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reface

- Great effort was devoted to enrich and update the third edition of this most successful trans-

portation engineering textbook. The book has been restructured to provide a better fit into
undergraduate curricula and a better progression between engineering and plannmg topics.

' The entire book has been organized into four sections:

1. Design and operations
2. Transportation systems
3. Transportation impacts
4. Supporting eléments

Several of the topics in Parts 2 and 3 are appropriaie for senior-level transportation-courses
and introductory graduate courses.

Some notable additions include congestion quantxf ication and management strate-
gies, extensive coverage on inteiligent transportation systems, random utility discrete
choice modeling, land-use modeling, an exclusive chapter on traffic software, and coverage
of HCM 2000, traffic calming, roundabouts, Superpave, TEA 21, and other contemporary
topics.

We are most appreciative of the many instructors and departments who have chosen
10 use this textbook for their transportation classes making it one of the most popular text-

‘books worldwide. We believe that this edition will be even more helpful in pmv;dmg com-

prehensive, unbiased, state-of-the-art knowledge of transportation engineering and

‘planning. We are looking forward to your continued support and, as always, we welcome

your comments and suggestions for improvements.
C. S. Papacostas wishes to thank the Oahu Metropolitan Planning Organizatien

- (OMPOQ) and its Executive Director Gordon G. W. Lum, for the opportunity to serve as
“technical director for OMPO’s land-use and transportation model development during the

second half of the 1990s. The wide range of perspectives brought to the table by the pro-

: ject‘s peer reviewi group {PRG), project consultants, and local and state agency staff helped

wvii



s v o - S e Preface
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.- portation-planning, and travel-demand modeling. His association with the Hawaii Local

" ‘Technical Assistance Program was helpful in the areas of transportation materials, ITS

architecture and deployment, and other engineering topics covered in the book.

Panos D. Prevedouros is indebted to the Development Programmes Department of
INTRACOM, $.A. for providing him with plentiful resources during his sabbatical there,
- which permitted him to redo Chapter 6 essentially from scratch, draft the chapter on traffic
software, and work on other improvements and additions. The cooperation with
" INTRACOM's Dir. N. Skayannis and Mr. Gabriel Hatoglou on ITS, electronic road pricing,
- and automated vehicle classification was most beneficial. Dr. Kimon Proussaloglou (Cam-
. bridge Systematics), Dr, Haitham Al-Deek (University of Central Florida), and Dr. Asad
Khattak (University of North Carolina at Chapel Hill) made valuable suggestions for
improvements. The late Dr. Eric Pas (Duke University} gave useful advise on improving the
structure of the book and enriching the urban systems section.

We must thank the Transportation Research Board for providing a spacious, multi-

_“faceted forum as well as wide accessibility to the ever-expanding and changing body of
. ttansportation information and knowledge. .

C. 8. Papacostas
- P. D. Prevedouros
Honolulu, Hawali
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| Introduction and
ackground

1.1 THE TRANSPORTATION SYSTEM

1.1.1 Definition and Scope

A transportation systemn may be defined as consisting of the fixed facilities, the flow entities,
and the control system that permit people and goods to overcome the friction of geograph-
ical space efficiently in order to participate in a timely manner in some desired activity.

At first glance this definition may appear to be either trivial or pretentious. After all,
“overcoming the friction of geographic space”* is a very awkward way of saying “to move
from point A to point B! However, this definition reveals the breadth of transportation engi-
neering and delineates the purpose and scope of this introductory text. It identifies the func-
tional components of a transportation system (i.e., the fized facilities, the flow entities, and
the control system) and encapsulates the fact that transportation provides the connectivity
that facilitates other societal interactions. '

1.1.2 Fixed Facilities

. Fixed facilities are the physical components of the system that are fixed in space and con-

stitute the nerwork of finks (e.g., roadway segments, railway track, and pipes) and nodes

. {e.g., intersections, interchanges, transit terminals, harbors, and airports} of the transporta-

tion system. Their design, traditionally within the realm of civil engineering, includes soil
and foundation engineering, structural design, the design of drainage systems, and geo-

‘metric design, which is concerned with the physical proportioning of the elements of

*Australians refer to the “tyranny of distance™ due to the large size and remoteness of their country and
continent. '




2. _— ~ Introduction and Background  Chap.

_fixed facilities. Although related, geometric design is different from other aspects of design

e [0 structyral design, which is concerned with the strength of structures to withstand effi-
c;enﬂy the expected forces or foads), whlch are covered elsewhere in the typical civil engi-
neering cumculum :

1.1.3 Flow Entities and Technology

Flow entities are the units that traverse the fixed facilities. They include vehicles, container
units, railroad cars, and so on, In the case of the highway system the fixed facilities are
expecled to accommodate a wide variety of vehicle types, ranging from bicycles to large
tractor-trailer combinations. For the purposes of geometric design the American Associa-
tion of State Highway and Transportation Officials (AASHTO) has specified a set of design
vehicles, each describing a typical class of highway vehicles [1.1].

In this book flow entities are considered only in terms of their generic characteristics,
such as size, weight, and acceleration and deceleration capabilities, rather than in terms of
their specific technological design, which is normally undertaken by mechanical and elec-
trical engingers. Thus vehicular motion and vehicle flow equations are expressed as general
_relationships between the generic variables and can be applied to many vehicle technolo-
gies once their specific attributes are determined.

