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Preface

India is on the threshold of a major forward thrust in the field of transportation
infrastructure. Vehicular traffic, in both urban and rural areas, has in recent years
increased manifold. The government has also realized that developing the transportation
infrastructure is the key to overall development of the country. There is also a general
increase in awareness about mobility. These factors, we believe, constitute a recipe for
fast development in the area of transportation.

The need for professionals with specialization in transportation engineering,
equipped with the knowledge of modern as well as traditional techniques, is bound to
grow over the next few years. It is, therefore, not untimely to write a book on
transportation engineering covering modern techniques without overlooking the
traditional methods. Further, as of today, there is hardly any textbook on the market
which covers the topic of transportation engineering from the perspective of Indian
conditions. This book, we believe, not only fills this gap, but also presents the area of
transportation engineering in a manner that will prepare students to tackle real-life
problems.

The textbook is designed for the undergraduate as well as the first year master’s
students in civil engineering. It encompasses a wide range of topics from geometric
design, to traffic engineering, to public transportation systems, to pavement design and
construction, and many more. Figures and other explanation aids are used extensively
to provide a proper grounding in the principles of transportation engineering. Each
chapter contains an ample number of solved, illustrative examples, and exercise
problems. Although the book primarily addresses the needs of students in civil
engineering, it will be equally useful as a reference material for practising engineers and
as a guide to those in urban planning, public administration, and management.

We hope that the instructors pursuing transportation engineering education at the
various engineering colleges throughout the country will find this book stimulating. We
also hope to get many constructive suggestions, criticisms, and corrections from our
readers.

Any book is incomplete without a proper acknowledgment of the debt to many
persons (other than the authors) who made it possible.

Xv
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Introduction

1.1 TRANSPORTATION ENGINEERING

Mobility has always been important to human society. The Indians in Indus Valley
Civilization built roads, the Egyptians built them, and the Romans built them as well. All
civilizations of the past built roads because humans valued efficient mobility and
because communication and trade were treated essential to the functioning of societies.

In our modern society, the need for efficient and safe transportation has increased
so much so that the transportation facilities of a state are considered a mark of its
progress, leading to a direct correlation between the two. This aspect is reflected in
Table 1.1 which gives, for a sample of countries, the total length of paved roads, and a
derived measure called the road density in metres of paved road per 1000 persons. The
table also gives an independent and well accepted measure of development—infant
mortality rate; the lesser the rate of infant mortality, the more developed the country.!
As mentioned, the table shows a positive correlation between development (measured
through infant mortality) and road density. In order to highlight this correlation further,
Figure 1.1 plots road density versus the inverse of infant mortality rate (or the number
of live births per infant death). The positive correlation established between
development and paved road density is not incidental. Transportation does play a vital
role in a country’s development by facilitating trade between regions, reducing travel
time costs, improving accessibility, etc. This text is concerned with the field of
transportation engineering which shows how to build safe and efficient transportation
systems.

Transportation engineering is the application of scientific processes (like observation,
analysis, and deduction) to the planning, design, operation, and management of
transportation facilities. There are various kinds of transportation facilities, some are
used by human-powered vehicles (like cycles) while others are used by jet-powered

Data on paved road length, population and infant mortality are taken from 2001 World Development
Indicators published by the World Bank [264].
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Table 1.1 Road density and development
Country Total paved Paved road density Infant mortality
roads (1000 km) (m/1000 persons) (deaths per 1000
live births)

Argentina 63.35 1.71 18
Australia 353.33 18.41 5
Bulgaria 34.30 4.19 14
Egypt 49.98 0.78 47
Ethiopia 3.81 0.06 104
France 893.50 15.18 5
Greece 107.41 10.17 6
Hungary 81.68 8.15 8
India 1393.22 1.37 71
Italy 654.68 11.35 5
Mexico 109.40 1.12 29
Pakistan 109.40 0.79 90
Puerto Rico 14.40 3.67 10
Sierra Leone 0.90 0.18 168
South Africa 63.03 1.47 62
Thailand 62.99 1.04 28
USA. 3732.76 13.26 7
Zimbabwe 8.69 0.72 70
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Figure 1.1 Road density and development.

vehicles (like aircraft); some are used for handling stationary vehicles (like parking lots
or ports) while others are used for travelling at speeds in excess of 150 kmph (like high-
speed trains); some are used by vehicles which move on land (like automobiles) while
others are used by vehicles which move in air (like aeroplanes or helicopters); some are
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used by drivers with little or no training (like the drivers of animal-drawn carts) while
others are used by trained drivers (like pilots) with years of experience behind them.
Transportation engineering is also multidisciplinary and requires knowledge from
specialized fields such as psychology, economics, ecology and environment, sociology,
management, optimization, graph theory, probability theory, statistics, computer
simulation, and other areas of civil engineering (such as structural and geotechnical
engineering).

