problem confronting transportation even
though they are each known 1o be highly objective and rational. Try as hard as you can
to approach the field of transportation and its myriad problems with an open mind,
free of presumptions and prejudice. Like food, shelter, clothing, and security, trans-
portation is an integral part of human culture. Movement in a broad sense offers both
inherent joy and pleasure as well as pain, suffering, and frustration. These factors will
assume even greater importance in the years ahead,

1.1 National and Individual Involvement

Everybody is involved with transportation in so great a variety of ways that a mere list-
ing of these ways would take us by surprise. Ultimately, all human beings are interact-
ing over distance and time, and this interaction in itself creates involvement. To
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understand the theory of transportation, one must examine its relationship to various
social, economic, and political institutions, and we undertake such an examination in
this book (Wolfe, 1963).

The role of transportation in the day-to-day life of Americans can be appreciated
just by reading the following (US. D.O.T., 1994):

The transportation system includes about 200 million automobiles, vans, and trucks oper-
ating on about 4 million miles of streets and highways; over 100,000 transit vehicles oper-
ating on those streets, as well as more than 7,000 miles of subways, street car lines, and
commuter railroads; 275,000 airplanes operating in and out of 17000 airports; 18,000 loco-
motives and 1.20 million cars operating over 113,000 miles of railroads; 20 million recre-
ational boats, 31,000 barges, and over 8,000 ships, tugs, and other commercial vessels
operating on 26,000 miles of waterways; and 1.50 million miles of intercity pipelines.

Travel consumes roughly an hour of an average person's day, and roughly one-
sixth of household expenditures. Americans make nearly a thousand trips per year per
person, covering a distance of about 15,000 miles annually. It is estimated that house-
holds, businesses, and governments spend over $1 trillion to travel 3.8 trillion miles and
to ship goods 3.5 trillion ton-miles each year. In summary, transportation accounts for
12% of Gross Domestic Product. The Bureau of Transportation Statistics (BTS) of the
U.S. Department of Transportation issues an annual report indicating the state of the
transportation system and its consequences, and this information is of vital importance
to all students of transportation engineering and planning. A representative set of tables
and figures drawn from the BTS can be found in the Appendix C.

1.2 Progress in Transportation

The principles of transportation engineering have been evolving over many millennia.
Human beings are known to have laid out and used convenient routes as early as
30,000 B.c. Although it was traders and migrants who opened up most major routes of
communication, the military has generally been responsible for improving the status of
early routes built by civilians. The first wheeled military vehicles were developed
around 2500 B.c., and since then, significant resources have been devoted by rulers and
their builders to constructing and maintaining communication routes in the form of
roads (Lay, 1986).

Steady progress has since been maintained in providing the highway and street
network (which forms the stationary component of the transportation system), in pro-
viding vehicles for moving people and goods over this network (which comprises the
dynamic part), and in enhancing the ability of drivers (or controllers) 1o operate the
vehicles. Basically, it is these three major interacting components that are to be studied
critically in this book (Lay, 1986).

Before bicycles and motor vehicles came into fashion, vehicle speeds seldom ex-
ceeded 10 miles per hour (mph). Naturally, a surface of compacted broken stone made
an ideal pavement surface, even for the solid iron wheels then in use. Today, the Amer-
ican highway system consists of about 4 million miles of high-class streets and high-
ways, classified by function, into a series of interconnected networks, which translates
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to 1 mile of road for every square mile of land. This level of coverage provides access to
almost every part of the nation by road. The centerpiece of the highway development
program in the United States is the 42,000-mile freeway system, considered to be one
of the greatest public works achievements since the dawn of history. In urban areas, the
thrust has been in constructing complicated freeway interchanges, pedestrian and bicy-
cle facilities, and high-occupancy vehicle and bus lanes. During the 1980s the paucity of
funds for new construction placed the accent on maintenance, rehabilitation of pave-
ments, and pavement management systems (NCPWI, 1986).