1.1.4 Control System

" The control system consists of vehicular control and flow control. Vehicular control refers fo
" the technological way in which individual vehicles are guided on the fixed facilities. Such
* control can be manual or aytomated. The proper geometric design of the fixed facilities must
incorporate, in addition to the characteristics of the vehicle, the characteristics of the vehic-
- ular control system. In the case of highway facilities, where the vehicles are manually con-
trolied, these inciude driver characteristics, such as the time a driver takes to perceive and
react {0 various stimuli; examples of such Awman factors are contained in this book, In the
case of automated systems similar but more precisely definable response times exist as well.
The flow control system consists of the means that permit the efficient and smooth
“operation of streams of vehicles and the reduction of conflicts between vehicles. This
- gystem includes various types of signing, marking, and signal systems and the underlying
rules of operation, Traffic signal control is discussed in Chapter 4 and advanced systems,
known as Intelligent Transportation Systems (ITS), are covered in Chapter 6,

.1 1.5 Transportation Demand

_ _The definition of a transportation system given earlier addlesees another consideration that
is of concern to transportation specialists: Transportation systems are constructéd as neither-
-~ pure expressions of engineering ingenuity nor monuments of purely aesthetic quality. They
“are built to serve people in undertaking their economic, social, and cuftural activities. In the
jargon of the economist, the demand for transportation is derived, or indirect; that is, people

* do ot normally travel or move their possessions for the sake of movement but to fulfill cer-
tain needs, such as going to school, to work, to shop, or to visit with friends. By the same
.~ token, workers do not place themnselves in the middle of the morning and evening rush hours
- because they enjoy fraffic congestion but because their work schedules require it. Trans-
- portation engineers are among the professionals concerned with accommedating these
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* societal activities by providing éfficient ways to satisfy the population’s needs for mobility.
* As used in the foregoing definition of a transportation system, the word efficient stands for
" the ba}anc;ng ofa variety of often conﬂlctmg requirements that society in general considers
to be 1mportan1 ‘These requiremehts include, but are not limited to, cost considerations,
convenience, protection of environimental quality, and protection of individual rights, which
may have a variable priority, depending on the issue. To be responsive to these needs, trans-
portation engineers often cooperate with other professmnals mcludmg economists, plan-
" ners, and social scientists. : S .

1.1.6 Quantification versus Vaiuation

Suppose that the following question was posed to a classical ;}hysmlst and to an Anstoteitan
philosopher:

An object is let go from a height of 20 feet directly above the head of a person. What
« will the value of the object’s velocity be at the instant when it comes in contact with the
person’s head?

it would not be surprising if after mentally applying the apprepriate equation, the
classical physicist were to reply: “Well . . . the object’s velocity will be about 36 feet per
second.” However, an engineering student may be somewhat surprised at the philosopher’s
response along this line: “1 believe that, to the person, the object’s velocity at that instant
will be of no value whatsoever.”

The difference between the two answers lies in the meaning that each of the fespon-
dents attached to the term “valie.” The philosopher’s use of the word is related to the quality
of a thing being useful or desirable to someone, or perhaps how much the thing is desirable
or undesirable. Clearly, the assignment of such value is subjective: It depends on the value
system of the person making the assessment, On the other hand, the physicist’s response
invelved an attempt to guantify objectively the state of the object’s velocity, which is inde-
pendent of the person who attempts to assess it. Of course, the physicist could have given
the wrong answer by either using the wrong equation (i.e., not understanding how gra\nty
works) or making a calculation error when using the right equation.

Engineers often encounter both meanings of value in their work. For exampla, sup-
pose that an engineer is asked to estimate the reduction in carbon monoxide emissions that
would result from a public policy that aims to encourage people to form car pools. Using
the best available mathematical formulation of the problem, the engineer would produce an
estiimate in essentially the same way as the physicist.

Now consider that the implementation of the public policy reqmres the expenditure of
a certain level of funding and that an estimate of this level has been obtained as objectively
as the current understanding of the subject allows, Having quantified these estimates does
not in itself reveal whether or not implementation of the policy is desirable. Before such a
decision can be made, itis necessary to place relative values on the costs associated with the
implementation of the policy and on the benefits that will be derived from it. Simply stated,
to make this “apples-and-oranges” decision, someone or some group must assess whether
reducing pollutant emissions (by x parts per million) is worth the expenditure of y dollars.

In the private sector of the economy people frequently make such judgments based
on their own value systems. By contrast, decisions made in the public sector generally
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- involve compromises between the often conflicting values of the groups that constitute the
- community (¢.g., those in the construcnon mdu';try versus env1ronmenm1;§ts vis-#-vis the
construction of a freeway). - : . :

This book emphasizes the basm methods and techmques that are presently available to
. the-practitioner for the purpose of quantifying the i impacts or consequehces of transportation-
related proposals. The chapter on evaluation includes some techniques that are often used to
‘aid in the selection of the most suitable course of action from a set of alternatives. The real-
world application of these evaluative techniques, however, presupposes the existence of 4
value system. Analysts tend to valuate the consequences of transportation proposals based
on their analyses of the economic choices of consumers, or other philosophical perspectives.
One of the fundamental purposes of government is to provide the mechanism for the reso-
lution of such differences. ' -

1 2 TRANSPORTATION SYSTEM CLASSIFICATION
1.2.1 Classification Schemes

- . Transportation systems can be categorized in several ways. For example, they may be clas-
- sified according to the types of technology they employ, the function or type of service they
;provide, who owns or is responsible for their implementation and operation, and so forth.
Each of these diverse typologies views transportation systems from a different perspective
~and is useful in making distinctions that are relcvant to chfferent types of transportation-
related decisions. = '

The definition of the transportation system given earlier makes a distinction between

. passenger and freight transportation. Both are necessary to satisfy human needs and both

constitute a significant portion of the U.S. gross national product (GNP). During the past

few decades the total U.S. expenditures for passenger and freight transportation have fluc-
tuated, respectively, around 8 and 12% of the GNP {1.2].