This large breadth of transportation engineering presents a considerable challenge
to developing an introductory text on the principles of transportation engineering. In
order to meet this challenge, first, an attempt is made to rationally classify the field of
transportation engineering. In Section 1.2, three schemes of classification of
transportation studies are proposed and these classes have been developed. One of these
schemes is used as the skeleton over which this book is built. Further, in order to keep
the treatment focused, the emphasis in this book is on roadways (highways) based
transportation systems.

1.2 CLASSIFICATION OF TRANSPORTATION STUDIES

In order to systematically study a vast field like transportation engineering, we need to
classify it meaningfully and then study the various classes. This section makes an
attempt to rationally classify this area of engineering.

Any transportation system consists of various modes of travel ranging from
walking to driving to use of crafts that fly. One way of classifying a transportation system
would then be to form classes of different modes of travel. Such classification is termed
modal classification and forms the subject matter of Section 1.2.1.

A little thought at this stage will show that all modes of travel consist of the same
set of elements such as a person who drives, the vehicle which is driven, the path that
is used, the user who uses the mode, and the like. Therefore, another way of looking at
a transportation system could be to look at its elements. Such a classification is termed
elemental classification and is described in detail in Section 1.2.2.

Another very different way of looking at a transportation system, is from the point
of view of functions that a transportation engineer needs to carry out. For example, a
transportation engineer may need to analyze and design facilities to be used by vehicles,
or may need to determine routes of buses, or may even need to chalk out a plan of
transportation-related activities. We can therefore classify the field of transportation
engineering functionally. This functional classification of the area is described in
Section 1.2.3.

Figure 1.2 shows a diagrammatic representation of the classification schemes
discussed here. As can be seen from the figure, transportation engineering can be viewed
as the engineering of transportation systems—a conglomeration of different modes of
transport which in turn consists of various basic elements. Also, it can be seen that
transportation engineering as a field requires various functions like planning, pavement
engineering, and so forth.
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Figure 1.2 Classification schemes used for transportation engineering.

1.2.1 Modal Classification

A mode of transport may be simply defined as a means of transportation. A mode,
according to this definition, includes walking, automobile, bus, train, ferry-boat, ship,
aircraft, helicopter, and so on. However, all these modes use either the road, the rail
tracks, the waterways (like rivers, travel paths in oceans), or the airways. Hence, a
slightly different way of classifying the transportation systems according to modes
would be to define classes as groups of modes which use a particular ‘surface’. In this
definition then, there are, in general, four classes—the roadways, the railways, the



Introduction 5

waterways, and the airways (see Figure 1.2). These different modes are briefly described
in the following text.

Roadways

In this mode of transport, all vehicles use the roadways to travel from one point to
another. There are various kinds of vehicles in this class. Some are motorized (like
automobiles, trucks, buses, etc.) and others are human- or animal-powered (like cycles,
bullock carts, etc.). Some are private vehicles while others are meant to move either a
large number of people (public transport) or goods over long and short distances.
Figure 1.3 shows a typical road section being used by different types of vehicles.
Figure 1.4 shows a tram (street-car) in Kolkata which runs on the roadway on special
rails embedded onto the road surface.

Figure 1.3 Roadway transport in Kolkata. (Courtesy: M. Chakroborty)

Roads are also of various kinds; some, like the intercity roads or by-passes, offer
high speed of travel but have limited accessibility—that is, the road can be accessed only
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Figure 1.4 A tram plying on the roads of Kolkata. (Courtesy: M. Chakroborty)

at a limited number of points. At the other end of the spectrum, there are local roads
which provide very good accessibility (for example, this kind of road can be accessed
by every home on the street) but offer low speed of travel. Figure 1.5 shows the different
types of roads on a Cartesian space of speed-of-mobility versus accessibility. It may be
pointed out that the different classes of roads have different design standards (for
example, the Indian Codes of Practice IRC:86-1983 [80] and IRC:73-1980 [79]). The
design features of roads are discussed in Chapters 3 and 12.

From a transportation engineer’s standpoint, the important aspects related to the
roadways mode of transport include:

e Safe and efficient operation and control of road traffic
e Layout of roads
e Structural design of the roadway (pavement design)

e Roadway-based public transportation
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Figure 1.5 Different types of roads and their accessibility and speed characteristics.

Railways

In this mode of transport, all vehicles use rail tracks to move from one point to another.
Vehicles in this class consist of a long train of coaches attached to a locomotive. The
coaches and the locomotive have steel wheels which run on steel rail tracks. The
locomotive either uses diesel or uses electricity as fuel (locomotives which run on coal
are hardly used these days). These trains are used for transporting people as well as
goods. There are long-distance trains as well as trains which run within an urban area
(like the underground trains of Kolkata, London, Paris, etc.) or within a greater
metropolitan area (like the local train services of Mumbai or Kolkata). Since the rail
tracks provide a dedicated right-of-way for the train services, these are good for high
speed mass transit facilities. Figures 1.6 and 1.7, respectively, show photographs of the
underground train service and the greater metropolitan area train service which operate
in Kolkata. Figure 1.8 shows a high-speed (operating at the average speed of
approximately 220 kmph) long-distance train service operating in Japan.

