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Introduction to Transportation Engineering is intended as a text for a one-semester
junior- or senior-level introductory course in transportation engineering, taught as part
of a civil engineering curriculum. The book contains approximately fifty percent more
material than can be covered in a single semester. This was done deliberately, to pro-
vide instructors with flexibility in the topics they cover. Some of this material 1s typi-
cally introduced in other courses, such as surveying (horizontal and vertical curve
layout and earthwork), statistics, and engineering economy. Material on these topics 1s
not intended to substitute for courses in these areas, but rather to provide students
with a review and to demonstrate the application of these subjects to transportation
engineering.

An introductory course 1n transportation engineering must serve the needs of at
least three types of students. For most students, who will eventually practice some
other civil engineering specialty, it will serve as a familiarization course. For others,
who will practice in transportation-related jobs immediately after graduation, it will
provide background for entry-level practice in transportation engineering. For still
others, it will provide the background needed to pursue graduate studies.

In order to meet the needs of all three types of students, an introductory text needs
to cover the basics of both theory and practice, convey a sense of the scope of trans-
portation engineering, and maintain an appropriate balance between breadth and depth
of coverage. This book emphasizes the social, economic, and political context of trans-
portation engineering; places major emphasis on important practical topics such as
geometric design, layer design for highway pavements, Highway Capacity Manual
methods, and traffic signal iming; and also emphasizes important theoretical topics
such as the fundamental techniques of traffic analysis and the economic theory under-
lying transportation demand modeling. It also provides overviews of several more
specialized topics. These include environmental mitigation design for transportation
projects, railroad track design, capacity analysis and traffic control for rail and air
transportation, mass transit planning and operations, and specific demand analysis
techniques.

The basic approach of the book is intermodal. One of its underlying concepts is
that the basic techniques and principles of transportation engineering are of wide
application, particularly across modal lines. For practical reasons, the major emphasis
1s often on highways, but care 1s taken to show how basic concepts and techniques
apply to different modes. This approach is followed in the presentation of material on
geometric design in Chapter 4 and the introduction of traffic analysis techniques
such as space-time diagrams, queuing analysis, and network analysis in Chapter 8. In
the latter case, the strategy is to focus on the techniques themselves, and to present
examples (from a variety of modal and operational contexts) that are intended to
contribute to the students’ understanding of them. The intended result is for students to
grasp the underlying principles, and then be able to apply them flexibly in a variety of
contexts.

Vil
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ORGANIZATION OF THE TEXT

Material in the book is organized as follows: Chapters 1 and 2 serve as an introduction,
with a focus on the scope and societal context of transportation engineering. Chap-
ters 3—7 cover topics related to the design of transportation facilities. Chapters 8—12
focus on transportation system operation. Chapters 13—15 cover planning and evalua-
tion of transportation systems. There is no one best order for these topics, and instruc-
tors should feel free to cover them whatever order they choose. In certain cases, how-
ever, the presentation of material in the later chapters assumes that the reader is
familiar with topics presented earlier. Chapter 3 should be covered before Chapter 4.
Chapters 8—11 should be covered in the order presented, and Chapter 12 should follow
Chapter 8. Section 8.3 should be covered before Sections 13.6 and 13.7. Chapter 7,
which deals with mitigation of environmental impacts, 1s placed where it is because the
design of environmental mitigation is an important part of facility design; it is also re-
lated to the discussion of environmental impact assessment in Section 15.2, and might
equally well be covered in conjunction with that material.

PEDAGOGY

Because experience shows that many students learn best by example, efforts have been
made to provide numerous example problems and student exercises. Student exercises
include written exercises, homework problems, computer exercises, and open-ended
design exercises. Written exercises include both short answer questions and suggested
term paper topics. As a general rule, homework problems include several versions of
what is essentially the same problem. These are intended to provide instructors with
flexibility in assigning problems, and to accommodate students who wish to gain extra
practice by working several versions of the same problem. Computer exercises include
both programming exercises, which require knowledge of FORTRAN or similar lan-
guages, and spread sheet exercises. A solutions manual has been provided for instruc-
tors; it contains solutions to the homework problems, answers for the short-answer
written exercises, FORTRAN code for the programming exercises, and Excel spread
sheets for the spread sheet exercises.

New Design Exercises. Design exercises are a major new feature of the second
edition. These exercises introduce students to the thought processes and documenta-
tion involved 1n a variety of types of transportation design. They are intended to be rel-
atively simple and straightforward and thus to serve as easily-documented introduc-
tory steps in a process that integrates design throughout the professional component of
the curriculum, as required by the ABET civil engineering program criteria.