The transportation system is further categorized into four major subsystems
according to the medium on which the flow elements are supported. These subsystems
are commonly referred to as modes. Chapter 5 provides an overview of the principal
characteristics of modes. It should be understood that this term is also used to make
finer distinctions among the various means of travel. For example, driving alone and
forming car pools are sometimes conmdered to be d1tferent modes The four major sub—
systems are:

1 Land transportation
-a. Highway
b. Rail

Alr transportation
a, Domestic
b. International

R

Water transportation -
) a. Inland
"+ b, Coastal
¢. Ocean

W
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" 4. Pipelines
-fa. Qil
b. Gas
L& Other

122 Prwate and Public Transportatlon

Transportatlon services are also classified as either for-hire or not-for-hire services. These
categories are also known, respectively, as public and private transportation, but these terms
refer to their availability to the general public and to private parties, respectively, not to their
ownership. For example, a city bus system may be owned either privately or publicly, In
either case the service provided is public transportation because the system is available for
use by the general public. For-hire systems are further classified into contract carriers and
commox carriers. The former stand ready to provide service to the public under individual
contractual arrangements. Common carriers, on the other hand, generally offer scheduled
service and are open to all members of the public willing to pay the posted fare. The terms
mass transportation or mass transit usually refer to the common carriage of passengers.
Taxis, car rentals, and certain other mdmduaﬂy arranged services belong to the category of
cotitract public transportation. :

1.3 THE ROLE OF GOVERNMENT
1.3.1 Governmental Partlclpation

" A characteristic of human social orgamzations is the establishment of a “government,”
which in an cbjective sense may be defined as consisting of the rules of conduct, the col-
lective decision-making processes, and the means of enforcing the rules that attempt to
impart social and economic order and to maintain the cohesiveness of a society.

A transportation system provides the necessary connectivity that enhances the inter-
action between people. It is a historical fact that by facilitating the movement of peoples
and the spreading of ideas advances in transportation technology have been closely related
to the evolution of civilization as we know it. Since ancient times cities have developed in
locations that took advantage of the availability of transportation connections such as rivers
and protected harbors. The Roman Empire was held together by a very elaborate system of
roadways, some of which (e.g., the Appian Way) remain to the present day. Catanese and
Snyder [1.3} state that in eighteenth-century England:

'Transportation was the key to industrialization. Unless raw materials could be brought
to the factories and finished products distributed to market areas, the industrial revolu-
tion could not happen [1.3]. -

* Similarly, the westward expansion in nineteenth-century America would not have
been possible without the consiruction of the transcontinental railroads: maiy modern
American cities have had their origins af the junctures of rallroad lines. Because of the pro-
found role that transportation plays in society, governments have always become involved

- in the provision, operation, and regulation of transportation systems through both the enact-
ment of laws and the estabhshment of public planning processes
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_ The specific actions that a government-takes at any given time as weli as. the method

" by which it chooses to implement thosé actions reflect the contemporary value system of
the society it represents, Concep{uaiiy, there exists a continnum of governmental forms

. ranging {rom anarchy (i.e., complete | lack of governmental intervention in the affairs of

~ people) to- totalitarianism (i.e., complate control by govemment) Actual governmental
structures lie somewhere between the two extremes.

. The U.8. governmental structure places a high value on individual freedom and civil
rights. Individuals and groups are pérmitted to pursue what they consider to be in their best
interests. They are also afforded relatively greater opportunities to vie with others in per-

- suading the government to take actions favoring what they value. Citizen participation is,
“in fact, a requirement of public planning law. Dissent and difference of opinion are toler-
- ated and permitted to find expression in the political arena.

- 1.3.2 Instruments of Governmental invoivement

- In rough outline, the typical ways by which the government intervenes in the marketplace
. to accomplish objectives that, in its representational rofe, the government finds to be in the
- public interest include promotion, regulation, and Investmenr. Incidentally, at any given
“time the meaning of the term public interest is largely implicit in the specific actions that
the government takes and thus is itself in a state of ﬂux Also, differences of opinion as to
what is in the public interest frequently arise.
_ Promotion refers to attempts by the government to encourage or discourage certain
situations without legally requiring them. An advertising campaign favoring carpooling
- aimed at reducing rush-hour congestion and obviating the need for costly highway con-
struction or used as a strategy to reduce energy consumption is an example of promotion.
" ‘Regulation refers 1o those government actions that place legalrequirements on individ-
" uals and firms to satisfy the public interest. Transportation-related examples of regulation
. include the establishment of automobile bumper standards to reduce fatalities, automobile
- air-pollution-emission standards to improve environmental quality, and reduced freeway
“speed 1imits to conserve energy. Other examples are the reguiation of airline route struc-

- tures to ensure the availability of service to all and the regulation of the rates that trucking

compames can charge their customers, ‘
Investment involves the financial support, public ﬁnancmg, or even public ownership
“of various systems or services. Subsidies to privately owned bus companies to ensure
" service to mobility-disadvantaged groups, public ownership of highways to maintain a
comprehensive level of accessibility, and participation in the construction of airports and
- harbors are but a few examp]es of investment actions.

1. 3 3 Arguments for and Agamst Government
. Intervention

; Involvemem of the government in the marketplace is predu.ated on the proposition that the

proposed actions are in the public's interest. In other words, there is a justifiable public pur-
. pose far action. Often there are those in the community who favor the proposed actions and
" those who oppose them. In the public debate that ensues these groups present their argu-
ments for or agasnst the actions.
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. In pure terms, those that aré.in favor of government intervention typically advance
,Dne or both of two types of argument. These are known as the welfure argument and the

- social-cost-argument, The weffdre argument typically supports specific government actions

. to protect the rights and prwileges of individuals or specific groups of individuals. The
socidl-cost argument, on the other hand, usually claims that the government should be
involved in order either to avoid impacts that would be detrimental to mcmry at large or to

“bring about conditions that benefit everybady.

. In his book on government involvement in the area of housmg, Friedman [1.4] points
out that the two approaches

.. are not unique fo housing. Social legislation in general is proposed and defended on
~one or both of these approaches, either that it helps the poor or some worthy class or that
by helping the poor {or some worthy class] it helps all of us. Most frequently, perhaps,
both justifications are used {1.4].