Vehicles (and pseudovehicles) have been in use since human beings learned to
walk. People who traveled on foot could manage between 10 and 25 miles per day. It is
claimed that the Incas were able to transmit messages at the rate of 250 miles per day
by using fast runners over short stretches, thus achieving speeds of about 10 mph.
Horses, on the other hand, could make almost 40 miles per day.

By the late 1840s, the horse-drawn street car appeared in a number of cities, op-
erating at an average speed of about 4 mph. It was not until the 1880s that electrically
propelled transportation was introduced. By the beginning of World War 1, the electric
street car had already had a major impact on the growth and structure of the city (Gray
and Hoel, 1992).

The entire picture for transportation changed in 1885 with Daimler and Benz's
introduction of the gasoline-powered internal-combustion engine. Within the last 100
years, the motor vehicle has revolutionized private transportation all over the world.
Before the appearance of the motor vehicle, vehicle speeds seldom exceeded 10 mph.
The car soon changed the situation, and for purposes of safety and efficiency, traffic
signals were introduced at intersections (Lay, 1986).

Some of the most outstanding technological developments in transportation
have occurred in the preceding 200 years:

* The first pipelines in the United States were introduced in 1825,

» First railroad opened in 1825,

* The internal-combustion engine was invented in 1866.

* The first automobile was produced in 1886 (by Daimler and Benz).

* The Wright brothers flew the first heavier-than-air machine in 1903.

* The first diesel electric locomotive was introduced in 1921,

* Lindbergh flew over the Atlantic Ocean to Europe in 1927.

» The first diesel engine buses were used in 1938,

* The first limited-access highway in the United States (the Pennsylvania Turn-pike)
opened in 1940,

* The Interstate Highway system was initiated in 1950,

¢ The first commercial jet appeared in 1958,

* Astronauts landed on the moon in 1969.

* The use of computers and automation in transportation grew dramatically through
the 1960s and 1970s and continues to grow unabated.

* Microcomputers have revolutionized our capabilities to run programs since the
1980s and such capabilities have helped us to examine alternatives quickly and
efficiently.
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1.3 The Urban System and Transportation

In 1850, there were four cities in the world with more than 1 million people, and in
1950, there were about a hundred cities of this size. But what is most shocking is that in
the year 2000, there were about 400 cities of this magnitude. Naturally, smaller cities
will grow into bigger ones, and these in turn will form megalopolises.

Several architects, planners, and engineers have developed matrices and frame-
works to represent and understand the urban scene. In the mid-1950s, C. A. Doxiadis, a
Greek city planner, gave a new meaning to the science of human settlements and at-
tempted to represent it in the form of a grid. This matrix, called the ekistic grid, incor-
porates a spectrum of the range of human settlements (Figure 1-1). The abscissa of the
grid shows population figures ranging from a single human being through an ecume-
nopolis consisting of approximately 20 billion people. Notice that the units on this hor-
izontal axis generally increase in logarithmic progression by multiples of between 6
and 7, and this progression has been observed by other regional scientists (Bell and
Tyrwhitt, 1972).

The five elements shown on the ordinate are nature, man, society, shells, and
networks. Nature represents the ecological system within which the city must exist. Man
and society are constantly adapting and changing. and in turn molding the city to be a sat-
isfactory environment. The built environment is represented by the shell, which is the tra-
ditional domain of the architectural, planning, and engineering professions. Highways,
railroads, pipelines, telephones—indeed, the entire gamut of communications—provide
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Figure 1-1 Ekistic Grid | Bell and Tyrwhit, 1972).
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the element of networks. To cater to the demands of faster and cheaper communication
in the face of the growth of settlements, we are constantly devising means of substitut-
ing travel by communication. The sum total of all the elements and their interactions is
represented by synthesis. Thus, the dimensions of this grid embrace not only the cur-
rent situation but also the past and future. The primary advantage in looking at the
“forest as well as the trees” is in understanding universal issues as well as local ones.
Another, equally important issue is the need to understand the meaning of city struc-
ture and the factors determining it (Thomson, 1977). What are the elements that form
the basic structure of society? How do these elements relate to one another, interact,
and function? What techniques are available to understand and predict what is likely
to happen in the future? These are some of the questions usually asked by profession-
als and citizens. The answers, if they exist at all, are complex and often contradictory.