Every effort has been made to present up-to-date material. This includes reference
to recent research related to speed-flow-density relationships for highway traffic, use
of Highway Capacity Manual 2000, and use of metric design standards from the 1994
edition of the AASHTO Policy on Geometric Design of Highways and Streets. Metri-
cation continues to pose a special problem because the United States is still in transi-
tion between traditional and metric units. The book reflects this state of transition; the
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system used for primary units is typically metric, but is occasionally traditional,
depending on the usage of the principle references for the topic. Equivalent units for
the other system are given in parentheses. The primary system of units for highway
geometric design is metric, following the 1994 AASHTO Policy. In the case of high-
way capacity, the text of the second edition follows the metric version of Highway
Capacity Manual 2000, but tables and figures from the U.S. customary unit version are
included in an appendix to accommodate instructors who prefer them.
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CHAPTER 1

Introduction

1.1
TRANSPORTATION ENGINEERING

Transportation engineering 1s the application of scientific principles to the planning,
design, operation, and management of transportation systems. As commonly used,
however, the term refers to a subspecialty of civil engineering. Since the purpose of
this book is to introduce civil engineering students to the practice of transportation
engineering, such topics as vehicle design will be ignored, even though they are
extremely important applications of engineering to the transportation system. At
the same time, the transportation field practiced by civil engineers is inherently multi-
disciplinary, overlapping such diverse fields as economics, psychology, geography,
city planning, public administration, political science, industrial engineering, and
electrical engineering. In addition, major theoretical contributions to transportation
engineering have been made by people with backgrounds in physics and mathematics.

This breadth of interaction with other disciplines stems from the fact that the scope
of transportation engineering is determined more by society’s need to provide an ade-
quate transportation system than by the backgrounds of its practitioners. Thus it in-
volves synthesis of several different intellectual perspectives and scientific knowledge
bases to solve perceived technical, economic, social, and environmental problems.
Among the civil engineering specialties, it is similar in this respect to environmental
engineering, but differs from hydraulic engineering or structural engineering, which
are more closely tied to particular bodies of scientific knowledge.

This breadth of material presents a challenge, especially in an introductory course.
Any such course needs to serve at least three purposes: (1) to provide general informa-
tion about the practice of transportation engineering for students who will practice other
civil engineering specialties, (2) to prepare students who will practice in transportation-
related jobs immediately upon graduation, and (3) to provide the necessary background
for students who wish to pursue graduate studies in transportation engineering. In order



2 CHAPTER 1: Introduction

to meet the needs of all three types of students, it is necessary to introduce a wide vari-
ety of topics, but at the same time to pursue them with enough rigor and in enough de-
tail to prepare students for the challenges of real-world practice or graduate studies.
This makes for a fast-paced course, and requires a certain amount of mental flexibility
on the part of the student.

The material presented in this book may be organized in various ways. For 1n-
stance, introductory texts in transportation engineering are often organized in terms of
the different transportation modes (highways, air, rail, etc.—see Section 1.3), and
some focus exclusively on one of these modes, usually highways. In contrast, the ap-
proach here is to organize the material in terms of the different types of design and
analysis that transportation engineers engage in—for instance, geometric design of
facilities, traffic analysis, analysis and design of traffic control systems, transportation
demand analysis, or transportation planning—and to discuss these in terms of basic
concepts and techniques that often can be applied in a wide variety of situations to dif-
ferent transportation modes. The objective in presenting the material in this way 1s not
only to emphasize the many similarities among the transportation modes but (more
importantly) to help students experience the intellectual power and efficiency that can
result from being able to apply abstract concepts and techniques to a range of concrete
situations. At the same time, most of us learn abstract ideas best by first being exposed
to concrete examples. Consequently, the approach that will be followed is to introduce
basic concepts and techniques by means of examples. Students are expected to under-
stand that these examples are applications of basic principles that can be used in many
other situations; and students should strive to understand the principles and imagine
their full range of application, rather than merely memorizing the solution to specific
problems.

1.2
THE TRANSPORTATION SYSTEM

1.2.1 Scope and Functional Organization

Transportation is one of the major functional systems of modern society. A system, in
the sense intended here, is something that may be thought of as a whole consisting of
parts or components. The description of a system involves identification of the system
itself as distinct from its environment (that is, the rest of the world), identification of its
components, and a description of how the components interact. In the case of the trans-
portation system, the components may be conceived of in various ways. For instance,
they may be thought of as entities that perform various functions (or tasks) in the pro-
vision of transportation, as in this section, or as being the different modes of trans-
portation described in Section 1.3.

The transportation system is a functional system in the context of society as a
whole because it provides a service—the movement of goods and people from place to
place—that is essential to the functioning of the community as a whole. It is a major
functional system because it is an essential feature in the economy and the personal
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lives of people everywhere, most especially in the developed nations. A highly devel-
oped transportation system makes possible the abundance and variety of goods and the
high levels of personal mobility that are the hallmarks (for better or for worse) of a
wealthy society. The economic scope of the transportation system is indicated by
the fact that in 1998, transportation accounted for 11.2 percent of the gross domestic
product and 19 percent of the average household expenditures in the United States. Its
impact on the lives of individuals i1s revealed by the fact that in 1995 the average
American made 1,568 local trips, and traveled over 27,500 km, 5,000 km of which was
for long-distance travel (trips of more than 160 km). At the same time, the transporta-
tion system 1s a major source of resource consumption and environmental impact.
Transportation accounts for almost two-thirds of the petroleum consumption in the
United States and 1s a major contributor to environmental problems such as air pollu-
tion, noise, and destruction of natural habitats.