Trains stop at pre-specified locations called stations. At stations, various activities
take place like (i) boarding and alighting of passengers, (ii) loading and unloading
of goods, (iii) regrouping of coaches or compartments, (iv) maintenance activities,
(v) ticketing, etc. The movement of trains on rail tracks is controlled through signal
systems, operated either manually or automatically.
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S
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Figure 1.6 Underground, within-the-urban-area, train service in Kolkata.

Figure 1.7 Greater metropolitan area train service in Kolkata. (Courtesy: M. Chakroborty)

From a transportation engineer’s standpoint, the important aspects related to the
railway mode of transport include:

Safe and efficient operation and control of rail traffic

Layout of rail tracks

Structural design of the subgrade on which rail tracks run

Planning of stations or terminals for railway vehicles
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Figure 1.8 High-speed long-distance train service in Japan.

Although many of the principles discussed in this book (like geometric design
discussed in Chapter 3 or routing and scheduling discussed in Chapter 6) are applicable
to railways, there are certain issues which are not covered here. The interested reader
may refer to Vuchic [256] or Mundrey [170] for various aspects of railway engineering.

Waterways

In this form of transport, all vehicles use channels in water bodies (like rivers, lakes, and
oceans) to travel from one point to another. Simply stated, a channel is a charted corridor
in an expanse of water which is safe and a reasonably direct connection between the
origin and the destination. Various kinds of vessels operate on the waterways starting
from the small ferry boats to the large ocean liners. Not all channels can be used by all
types of ships, for example, the ocean liners generally cannot use the inland river
channels.

Historically, waterways were the only connections between far-off places for
transportation of both people and goods. However, due to the slow speed of vessels and
the advent of airways, waterways are not used today for long distance voyages.
Presently, waterways are used either to ferry people and goods over short distances (like
across a river or lake or strait, for example, see Figure 1.9) or to transport goods over
long distances (like between different countries).

Ships and ferry boats generally dock (or stop) at ports. At ports, various activities
such as boarding and alighting of passengers, loading and unloading of cargo, refuelling,
maintenance activities, ticketing, and customs, immigration, etc. are carried out.

From a transportation engineer’s standpoint, the important aspects related to this
mode of transport include:

e Safe and efficient operation and control of ship traffic especially at and near
ports

e Planning and operation of ports
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Figure 1.9 A ferry boat operating on the Hoogly river to ferry people between Kolkata and her
sister city Howrah. (Courtesy: M. Chakroborty)

Airways

In this mode of transport, vehicles use air routes to travel from one point to another.
Simply stated, air routes are charted paths in the air based on various characteristics like
directness of connections, prevailing atmospheric and wind conditions, international
agreements, and safety issues. Various kinds of aircraft use the airways—from small,
single-engine planes to large jet aeroplanes.

Airways provide the fastest and one of the safest modes of transport. Their use
ranges from small shuttle flights over distances of around two hundred kilometres to
long transatlantic flights of well over three thousand kilometres. Airways also help in
connecting remote places in difficult terrain. Presently, airways are extensively used to
travel over long distances. Goods, perishable commodities in particular, are also
transported in cargo planes over long distances.

Aircraft touch down and take off using long (sometimes around 4-5 km) straight
pavements called runways constructed at airports. The runways are generally some
distance away from the airport terminal buildings (where the land-side interfaces with the
air-side of the transportation system) and are connected to them through taxiways and
large open-paved surfaces called aprons. The activities at an airport include (i) boarding
and alighting of passengers, (ii) loading and unloading of cargo, (iii) refuelling,
(iv) maintenance, (v) air traffic control, (vi) ticketing, and (vii) customs, immigration,
and so forth.
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From a transportation engineer’s standpoint, the important aspects related to this
mode of transport include:

e Safe and efficient operation and control of air traffic especially at and near
airports

e Planning and operation of airports

e Orientation of runways and layout of taxiways

e Planning the parking pattern of aircraft

e Structural design of the runways, taxiways, and aprons

e Planning and operation of vehicle circulation and parking on the land-side of
airports.

In this text, much of the operational and planning aspects of airports have not been
covered. The interested reader may refer to Horonjeff and Mckelvey [106], Wells [260]
or Ashford et al. [6] for a detailed discussion on airport engineering.

1.2.2 Elemental Classification

As described earlier, a transportation system can be classified in terms of the basic
elements which constitute any mode of transport (see Figure 1.2). These basic elements
are identified and briefly described in the following.

Driver. Every mode of transportation has a driver who controls the vehicle used
in that mode of transportation. The importance of this element in the analysis and design
of the transportation facilities, however, varies from mode to mode. This element
assumes maximum importance in the roadways where a tremendously large number of
drivers interact with each other and the facilities. The characteristics of drivers are
discussed in Chapter 2.

Vehicle. The vehicles which are used in transportation have certain characteristics
(for example, turning radius, braking distance, accelerating capabilities, etc.) which
influence the design and operation of the transportation facility. The characteristics of
roadway vehicles are described in Chapter 2.