. Consider, for example, a proposal to provide public subsidies for special transporta-
tion services to disadvantaged groups such as the poor. The welfare argument favoring such

“ government action would, at its core, make the case that these particular groups of individ-

" nals have the same rights to mobility as everyone else and that by taking such action the
_government ensures that these rights are protected. One social-cost argument, on the other
hand, would likely state that by enhancing the mobility of these groups the government
-would provide them dccess to employment opportunities that would result in strengthening
the economy and thus benefiting society at large.

The basic argument usually advanced against government interference is the free-
market argument and its variants, In its strict form it states that a free market is the most
efficient and fair way to allocate resources. According to this argument, competitive forces
in the private sector can tesult in lower costs than what the public (i.e., government) sector

* can deliver in the absence of competition. A related assertion in this vein is that government

. actions force people and other economic entities to act in ways that they do not otherwise

+ " judge to be in their best interest. This is cohsidered coercive as it viclates the freedom of
choice of individuals,

Continuing with the example of transportat10n subsidies to the poor, argumenis
against the proposal would likely state that the services should be 12ft to the private sector,

- because if the market demands transportation services to these groups, the private sector
can deliver them more efficiently than the government sector. Moreover, by expending “tax-
payers’ money” for the benefit of a particular group, the government, in effect, forces

- people to spend their income in ways that they would not otherwise choose,

Even when legislation is epacted favering some government action, questions
relating to the appropriate and equitable degree of intervention also require resclution. Sup-
pose, for example, that those who argued in favor of transportation subsidies to the poor
- prevailed in the rejated public debate. Even then, the guestion of how much subsidization
is appropriate needs o be resolved. In other words, a decision must be made as to whether
the proposed services should be totally free to the subject groups or whether they should
- cover only a certain percentage (and specxﬁcaﬂy what pesceniage) of the CcOosts assocmted

" with provzdmg the service.
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1.4 ‘TOOLS AND APP-LICATEONS

__1 4.1 Background ' -

The typ1ca1 program of study 1ead1ng to the ﬁrst course in transportauon engineering
" includes the basic sciences, mathematics, and a range of computer skills. The subject matter
of those courses of study sfresses the basic tools necessary for work in the field of engi-
neering. The latter differs from the pure sciences in that it is more concerned with the appli-
_cation of scientific knowledge. When seeking solutions to real-world problems, questions
of economy and other considerations prescribe a need to employ appropriate simplifying
assumptions. In order to be useful, such simplifications must render a problem amenable to
- efficient solution while retaining the essential aspects of the real-world conditions. The
_importance of making judicious assumptions that are based on a clear understandmg of thc
problem at hand cannot be overemphasized. These assumptions are based on the current
state of the art and are themselves subject to change as our understanding of systems is
“enhanced through additional experience and research. The reader should always be atten-
tive to the fundamental assumptions that are involved in a particular situation and the extent
to which these assumptions can affect the results.

1.4.2 Mathematical Modeis

“ Transportation engineers and planners employ models to study and analyze the systems of

concern, A model may be defined as the representation of a part of reality. Figure 1.4.1
shows that models may be classified as physical or mathematical on one hand and as staric
or dynamic on the other {1.5]. Static models represent the structure of a system, whereas

Figure 1.4.1 Types of models. : co ' Madels

(From Gerdon [] 3]

Physical  ° Mathematical

Static Dynami¢ Statie Dynamic

AV

Numeric .~ Amnalytic Numeric

System simulation
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dynamlc models aiso mcorporaie a rcpresentat;{m of the system’s process, that is, the way
~.in which it changes over time, The familiar models of molecular structures consisting of
" small spheres and pegs are example.s of physical static models. Physical dynamic models
-~ include wind tunnels, where facsimiles of systems based on the laws of similitude are tested
before implementation. These models also include models relying on analogy, such as those
representing the vibration of 2 mechanism via an equivalent electrical circuit {see Fi 2.14.2)
Analog compurers are well suited for this type of modeling. It is interesting to recognize
- that the two diagrams showm in Fig. 1.4.2 are, in fact, static representations of a mechanical
‘and an electrical system. When constructed, the electrical circuit can be used as a physical
dynamic model of the mechanical system.

A mathematical model employs one or more equations to represent a system and its
behavior. Thus Newton's second law and Bernoulli’s eguation are examples of mathemai-
ical models. In addition to being either static or dynamic, mathematical models may be clas-
sified according to the method of solution employed, for example, analytical or numerical,
Numerical models have proliferated in recent years because they are amenable to solution
by digital computers. -

All models are abstractions of the systems they represent, In other words, a system
and its model are not identical in ali respects: The model is a simphfxc,d representation of

Displacement ‘ Spring
/ |
T 7 ;
[ /‘/ .
'i “ _ Controlling equations
X || PRI i D+ ke = kF()
{a) Mechanism
Resistance Inductance
R L
T | :
JAPN i ‘ : ~i_ Capacitance
Source | E(2) _ - c .
St : : _ : L§+ Ry + ﬁq =1 LE0
(b} Circuit _ .

Figure 1.4.2 Model analogy.
(From Gordon [1.5}.)
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" - the system. Consequently, a number of different models can be used to describe the same

: ' systern. The appropriate model 104 particular endeavor should be selected so as to strike a

balance between the ease of application o1 one hand and the realistic representation of the
~-subj sct .system ot the other. The principie of parsimony, also known as Occam’s Razor,
states that if two theories (or models) explain the same observations equally well, the sim-
pler (i.e., more parmmomous) of the twe is better. For example, Newton’s theory is suffi-
ciently accurate for the cases examined In engineering mechanics to be given preference
over the more complicated theory of relativity. The same is not true, however, for the study
of interplanetary motion,

t
i

- 1.4.3 Components of Mathematical Models

A mathematical model can have one of an imfinite number of mathematical forms. It can be

linear, nonlinear, exponential, differential, and so forth. Most of the mathematical models

~ that are familiar to readers have been simply presented to them, and therefore the fact that

~ someone (usuaily the person whose name is associated with the model} had 1o postulate its
mathernatical form possibly remains hidden. Researchers are constantly faced with the
problem of model postulation, and in many situations, including certain areas of trans-

 portation, analysts are also required to select the mathematical forms of their models.