2. THE FIELD OF TRANSPORTATION ENGINEERING

The desires of people to move and their need for goods create the demand for trans-
portation. People’s preferences in terms of time, money, comfort, and convenience pre-
scribe the mode of transportation used, provided of course that such a mode is
available to the user.

The Institute of Transportation Engineers (1987) defines transportation engi-
neering as “the application of technological and scientific principles to the planning,
functional design, operation, and management of facilities for any mode of transporia-
tion in order to provide for the safe, rapid, comfortable, convenient, economical, and
environmentally compatible movement of people and goods.” Traffic engineering, a
branch of transportation engineering, is described as “that phase of transportation
engineering which deals with planning, geometric design, and traffic operations of
roads, streets, and highways, their networks, terminals, abutting lands, and relationships
with other modes of transportation.”

3. THE PRACTICE OF TRANSPORTATION ENGINEERING

Transportation engineering involves a diversity of basic activities performed by
such specialists as policymakers, managers, planners, engineers, and evaluators.
Figure 1-2 illustrates these activities in the context of some of the transportation
modes in current use. Several fringe and developing modes in this figure have not
been identified. Whereas airways, conveyors, highways, pipelines, railways, and wa-
terways are comparatively commonplace, we need to explain the last three modes
listed. When two or more modes are combined to provide utility and service to the
public, the combination is known as a multimodal system. Exotic systems are those
modes that are not yet being used commercially but that have been tested in a pilot
project. Air-cushioned magnetically levitated vehicles fall into this category. Trans-
portation substitutes such as the telephone (as used widely in teleconferencing) and
facsimile transmission of documents by wire and radio can be considered as guasi-
transport (Hay, 1977).
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Figure 1-2 Transportation as a
Quasi-transport System Khisty, 1983),

4. THE NATURE OF TRANSPORTATION ENGINEERING

Transportation engineering is a multidisciplinary area of studv and a comparatively
new profession that has acquired theoretical underpinnings, methodological tools, and
a vast area of public and private involvement. The profession carries a distinet societal
responsibility. A wide comprehensive training in transportation is therefore the desir-
able goal of all transportation education (Khisty, 1981: Hoel, 1982).

Because of the multidisciplinary content of transportation engineering, we find
that concepts drawn from the fields of economics, geography, operations research, re-
gional planning, sociology. psychology, probability, and statistics, together with the cus-
tomarv analytical tools of engineering, are all used in training transportation engineers
and planners,

Figure 1-3illustrates, in a general way, the interdisciplinary breadth and the depth
of involvement of transportation engineering. Most specialization in transportation en-
gineering oceurs at the graduate level; undergraduates receive an overall general view
of the elements of transportation engineering (Wegman and Beimborn, 1973). The
upper-left part of this figure traditionally represents the “soft” side of transportation
engineering. and the lower-right side. representing pavement design, bridge engineer-
ing. and drainage. may be looked on as the “hard” side of transportation. However,
there is no definite demarcation between the two (Khisty, 1985, 1986, 1987).

5. THE SYSTEMS APPROACH

The systems approach represents a broad-based and systemic approach to problem-
solving that involves a system. It is a problem-solving philosophy used particularly to
solve complex problems (Khisty and Mohammadi, 2001 ).
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Figure 1-3 Conceptual Outline of Interdisciplinary Training for Engineering Students (Khisty, 1981;
Wegman and Beimborn, 1973).

A system is a set of interrelated parts, called compornents, that perform a number
of functions in order to achieve common goals. System analysis is the application of the
scientific method to the solution of complex problems. Goals are desired end states.
Operational statements of goals are called objectives; these should be measurable and
attainable. Feedback and control are essential to the effective performance of a system.
The development of objectives may in itself involve an iterative process. Objectives
will generally suggest their own appropriate measures of effectiveriess (MOEs). An
MOE is a measurement of the degree to which each alternative action satisfies the ob-
jective. Measures of the benefits forgone or the opportunities lost for each of the alter-
natives are called measures of costs (MOCs). MOCs are the consequences of decisions.
A criterion relates the MOE to the MOC by stating a decision rule for selecting among
several alternative actions whose costs and effectiveness have been determined. One
particular type of criterion, a standard, is a fixed objective: the lowest (or highest) level
of performance acceptable. In other words, a standard represents a cutoff point beyond
which performance is rejected (Cornell, 1980).