Way. Every mode of transportation uses a specified path which is either
constructed or charted. For example, in the case of roadways and railways the way (road
or rail track) has to be laid out and constructed while in the case of waterways and
airways, the ways used are only charted paths on water bodies or in atmosphere. The
design and construction of roadways is described in detail in the section on pavement
engineering (see Chapters 12 and 13).

Control. In order to ensure safety and efficiency of operation, there are system
level controls which are imposed on the movement of the vehicles. These controls could
be static (in the form of rules or road signs like “No U Turn” or “One-Way”) or dynamic
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(in the form of road or rail signals, or instructions from air traffic controllers, etc.).
Indepth discussion on the analysis and design of control mechanisms for roadway traffic
is provided in Chapters 4 and 5.

Terminal. This is a location where the vehicles of a mode stop for various reasons
including (i) boarding (loading) and alighting (unloading) of passengers (goods),
(ii) resting when not in use, (iii) refuelling, (iv) maintenance, etc. The terminal facilities
for roadways (parking lots) are discussed in Chapter 5.

User. Obviously any transportation system runs to provide service to its users.
The users are (i) the public at large for transportation modes which cater to passenger
transport or (ii) organizations for transportation modes which cater to goods transport.
The transportation system must be sensitive to the needs of its users. Some of the
characteristics of human beings as users of the roadway transportation system are
discussed in Chapters 2 and 9. The effect of concern for users on operation of certain
transportation systems also becomes evident in Chapter 6.

1.2.3 Functional Classification

This scheme of classification of transportation engineering divides this discipline in
terms of the different functions required of an engineer working in this field.
Functionally, transportation engineering can be divided into the following primary
classes: (i) traffic engineering, (ii) pavement engineering, (iii) public transportation,
(iv) transport planning, and (v) transport economics. There are certain other functions
which a transportation engineer may need to perform, like providing specialized
transport for the elderly or the handicapped, logistics planning, etc. In the following, the
primary divisions enumerated above are briefly described.

Traffic Engineering

This area of transportation engineering deals with the analysis, design, and operation of
transportation facilities used by vehicles of various transportation modes. Such a study
assumes utmost importance in the case of roadways as the number of vehicles using the
transportation facilities are the highest as well as the most varied both in terms of their
type, their origins and destinations, their purposes, etc. Generally therefore, the scope of
traffic engineering, in the most commonly used meaning of the term, is limited to
roadways traffic. For example, the USA based Institute of Transportation Engineers, ITE,
defines traffic engineering as (see [130]) “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 relationship with other modes
of transportation.”?

2As quoted in McShane and Roess [157].
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Pavement Engineering

This area of transportation engineering deals with the structural analysis and design of
the way used by different modes of transportation. Specifically, pavement engineering
is concerned with (i) the analysis, structural design, construction, and maintenance of
roadway pavements, runways, taxiways, and rail tracks and their drainage and other
associated structures, and (ii) the materials used in the construction of all such structures.

Public Transportation

The area of public transportation is concerned with the analysis, design, and operation
of public transportation systems. A public transportation system is a transportation
system which operates to move the general public from one point to another. It includes,
at one end of the spectrum, para-transit systems like share-taxis (which operate on fixed
routes but not according to any fixed schedule) to rapid-transit systems like greater
metropolitan area train services, at the other end of the spectrum. The design of a public
transportation system includes the design of routes (including stop locations), design of
schedules, determination of fare structures, and crew scheduling.

Transport Planning

Transport planning deals with planning transportation facilities which will be able to
meet the present and future needs in a sustainable manner. This field focuses on issues
like estimation of future demands, needs and problems; generation of alternative
transportation solutions; studying the financial, economic, and technological impli-
cations of these alternatives; and analyzing their impact on the environment,
land-use and demograph trends of an area. Transport planners are also entrusted with the
task of choosing the right alternative and preparing a plan for its implementation.

Transport Economics

This area studies the various economic costs and benefits of building and operating
different transportation facilities. The area focuses on (i) identifying the economic costs
and benefits and their incident sectors, (ii) studying the numerous techniques available
and formulating new techniques to estimate these costs and benefits, (iii) analyzing the
financing and cost recovery aspects of transportation projects, and (iv) suggesting
economic ways of solving certain transportation problems.

1.3 ORGANIZATION OF THE BOOK

The book divides the presentation of the principles of transportation engineering
according to the functional classification scheme described in this chapter. The book
thus has five parts covering (i) Traffic Engineering, (ii) Public Transportation,
(iii) Transport Planning, (iv) Pavement Engineering, and (v) Transport Economics.
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In Part I, there are four chapters. The first chapter (Chapter 2) describes the basic
elements of traffic engineering. Chapter 3 presents the principles of geometric design
with an emphasis on roadways. Chapter 4 dwells on the theory of traffic flow for
highways while the last chapter in this part (Chapter 5) discusses the design process of
roadway traffic facilities.