' ~ Selecting a mathematical form, however, is not the same as having a useful model.
Consider, for example, the following mathematical form, relating four variables, X, ¥ Z,
and W:

Y=aXZW . (1.4.1)

In this equation variable ¥ is a function of the other three variables. In other Wwords, ¥ can
- be computed if the numerical values of X, Z, and W are known. For this reason Y is cailed
. the dependent, or explained, variable and the other three are called the independent, or
explanatory, variables, The model also contains four constants, a, b, ¢, and d, which must
~ also be known. These constants are referred to as the parameters of the model,
Model estimation is the process by which the numerical values of the parameters of
a postulated modet are determined. It is accomplished through the use of statistical methods
-and based on experimental knowledge, that is, observations, of the dependent and inde-
pendent variables, This means that once the nature of the variables is identified, a series of
experiments are conducted to obtain a set of N simultaneous observations on the dependent
and independent variables, in our case ¥;, X;, Z;, W,, with i varying from 1 to . These obser-
vations are then employed to estimate the numerical values of the model parameters that
~ render the postulated model capable of reproducing the experimental data. To avoid mis-
. specification of the mathematical form that relates the variables, alternative functions may

- be postulated and estimated. After several statistical goodness-of-fit tests, the one that best-

-describes the experimental data can then be selected. In this manner it is ensured that the
selected model is realistic. In a strict sense, the term calibration refess to procedures that
are used. to adjust the values of a model’s parameters to make them consisient with obser-
'vations. Many authors, however, use the terms estimation and calibration interchangeably
and the practice is followed in this book.

© Model validation refers to the testing of a calibrated mode! using empirical data other
‘than those used to calibrate the model in the first place. This is how scientific theories

H

#i

<&
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(-modelsj are test'ed,lmoé_ﬁﬁéd,br replaced. An improved model must be able to explain
everything that the old model can plus something that the old model cannot. As mentioned

" -earlier, the old model may still be a useful tool as fong as the scope of its applicability is
clearly understood. :

. To comprehend the tmportancca of the prewous modeling steps, cons1der that X and Z
in Eq. 1.4.1 stand for the masses M, and M, of two bodies, W stands for the distance R sep-
arating them, and the dependent variable ¥ represents their mutual attraction force F More-
over, assume that the calibration of this postulate vis-2-vis experimental observations has

-resulted in the following numerical vafues of the model’s parameters;

ft
Ib-s*

b=¢=1and d=—-2

a =K =3442(10 %) ——

Fguation 1.4.1 becomes
| KM M
F=" R%,;z (1.4.2)
which 1s Newton’s law of gravitation.

1.4.4 Transportation Models

The study of many physical phenomena, most appropriately, tends {o concentrate on sys-
tems of physical objects under the influence of forces. Stripped to its essentials, the trans-
portation system involves a physical phenomenen, the motion of flow entities on the fixed

© facilities. Hence mathematical models of the physical system are required, including the

equations of motion.
Additionally, transportation engineering muast explicitly incorporate the human

dimension, which consists of human factors and human behavior, As used in this book, the

term “human factors” refers to those measurable charicteristics of human beings that are
relatively difficult to modify, such as sensory, perceptual, and kinesthetic characteristics. A
driver’s perception-reaction time that elapses between the instant when a stimulus is first
displayed (e.g., the onset of the yellow phase of a traffic signal) and the instant when a
driver reacts to the stimulus (e.g., applying the brakes) is a specific example of a human
factor that can be measured in either the field or the laboratory. Human-factor models are
needed in addition to models of the physical ransportation system. '

+ The line of demarcation between human factors and human behavior is not very
clear. Nevertheless, the use of the term Ahumian behavior in this book generally refers to
the way in which pedple act, the types of choices they make, and so forth. Specifically,
travel behavior includes the way people decide whether and when to travel, where to go,
how to get there, and the like. The transportation analyst’s arsenal of mathematical
models includes models of human behavior. Human behavior is in a continuous state of

~flux and is affected by technological changes: The behavioral patterns of the ancient

Greeks were very different from those of modern Americans, but the range of visual per-
ception of the two populations has remained about the same, In fact, no universally appli-

_cable calibrated model of travel behavior exists. Even when using the same mathematical
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_form, transportauon studies for dlffercnt cities must estimate their models o conforr to
Eocal COﬂdltiOIlS B

1 5 SUMMARY

In this 1ntroduct10n we have defined a transportation system in térms of its fiked facilities,
flow entities, and control system anid identified its general function as that of providing the
necessary connectivity that facilitates other societal activities. A brief outline of several
transportation classification schemes were followed. The mearns by which govertiment par-
ticipates in the transportation sector (i.e., promotion, regulation, and investrient) weré pre-
~ sented to place the study of transportation éngineering and planning within its larger
societal context. The fundamental concepts of mathematical modeling {i.e., niodeél postula-
tion, calibration, and validation) were thtroduced and the three Lategones of quantitative
models used by transportation engineers and planners (i.e., models of the physical system,
human factor models, and travel behavior models) were explained. A distinclion between
quantification and valuation was also drawil.
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2.1 INTRODUCTION