With reference to communities, we often find a set of irreducible concepts that
form the basic desires and drives that govern our behavior. To these desires, the term
values is assigned. Values form the basis for human perception and behavior. Because
values are shared by groups of people with similar ties, it is possible to speak of socieral
or cultural values. Fundamental values of society include the desire to survive, the need
to belong, the need for order, and the need for security.

A policy is a guiding principle or course of action that is adopted to progress
toward an objective. Evaluating the current state of a system and choosing directions
for change may be considered as policymaking.

Steps in System Analysis
1. Recognize community problems and values.

2. Establish goals.
3. Define objectives.
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Establish criteria.

Design alternative actions to achieve steps 2 and 3.

Evaluate the alternative actions in terms of effectiveness and costs,
7. Question the objectives and all assumptions.

Examine new alternatives or modifications of step 5.

9. Establish new ohjectives or modifications of step 3.

10. Repeat the cycle until a satisfactory solution is reached, in keeping with criteria,
standards, and values set.

E S

-

A simplified system analysis process is shown in Figure 1-4.

6. TRANSPORTATION POLICYMAKING

Transportation planners and engineers recognize the fact that transportation systems
constitute a potent force in shaping the course of regional development. Transporta-
tion encompasses a broad set of policy variables, and the planning and development of
transportation facilities generally raises living standards and enhances the aggregate of
community values.

Engineers and planners also recognize that most transportation issues can be
characterized by great size, breadth, complexity, diversity, cost, and uncertainty. An ex-
ample of a transportation system model is shown in Figure 1-5. It consists of inputs,

Investigate and identify the problem +———

Develop problem statement +——

Establish goals and objectives

Establish criteria for design and evaluation =-—

}

Design altérnative actions =

Establish new chjectives
Collect relevant data and assumptions and add
alternatives

Test and evaluate alternative actions
in terms of effectiveness and costs

Quesstion objectives and assumptions

Salisfied? = No

}

Yes

l Figure 1-4 The System Analysis
Suggest appropriate action and decision Process,
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Figure 1-5 Transportation System
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such as land, labor, and capital, fed into three subsystems: (1) the physical subsystem,
(2) the activity subsystem, and (3) the human subsystem. The physical subsystem con-
sists of vehicles, pavements, tracks, rights-of-way, terminals, and other manufactured or
natural objects. The activity subsystem includes riding, driving, traffic control, and so on.
These activities interface with the human subsystem—individuals and groups of people
who are involved with the physical and activity subsystems. Outputs from the system
include the movement of people and goods and improvement or deterioration of the
physical environment.

7. MOVEMENT AND TRANSPORTATION

A city can be considered as a locational arrangement of activities or a land-use pattern.
The location of activities affects human beings, and human activities modify locational
arrangements. Interaction between activities is manifested by the movement of people,
goods, and information.

The reason that people and goods move from one place to another can be ex-
plained by the following three conditions: (1) complementarity, the relative attrac-
tiveness between two or more destinations; (2) the desire to overcome distance,
referred to as transferability, measured in terms of time and money needed to over-
come this distance and the best technology available to achieve this; and (3) inter-
vening opportunities to competition among several locations to satisfy demand and
supply. How people and goods move from an origin to a destination is a matter of
mode choice (a person might choose to take the bus downtown rather than use her
car). This decision is made depending on such attributes as time, speed, efficiency,
costs, safety, and convenience. Geographers describe a trip as an event and travel as a
process (Abler et al., 1971).

A simple connection between land use and transportation is shown in Figure 1-6.
Land use is one of the prime determinants of movement and activity. This activity,
known as trip generation, will dictate what transportation facilities, such as streets and