The Part II has Chapters 6 and 7. Chapter 6 is devoted to operations of public
transportation systems. The capacity of such systems is analyzed in Chapter 7.

The Part III of the book is on transport planning. It consists of Chapters 8 and 9.
Chapter 8 looks into the transportation planning process, reasonably in detail, while
Chapter 9 explores in detail, one of the important aspects of the planning process,
namely demand forecasting.

The Part IV of the book deals with the pavement engineering aspects of
transportation engineering. This part covers materials used in pavement construction
(Chapter 10), structural analysis of pavements (Chapter 11), pavement design
(Chapter 12), construction procedures for different types of pavements (Chapter 13), and
pavement maintenance strategies (Chapter 14).

Finally, Part V of the book briefly presents the different aspects of highway
economics and finance.









Properties of Traffic
Engineering Elements

2.1 INTRODUCTION

Traffic engineering is mainly concerned with the flow of vehicular traffic on roadways.
This chapter discusses the basic properties (or characteristics) of the transportation
elements (described in Chapter 1) as they relate to traffic engineering. Specifically, the
chapter describes the relevant features of (i) vehicles, (ii) drivers and users, (iii) roads,
(iv) control mechanisms, and (v) terminal or parking facilities.

2.2 VEHICLE CHARACTERISTICS

The importance of characteristics of vehicles to traffic engineering is self-evident.
Among the different features which characterize a vehicle, the ones which are of
importance to a transportation engineer are: (i) size, (ii) weight and axle configuration,
(iii) power-to-weight ratio, (iv) turning radius, (v) turning path, and (vi) pollution
creation. In the following three subsections, these factors are discussed in detail.

2.2.1 Size, Weight, Axle Configurations and Power-to-Weight Ratio

A vehicle has three dimensions, the length, the width, and the height. All the three
dimensions are required in the design of different transportation facilities. For example,
when designing open air on-street or off-street parking facilities the length and width of
vehicles are important input parameters. The height of vehicles (especially those of
trucks and buses) are important considerations when placing signs and designing
overpasses and underpasses.

The weight of vehicles, especially of heavy vehicles, plays an important role in the
design of both flexible and rigid pavements. Hence, knowledge of vehicle weights is
important for transportation engineers. Since the weight of a vehicle is transferred to the
pavement layer through the axles, the wheel and axle configuration of vehicles also
plays an important role in the design of pavements. In fact, as will be discussed in the

17
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chapters on pavement analysis and design, it is the number of axles (and not vehicles)
of a standard weight which is considered as a variable in the design of pavements.

The power-to-weight ratio of a vehicle is a parameter which characterizes the ease
with which a vehicle can move. For example, human-powered vehicles like cycles or
rickshaws have very low power-to-weight ratio and their operating characteristics (like
acceleration capability, sustainable speeds on slopes, etc.) are thus very poor. Motorized
vehicles, like automobiles, motor bikes, etc. have high power-to-weight ratios and hence
have good operating characteristics. Heavy vehicles, on the other hand, though
motorized, have poorer power-to-weight ratios than those of other motorized vehicles
owing to the heavy weight of the vehicles (especially when full). This ratio is important
to transportation engineers as it relates to the operating efficiency of vehicles on roads
and especially on positive gradient road sections. For example, the length for which a
positive gradient can be maintained on a road is often limited by its effects on the
operation of heavy vehicles.

2.2.2 Turning Radius and Turning Path

Every vehicle has a minimum turning radius which is the radius of the circle that will
be traced out by the front wheels if the vehicle moved with its steering turned to the
maximum extent possible. This radius is dependent on the design and class of the
vehicle. For example, a big vehicle like a bus has a much larger turning radius than that
of a smaller vehicle like an automobile.

Another important feature related to vehicles is the turning path traced by the
vehicle. Since only the front wheels turn and (i) the rear wheels are fixed, and (ii) the
vehicle’s body extends beyond the tyres, different points of the vehicle trace out
different paths as shown in Figure 2.1. Due to this, as can be seen from the figure, the

Path of front overhang

Turning radius Path of front left wheel

Path of rear right wheel

Path of rear overhang —»|

Figure 2.1 Typical turning path of vehicles.
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effective width of a vehicle on a turn increases. This fact is taken into account while
designing turns at intersections of roads (where the corners are arched in order to
increase the space for turning) and at sharp horizontal curves (where the width of the
road on the curve is increased in order to accommodate the increased effective width of
vehicles).

2.2.3 Vehicle as a Source of Pollution

Vehicles (which operate on fossil fuel) emit pollutants into the atmosphere. Vehicles
release hydrocarbons (due to unburnt fuel and fuel evaporation) which react with
nitrogen oxides in the presence of sunlight to produce ground level ozone which irritates
the eyes and aggravates respiratory problems. Vehicles also release various oxides of
nitrogen, a major contributor to the formation of acid rain. Carbon monoxide—which
reduces flow of oxygen in the bloodstream—also forms a part of the automobile
emission. Carbon dioxide, a greenhouse gas, is also emitted by automobiles. The rate of
release of these pollutants is affected by the operating speed, frequent acceleration/
deceleration, type and age of vehicle, air temperature, etc. A traffic engineer can aid in
the process of reducing pollutant emissions by designing roads (especially ones with
frequent signalized intersections) where drivers can maintain a reasonable cruising
speed and do not have to accelerate and decelerate frequently. For example, signals
could be coordinated such that vehicles in different movements do not have to stop at
all the signals. Driver education and compliance with traffic regulations (like stopping
engines at red lights) also aid in reducing pollutant emissions.