If viewed in functional terms, the transportation system includes the following
components:

e Physical facilities, including streets, roads, and highways; railroads, airports, sea
and river ports, pipelines, and canals.

o Fleets of vehicles, vessels, and aircraft.

* Operating bases and facilities, including vehicle maintenance facilities and office
space.

* Organizations. These may be classified roughly as facility-oriented organizations
and operating organizations. Facility-oriented organizations are primarily involved
in planning, designing, constructing, maintaining, and operating fixed facilities.
They include the United States Department of Transportation; state departments of
transportation (or equivalent agencies); metropolitan planning organizations (orga-
nizations responsible for transportation planning at the level of the metropolitan
region); local departments of public works, departments of transportation, and simi-
lar organizations; port authorities, and private land developers. Operating organiza-
tions, also known as carriers, are primarily concerned with operating fleets to pro-
vide transportation services. They include railroads, airlines, ship or barge lines,
truck lines, transit operators, and private individuals who operate automobiles,
motorcycles, and bicycles.

e Operating strategies, including vehicle routing, scheduling, and traffic control.

Figure 1.1 illustrates the ways in which the functional components of the com-
mercial air transportation system are interrelated. Major organizations include the
Federal Aviation Agency (FAA), the airlines, metropolitan planning organizations
(MPOs), and airport authorities or other owners and operators of airports. Of these, the
FAA, the MPOs, and the airport authorities are primarily concerned with providing
facilities, and hence would be considered facility-oriented organizations. The FAA is
responsible for design standards for air transportation facilities and provides some
funding, the MPOs are involved in planning airport facilities at the local level, and the
airport authorities actually own and construct the airports. The airlines are primarily
concerned with operating commercial air service, and hence are operating organiza-
tions. In addition, the FAA provides safety regulation (including certification of
aircraft and pilots) and air traffic control. The airlines own and operate fleets of aircraft
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FIGURE 1.1

Interrelationship of functional components of a commercial air transportation system.

and determine operating strategies, including route structures (that is, which airport
pairs are served directly and how the overall network is linked together), schedules,
and various other operating policies. The major physical facilities are the airports,
which consist of terminal buildings, maintenance facilities (hangers, etc.), runways
and taxiways, and airport towers. The towers are part of the air traffic control system
and are staffed by the FAA. Most activities in the terminals are carried out by tenant
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organizations, including the airlines, who use them for functions such as ticketing,
baggage handling, and loading and unloading aircraft. The airlines also operate the
maintenance facilities, which serve as their operating bases.

The provision of transportation service results when various organizations
construct physical facilities and deploy fleets in accordance with their operating strate-
gies. In order for the system to function effectively, the interactions of the various
components must be understood. For instance, in order to design a highway
effectively, it 1s necessary to know the characteristics of both the vehicles and the dri-
vers that will use it, and to be aware of the traffic control strategies that will be em-
ployed. To give another example, to design an effective air traffic control system, it is
necessary to understand the operating strategies of the airlines; the physical devices
used to implement air traffic control; and the characteristics of aircraft, pilots, and

airports.

1.2.2 Objectives and Constraints

From a historical point of view, there have been several motives for public and private
investment 1n transportation systems. The most important of these have military, polit-
ical, or economic bases.

Examples of transportation systems motivated primarily by military considera-
tions include the road networks built by Romans and Napoleon, and the German auto-
bahns built by Hitler in the 1930s. Another traditional motivation for establishing
transportation systems is to “knit together” the inhabitants of a territory by providing
mutual access and communication. This was, for instance, a major concern in provid-
ing the first intercontinental railroads in the United States and is still a concern in some
of the developing countries of the world.

More commonly, transportation is thought of as an economic activity, and deci-
sions about transportation systems are motivated by economic concerns. The most
basic function of the transportation system is to create what in economic jargon is
called time or place utility through the physical transfer of persons or goods from one
location to another—in other words, the value of goods depends on where they are and
when they are there. Basic economic resources and human population are scattered
widely over the face of the earth; in order for a complex economy to exist, raw mate-
rials must be extracted, brought together in some form of manufacturing process, and
then brought to market. Normally, all steps in this process will require some form of
transportation.

This leads to two major conclusions about the economic role of transportation sys-
tems. First, an adequate transportation infrastructure is necessary for a high level of
economic activity to exist. Second, most transportation is not something undertaken
for its own sake (although some passenger travel may be purely for pleasure), but is
what 1s referred to as a secondary good (in this case secondary service might be more
appropriate), whose value depends on the value of the goods transported or the ser-
vices performed by passengers at their destinations.