A fundamental characteristic of any transportation system is the motion of vehicles. 1t is, _

therefore, important to review the basic kinematic and kineric equations of motion. These two
branches of dynamics are related: Kinematics is the study of motion irrespective of the forces
that cause it, whereas kinetics accounts for these forces. The motion of a body can be rectt-
linear or curvilinear and can be investigated in relation to a fixed coordinate system (i.e.,
absolute motion) or in relation to a moving coordinate system (i.e., relative motion}. In this
chapter the basic equations of motion of a single vehicle are cast in the form in which they
are used for the purposes of design. Three examples of human factor models are then intro-
duced to illustrate how human characteristics can be incorporated in design. The important
differences between the maximum technological capabilities of vehicles on one hand and the
practical design levels necessitated by considerations of passenger safety and comyfort on the
other are explained. Finally, the methods of geometric design are presented for the horizontal
and vertical alignment of highways and for the channelization of intersections and inter-
changes. Geometric design is concerned only with the size, shape, and geometry of trans-
portation facilities. Other aspects of engineering design are also necessary for the snccessful
implementation of these facilities, including the proper selection of pavement and structural
materials, geotechnical design, and the structural design of varions components such as
bridges. In addition, complex decisions related to whether a néw facility is needed, or
whether an existing facility should be improved, must precede the design phase. ’

. 2.2 EQUATIONS OF MOTION

2.2.1 Rectilinear Motion

- The rectilinear position x of a particle is measured from a reference point and has units of
length. The displacement of the particle is the difference in its position between two instants.

14
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_ Veioc:ty v is-the displacement of the' pa:rtlcle drvided by the time over which the dis-
- “placement oceurs: In the! limit the instantaneous value of velocxty is given: by the first deriv-
auve of dlsp}acement thh respect 40 trme, :

Voo ‘ 2-2.1 '
e @21
Speed is a scalar quantity and is equai fo the magmfude of velocity, which is a vector. How»
ever, the two terms are used mtcrchangeabiy in this book when the meaning is clear from
- the context. | : :
Acceleration a is s the rate of change of ve]oczty w;th respect (o time:

| o @2 25
g o= o ; 2.9)
. : dt . .
IE can be pos;twe, zero, or pegative. Negauve accelerat;on (e, decelemtton) is often
“denoted by 4, and its magmtude is ngen in the posmve Thus a deceierat;on of 16 ftfs is
"the same as an-acceleration of — 16 ft/s™. ‘
Applying the chain rule yields =

Coor

28
dx dt/
@
: dx
~ which leads to” B |
' o vdv=ady e (22.3)

. " Often the given variables are expressed as functions of time or of each other [e.g.,
a = f(w)], and'the specific relationships between pairs of variables are derived through the -
application of the calculus. These relatlomhlps are frequent]y plott@d to ald the v1suahzam
tion of the particle’s motion. - ‘ :
The slmplest case of rectlimear motlon is the case of wnstanf ac::eleranan, where -

dv :
i/ Constant‘

d_'t_; o

Separating variables and integrating over the limits 7 =0 to t gives

P R : 0o
- V=gt + v SR - {224)_

The velocity of the particle can also be expressed as 4 funcnon of dxstance by mtegratmg
Eq. 2.2.3 over the appropriate Himits of mtegraaon toyield . - :

Lot vd=a s Qz§7

g




16 o o : . _ Roadway Design * Chap. 2

v iwhich, .up_dn the rearrangement of terms, becomes . .

. L . . - L ;2__'.2 o R
Xy = (26
HTE T T . @2

This expression is useful for computing the distance traveled by a vehicle at constant accel-

eration {or deceleranon} from an initial velocity ¥4 to a final velocity v
In view of Eq. 2.2.1, Eq 2.2.4 may be mtegrated to express xasa functxon of time:

x = Ear l-i-a_ﬂo?‘+x0 ' S {2.2.7)

Example 2.1: Constant Acceleration

Avehicle approaches an intersection at 30 mi/h. At time r = 0 it begins to decelerate atd = 16 ft/s?.
Calculate the time it would take the vehicle to stop. Given that at the beginning of deceleration
the vehicie was located 55 ft away from the stopping line, determine whether it was able to stop

“legally (i.e., behind the stopping line}. Plot the relationships of acceleration, velocxty, and posi-
tion as functions of time and the relationship between velocity and position.

Selution  Set the positive x-axis in the direction of motion, with the origin at the initial posi-

tion of the vehicle, Thus at't = 0, x = 0, v = 44 ft/s, and a = ~ 16 ft/s". This is the case of con-
stant acceleration. The time it took the vehicle ter stop from an initial velocity of 44 ft/s is given
by Eq. 2.2.4:

0=-16:+44 o t=3275s

. The-distance C(_)véred during decc"i_eratién may be computed from either Eq. 22600 Tg. 227
' : = 60.5 ft

Because this is greatﬂr than'the available distance of 55 ft, the ve!’uc]c ‘was not able 10 stop
‘before reaching the stopping line. The required plots are shown in Fig. 2.2.1.

Discussion Since acceleration is the derivative of velocny'_wuh_respect to time, the slope

- of the v—1 diagram is equal to the acceleration at time 7, In this example the slope of the v=¢

. diagram is negative, constant, and equalto — 16 ft/s*. Similarly, the particle’s velocity is

‘equal to the slope'of the x—1 diagram. Thus when velocity is equal to zero, the x—1 diagram

-.attains a critical point, in this case a maximum. The plots of the mathematical funictions

~ derived earlier extend beyond the instant when the vehicle comes to a completé stop (see

dashed lines). This range is not dppllcable in this situaticn because the subject vehicle will

not continue to decelerate at 16 fifs® beyond that instant, that is, reverse its direction by

" backing up! The assumptmn of an average " constant decelerauon is an :deahzed but often
acceptable approximation. : :

Example 3.2 Acceleratmn as a Functien of Velocity

Tbe accele:atzcn of a veincle from an initial speed Vo is gwen by the relauonshxp

L T e= e | - -“2.2.3
! o Lo a_, dt _A Bv : . o -( } .
' whereA andB areconstant {2 11 Dcnveandp!otthex ta L andv zrelatzonshlps assummg
.thata!z—(}x-o s ‘ “ DAREE
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1

\ a = —-1‘6 fris?