Moving vehicles also transmit noise, caused by engine functions, action of tyres on
roads, aerodynamics of moving vehicles, horns, the squeals of brakes, etc. to the
surrounding area. Noise pollution, other than hurting the auditory faculty of people, also
causes psychological and other physiological problems by interferring with sleep,
concentration, and certain daily activities of human beings. Noise emission is also
dependent on age and type of vehicle, type of engine, driving pattern, etc. Traffic
engineers, often have to mitigate the effect of noise on habitations by building noise
barriers along heavily travelled roads. Sometimes though, especially in urban areas,
nothing can be done, except enforcing rules on the use and type of horns, to reduce the
effect of noise.

2.2.4 Design Vehicle

On any given road, vehicles of different classes move. On Indian roads, the vehicle
classes include: (i) motorized two-wheelers, (ii) motorized three-wheelers, (iii) passenger
cars or automobiles, (iv) buses, (v) single-unit trucks, (vi) semi-trailers, (vii) truck-trailer
combination, and (viii) slow non-motorized vehicles like cycles, rickshaws, and animal-
drawn carts. Each class of vehicle differs from the other in most of the characteristics
mentioned above.



20  Principles of Transportation Engineering

For the purposes of design, an engineer needs to choose a type of vehicle based
on the characteristics of which the road design is done. Such a vehicle is referred to as
a design vehicle. The Indian Roads Congress, in IRC:3-1984 [54], provides some of the
characteristics of some of the types of vehicles listed here. The AASHTO [3] also gives
the characteristics of many of the vehicle classes listed here.

2.3 HUMAN FACTORS AND DRIVER CHARACTERISTICS

Two of the important constituents of a transportation system are drivers and transport
users (or passengers). An understanding of some of the human characteristics of drivers
and passengers is therefore essential for proper design of transportation facilities. In the
following, some of these characteristics are described.

2.3.1 Perception—Reaction Process

Human beings react in different situations by first perceiving the scenario, then inferring
a suitable course of action, and finally implementing that action. This entire process is
referred to as the perception-reaction process. The time required to complete this
process is referred to as the perception—reaction time.

Various studies have been carried out to determine the perception—reaction time of
drivers under different situations which arise in transportation engineering. It is found
that this reaction time not only increases with (i) age and (ii) intoxication level, but is also
affected by features like (i) expectancy (where drivers have learnt to anticipate certain
stimulus) and (ii) complexity of the scenario (where the information to be processed for
a response is large). Obviously, for different situations the reaction time is different.
Situations where the perception-reaction time plays a very important role are
emergencies where drivers need to brake in order to be safe. Hence, a lot of work has
gone into determining the perception-reaction time in these cases. Based on these
results, both the AASHTO [3] and the IRC (for example, see IRC:73-1980 [79] suggest
a value of 2.5 seconds as the perception-reaction time for braking.

2.3.2 Psychological Characteristics

Certain human factors, psychological in origin, play an important role in transportation
engineering. That is, these factors are not due to any physiological characteristics or
functions of the human body. In the following, two such factors are discussed.

Value of time

Human beings value time and the way that time is spent. This value for time has
implications when designing public transport systems (specifically routes and schedules)
and various other traffic facilities like signalized intersections. For example, less number
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of people will use a route which has a longer travel time compared to a route which has
a shorter travel time; yet on the other hand the longer route may be preferred if the
journey on this route is a lot more comfortable (either because the road is less congested
or because the buses running on the route are less crowded).

Safety considerations

Safety requirements play a major role in traffic engineering. For example, a longer
distance between vehicles is required to be maintained while going at higher speeds. As
will be discussed in Chapter 4, this parameter ultimately leads to an upper bound on the
maximum number of vehicles that can flow on a road. Driving needs to be much more
cautious on narrow roads (though wide enough to accommodate one vehicle comfort-
ably) leading to smaller capacities for such roads.

The concept of maintaining a safe buffer distance also plays an important role when
drivers choose gaps in the opposing adjacent lane in order to overtake a slow moving
vehicle. It is seen that although, in order to complete the overtaking manoeuvre, a
vehicle needs a certain obstacle-free distance, say D, in the opposing lane, in reality a
vehicle initiates an overtaking manoeuvre only when the distance gap between the
vehicle and an oncoming vehicle is much greater than D. The reason for this is that
drivers are extra cautious when travelling in the opposing lane for overtaking purposes,
and want to have a buffer distance with the oncoming vehicle even after completing the
overtaking manoeuvre. Various studies have been done to understand the overtaking
behaviour. Based on these studies, the distance which the drivers look for in order to
initiate and complete an overtaking manoeuvre is generally described as shown in Figure
2.2. In the figure, d; may be thought of as the ‘perception-reaction’ distance—this is
the distance between the point at which the driver perceives a possibility for overtaking
and actually starts initiating the overtaking manoeuvre. Distance d, is the distance
physically required to complete the overtaking manoeuvre, distance d, is the distance the
opposing vehicle travels during the overtaking manoeuvre, and distance d; is the buffer
distance arising out of safety considerations of drivers. It must be noted that all these
distances increase with the speed of the traffic streams. As shown in the figure, the sum
di+ d,+ d;+ d4 is referred to as the overtaking distance. The overtaking distance
requirements at various speeds are generally provided in the codes and may have been
derived based on a simplified representation of the above description. AASHTO [3] and
IRC:73-1980 [79] are two such codes which provide the overtaking distance
requirements at various speeds.

At unsignalized intersections, drivers sometimes have to choose gaps in the
opposing stream of traffic in order to complete their turning manoeuvre. Here again, the
drivers choose gaps which are much larger than those actually required for the
manoeuvre. The minimum gap size which a driver chooses, referred to as critical gap,
generally increases with the speed of the opposing stream, the number of opposing
lanes, and the age of the driver, and reduces with the amount of time a driver spends in
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Figure 2.2 Components of overtaking distance.

waiting for a gap. In general, the critical gap varies between 4 and 7.5 seconds
depending on the situation. The Highway Capacity Manual [103] provides a table to
determine design values of critical gaps in various situations.

The gap acceptance behaviour of drivers has direct implications on the
performance of unsignalized intersections (as discussed in Chapter 4) and a somewhat
indirect implication on the performance of signalized intersections.

2.3.3 Comfort

Drivers as individuals, care about the comfort of the drive. As engineers, the design of
various traffic facilities should be such that drivers do not face any discomfort. Among
the common causes of discomfort to drivers, some are (i) excessive deceleration rates,
(ii) excessive jerk, and (iii) glare.

If drivers are required to decelerate beyond a certain rate, they feel uncomfortable.
The maximum value of the comfortable deceleration rate is around 3 m/s% and it
obviously varies from person to person. The designer must therefore be aware of the
comfortable deceleration rates preferred by drivers. A good example of how this value
affects design can be seen in the dilemma zone analysis and amber time fixation
discussed in Chapter 5.
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High jerk, generally greater than 0.7 m/s, causes considerable discomfort to
drivers. Drivers always experience jerk while negotiating curves on roads. Sometimes
the curvature is large enough to cause uncomfortable jerk due to changes in centrifugal
acceleration. The level of discomfort caused by jerk has a direct bearing on the
geometric design of curves as will be seen in Chapter 3.

Glare is defined as an intense, blinding light. It causes extreme discomfort to the
driver as the driver is effectively blinded for a very small period of time, posing a big
safety hazard. The problem, in the context of design of traffic engineering, can occur
from bright and ill-placed street lights or signboard lights. But mostly it occurs from
headlights of oncoming vehicles, which use ‘high-beam’. The problem of glare has
direct bearings on the design of street lighting and street sign lighting. Sometimes,
median barriers have to be constructed on high-speed two-way roads to eliminate the
problem caused by glare.

2.3.4 Vision

The aspects of human vision which are important for a traffic engineer are (i) visual
acuity, (ii) field of vision, and (iii) colour perception. In the following, each of these is
explained in detail.

Visual acuity

Visual acuity refers to how well a person can see. Normal vision is defined as the ability
of a person to recognize a letter (or an object) of approximately 8.5 mm size from a
distance of nearly 6 m. A person with normal vision is said to have 6/6 vision. As per
this notation, a person with 6/9 vision has poorer than normal vision because he/she can
read (or recognize) from a distance of 6 m what a normal person can read (or recognize)
from a distance of 9 m. Alternatively, a person with 6/9 vision can read (or recognize)
from a given distance letters (or objects) which are 9/6 (=1.5) times bigger than those
which a normal vision person can read (or recognize) from the same distance. In general,
therefore, a 6/x vision person will have to be 6 + x times closer than a normal vision
person to be able to recognize the same letter (or object), or the letter (or object) has to
be x + 6 times larger for a 6/x vision person to be able to recognize it from the same
distance as a 6/6 vision person. Further, visual acuity is affected by contrast and
brightness of the object and the relative speed between the object and the driver.

Knowledge of visual acuity of drivers is necessary while designing road signs. The
chapter on design of traffic facilities (see Chapter 5) shows how knowledge of visual
acuity is used in the design of traffic signs.

Field of vision

Visual acuity reduces with the angle of vision. Persons can see most clearly within a
3-degree cone (see Figure 2.3). Clarity of vision is reasonable within a 10-degree cone.
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Figure 2.3 Field of vision for humans.