'

v= 44 —161 ftfs

~x =447 8t ft

- - Figure 2,2.1 " Examples of rectilinear mbtion . :
. relationships. ‘
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. So!utmn Thl‘? is-a. case of vanabie acceleration. Consequently, the equations cmployed in

Example 2. F'do not apply. Separatmg the vanables of Eq.228 zmd mtegratmg over the appro-

e pnate ]m:uts we Obtain

or

-1 v
5 ln{A. Bv) . =1 .
and
A Bv .
A Bv0 -
'_Sbiving for v as a function of tyields ~ < ' ) e
A : :
v=“l"3(l-—e )-i-‘vne*B’

Substitution of this expression inte Eq.2.2. 8 results the needed reiationshxp of acceIeratlon

asa funcuon of time:

a—-{A Bv)e a:

i Fmally, subsmuung v = di/dt into the v—thuptmn and i mtcgraung leads to the foliowmgx L-.._
; relationsl'up .

-1

E " The required plots are shown in Fig. 2.2, 2.

Discussmn Bquation 2.2.8 closely approxlmates the satuanon where a Vetucle travelmg atam::’
mltza!-speed Vo attempts-to accelerate as quickly as poss:blc 10'its maximum speed (“'pressing

© the acccierasor to the floor’ ). Examination of the. value of acceleration at r = O shows that the .~

 initial yalue of acceleration depends on the initial speed. Moreover, A Has thie dimensions of

acceleration and is the:maximum acceleration that the vehicle can attain starting fromrest i.e., .

v o = 0): Theoretically, the maximum speed attainable by the velnclc is A/B. This can'be veri- - _f

. "fied by examining te v—t curve in the limit. The valucs-of thé Constants A and B dependon -
** the technological design of the subject vehicle and can be measured experimentally. Dimen: -
. sional consistency requires B to have-theunits of l/time. The equations developed so far are -

based on kinematics.: They are usedi imthe study.of kinetics where the relationship among force,

mass, and acceleration is of prime CcOoRCern. Newton s second law provides the ﬁmdamenta!- C
: equanon rclanng the three vanables R

Fe=ma o T ‘a2
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) f‘ngure 2.2.2 Acceleratmn, speed, and
= — : —t . o dlstance asa functmn of txme

- .f 2. 2 3 Brakmg Dlstance

A very cornmon case of recnhnear motmn is the case of a vehicle brakmg on a
- grade, that is, whlle moving either-uphill or downhill. Figare 2.2.3 shows the major.
" forces acting on a vehicle as it climbs uphill. Ignoring all resistances except friction

f “and grade res1stance the free- -body d1agram of the vehicle becomes that as shown in
Flg 2 2. 4 ’ .
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/\\reqistancc

=

g I“r:cﬂoa/rolhng
. resistance
Force delivered
by engine - - ‘ .
_ L .
Weight

Figure 2.2.3 Forces acﬁhg on 4 moving vehicle,

Figure 2.2.4 Vehicle braking.

_ . Itis customary to deéignate the braking disfance Dy in the horizontal directior'n rather
_ than along the incline, which is taken as the x-axis. For small incline, zmgies o thf: d1ffer—
ence between the two dzstances is very smail, as their relatmnshxp veuﬁes

D, =xcosa - ST o (2.2.10y

where both x and D, are measured from the point at which braking commences. ;

. The condition of static equilibrium is satisfied in the y-direction with the y-compo-.
- nentof the vehicle’s weight counteracted by the normal force N W cos.o. Equatmn 229
in the x—dlrecnon y1elds

- (wgi)a + Wieosa + Wsing=0 @211
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g Substitut-ing:Eq. 2'.2..110'in:l:025ﬁ,.'_2J;2.6‘a_nd:so-lving{for acéeie'r:atiom,.we_‘ haﬁe

oy COS @
| &= sz —~ w2} 2D, @2 12)
Subsntutmg Eq 2 2 12 in. Eq 2 2 11 d!Vldlng by W eos o and sc;ivmg for Dy, g;ves
' 2
) V@ .4
= T 2.2.13
b= lf+ G ( )

' where G = tan.o, or the percent gmdc divided by 100 Ty
~ Repeating the earlier solution: for the case when a vehicle is braking while traveling
dowrhill vields an equatiencidentical to Eq. 2.2.13 except for a reversal of the sigh of G in
- the:denominator, Equation 2:2.13 is often expressed to cover both situations as
| Yot Camiay
o Db%Zg:(f.jz Gl . - @214
- where.the.plus and minus signs correspond.to uphill and:downhill braking, respectively. It
" is easy to remember the proper sigh by remembering that. the uphill braking distance is
- shorter than the downhill braking distance because of the effect of gravity. -
“To compute the total braking distance from an initial speed v, to a complete stop,
- simply substitute v = 0. For level. paths the gradient G'is equal to zero. The fact that
Eq. 2.2.6 was used in the development of the preceding model implies that the acceleration

. rate is assumed to be constant. This assumption is reflected in the value of the coefficient

- of friction f; which is considered to represent the average efféct of friction during the entire.
braking maneuver. The coefficient of friction, of course, depends on the characteristics of

© . the contacting surfaces, that is, the vehicle’s tires and the pavement. Because of a wide

- range of possible pavement-tire combinations and conditions, the coefficient of friction is’
‘often calculated experimentally as follows: At thie location of interest where 'G is known,
- - the braking distance needed to stop a vehicle from a known speed is measured. These values
are then substituted in Eq. 2.2.13 to obtain the value of f. For the purposes of statistical reli-
.- ability, the test is repeated a number of times. As a rule of thumb, f'is approximately equal
- 10.0.6 when the pavement is dry and about 0.3 when the pavement is wet. On ice, of course,
f is much lower. The coefficient of friction has alsc been found to decrease somewhat with
.- increasing initial speed [2 2] Engmeermg de51gn is normally based on wet. rather than dry
- conditions.
a ‘Equation 2; 2-14 can aiso aid in the estlmatmn of initial speed vg at whlch a vehicle’

. was traveling prior to a collision based on the length of the skid marks left on the pavement.

B _However, the speed at impact v must also be estimated. This is accomplished by consid-
ering the kinetic energy dissipated for’ the damage or deformatlon sustaiped by the
. vehicle(s) involved in the coIIismn : :

o Exampla 2.3: Braking Distance

A driver of a car applied the brakes and barely avoided hzmng an obsiacle on the roadway. The -

- vehicke left skid marks of 88 fi. Assuming that £ = (.6, determine whether the driver was in vio-
- lation of the 45-mith speed limit at that location if she was traveling (a} uphili on & 3° incline,
" (by downhill on a 2.3° incline, or (c) ona level madway Aiso, compute the average deceiezatmn -
eieveloped in each case, ' : :
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; Solutmn The stoppzng dlstance Db is computed from the length of the skid marks using

- Eq. 2.2.10,and:the initia] velocity is calculated by Eq.2.2. 14 because the final velocity is zero

" imali three cases. The icmemauc relammsh;p of Eq 2.2:6 can then be solved to compute the
' correspendmg deceleratmn :

Dy T -

Case G i) tfi/s) - {fe/s%)
(a) 008 87:88 6065 2090
T (b) 0:04. 8793 3630 1803

L@ 000 88.00 5830 ¢ 19.32

?Bmausezﬂxe‘s:peed Himit was45 nlifh,.dlriéé.'.f'tls,:Mcrdriver wasnotspecding in any of the-three.cases.

" Piscussion "The kineinatic equation 2.2.6 and the kinetic équaﬁ0n22.2.14 describe the same

phenomenon, Comparison of these:equations shows that the deceleration of the braking vehiclé
can'be expressed in terms of two components: The first is due to the:friction developed between

" thetires:and:the'pavemient and:the second is dueto the-effect of grade. The difference’ between

- Dy, and the distance traveled along the incline x is very small for typical highway grades :

© Finally, the: coefficmnt of friction given.in t!us probiem 1mphes a dry pavement.
2:2:3 ‘Curvilinear Motion

'Vehic}es do not zraverse'straighi paths exclusivély but must also negotiate curved paths, as
“iHlustrated in Fig. 2.2.5(a). The figure shows that the direction of velocity is always tangent
. to the path. The vehicle’s acceleration may be resolved into two components in the tangen-

' ‘,‘nal and normal d1rect10ns respectively. The magmtude of the tangenual component is

dv

e @ ©2.2.15)

The normal component of the aeceieranon acts toward the center of curvatare and has a

magmtude of

.a;*-“"f* | | S 216

where pis the radius of curvature of the path. For a constant velocity v the tangential com-
ponent of the acceleration vanishes but the normal component remains. For circular paths
“the radins of corvature is constant and equal o the radius of the circular path R. -
Figuré 2.2.5(b) shows the tangential and normal components of the forces acting on
axehicle as it traverses a curved path Applym g Newton s second 1aw to the two directions,

we have _ _ : _ . T
- dv | : ‘ )
F, = : ' 2.
Z m(dt) s (_2. 2.17) |
and : : .
D : (2.2.18)
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Fignee 2.2:5. " Curvilinear motion:.

R-.
. o
| .
_’\/. i
e
A g — &
F R
w
{b):

Figux‘e 226 Lateral effect.

Fer a honzonta! roadway cross section A4, as shown in Fig, 2.2:6(b), the only force in the
normal direction is due to the side friction between the.vehicle’s fires and the- pavement,
which resists the tendency of the vehicle to slide, To minimize-this tendency, highway
design provides for the banking, or superelevation, of the cross section of the roadway, as
" shown in Fig. 2.2.6(c): The cross section is tilted by an angle B so that the component of
-the vehicle’s weight along the tilted pavement surface also resists the sliding tendency of
_the vehicle, This effect is extremely pronounced in the design of car-racing tracks because
" of the large normal accelerations developed at racing speeds. The slope to which a highway
* cross section is tilted is known as the rate of superelevation. It is denoted by the letter e and
~ equals the tangent of the angle B. The banking angle B should.not be confused with the
. -grade angle « discussed in Section 2.2.2.
" Figure 2.2.7 shows the free-body diagram of the vehicle as it travels along a circular path
o ‘atthe verge of sliding. Inthe y-direction perpendicular to the surface of the pavement, static eqm—
- librium yields N = Wcos B +ma,sin B. Writing Newton's second law for the x-direction gives
S wi? o
Wsin +fsWCO§ g+ ;—E = ma, cos B

W
< l)o=e
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Figure 2.2.7 Free-body disgram of turning vehicle.

- Dmdmg both sides by Weos 3 yields

2

- ' e+f—m~1qu ez

where e = tan f3.and f, is the’ coejﬁczent of sm.'e ﬁ iction. For: typical’ hzgthy condltmns fs
is.close to zero.and may be dropped.

'Example 2.4: Curvnhnear Motmn

A 2000-1b vehicle is traveling along a horwcmtal circular path of radlus R = 500 ft At the
‘instant of interest the vehicle is traveling at 88 fifs whﬁc decelerating at 8 f{ls De&emne the
total horizontal force acting on the vehicle.

,Solutmn As Fig. 2.2.5(b) illustrates, the total force can be resolved into a tangent:ai and a
m}rmal component as foIlows

2000 - ' :
F, = ma, EEE( 8) ~4971b K
far;d B :
S v\ 2000 332
an—mun—m(R) 5 (500) 962 Ih

' The total horizontal force F is 1083 Ib, as shown in Flg 2,28

Discussion The direction of the tangential force in this case is in the negative direction
" because the vehicle is decelerating. The normal force