However, beyond that till about a 160 degree cone everything is peripheral vision.
Information on field of vision is important while deciding the placement of road signs.
For example, signs should be placed within the 10-degree cone of vision of drivers.
Sometimes on wide two-way roads this is not possible and in such cases, signs are placed
in overhead positions.

Colour perception

It must be understood that all types of colours and colour combinations are not equally
discernible and only the most visible of these should be used in traffic facilities. Light
colours on dark backgrounds or dark colours on light backgrounds are most
easily discernible by the human eye. Based on discernibility considerations (and
considerations of classification of signs) codes in various countries specify the colour
combination for various types of signs. In India, for example, IRC:67-1977 [40]
provides, among other things, the colour combination to be used on various traffic
signs.

2.3.5 Design Driver

Drivers are different from one another in all of the characteristics mentioned above.
Some drivers may have a low perception-reaction time, but very good visual acuity,
and so on. Hence, for design purposes, the designer must choose those characteristics
which make the design safe for most drivers. A driver, albeit fictitious, who has
the characteristics chosen by the designer is referred to as the design driver. In general,
a design driver is assumed to have a perception-reaction time of 2.5 seconds,
comfortable deceleration rate of 3 m/s?, allowable jerk of about 0.7 m/s®, a 6/7.5 visual
acuity (see Bell et al. [11]), and a critical gap value of between 4 and 7.5 seconds
(depending on the complexity of the manoeuvre and the number and speed of opposing
streams).
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2.4 ROAD CHARACTERISTICS

Various road characteristics affect the flow of traffic. The most important among them
are (i) width, (ii) presence or absence of shoulders, (iii) surface conditions, (iv) slopes,
and (v) curves. Among these, the first two are discussed in latter chapters; in this chapter
the other three features and their effects are described.

2.4.1 Surface Conditions

The surface conditions of a road may be described through two parameters: (i) the
frequency and/or extent of the distressed sections (like, potholes, depressions, stripped
sections) and (ii) the friction offered by the road surface. If a road surface is severely
distressed, it will cause considerable hindrance to smooth flow of traffic due to frequent
slowing down of vehicles and changing their paths to avoid potholes and the like.

Road surfaces, however, should provide sufficient friction to enable vehicles to
move and stop effectively. A very smooth road surface (like when there is snow on the
road or when it is wet) causes hindrance to flow of traffic and gives rise to possible safety
hazards. The coefficient of rolling friction offered by dry paved surfaces should be
around 0.5; this reduces to about 0.3 if the surface is wet. In the presence of snow, this
coefficient is even lower.

Another friction coefficient of road surfaces, known as the coefficient of side
friction, is also important to traffic engineers. This friction coefficient, which is a
measure of the resistance offered by the road surface to movements orthogonal to the
direction of motion, comes into play while designing horizontal curves and
superelevations. This aspect of road surface friction and its importance in design will be
discussed in detail in Chapter 3.

2.4.2 Slopes

Moving on uphill roads, or positive slopes, requires an additional effort from a vehicle.
As indicated earlier, vehicles with low power-to-weight ratio have problems moving on
sustained positive grades or slopes; the steeper the grade the shorter is the extent over
which these vehicles can move at any reasonable speed. While designing roads,
therefore, attention must be paid to the slope and length of the uphill section.
Another matter related to slopes and friction of roads that may be mentioned here
is the braking distance requirement of vehicles. Figure 2.4 shows a vehicle moving at
a speed of v; m/s on a road inclined at an angle 0 with the horizontal. The rolling friction
coefficient of the road surface is f,. Further the minimum distance x, along the incline
which the vehicle will have to travel in order to reduce its speed from v; to vy is given
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Figure 2.4 Force diagram for determining the braking distance.

by (where g is the acceleration due to gravity)
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It is customary, however, to represent the braking distance along the horizontal. If d,, is
the braking distance and G the slope of the incline in fractions, then
2

2
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It may be noted that the above relation also works if the incline is downhill; in this case,
however, G is negative. As will be seen later, this relation is utilized to determine the
minimum distance required for a vehicle to come to a stop (i.e. vp = 0). Another related
concept is that of stopping distance. Stopping distance is the sum of the braking distance
required to come to a stop and the distance travelled during the perception-reaction time.

d,=xcos 8= 2.1)

EXAMPLE 2.1

Determine the braking distance for the following situations: (i) a vehicle moving on a
positive 3 per cent grade at an initial speed of 50 km/h, final speed 20 km/h; (ii) a vehicle
moving on a 3 per cent downhill grade at an initial speed of 50 km/h, final speed
20 km/h; and (iii) a vehicle moving on a level road at an initial speed of 50 km/h, final
speed 0 km/h. Also determine the stopping distance for (iii). Assume the coefficient of
rolling friction to be 0.5 and the perception-reaction time to be 2.5 s.
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Solution

®

(ii)

(iii)

Initial speed, v; = 50 km/h = 13.89 m/s
Final speed, v;= 20 km/h = 5.56 m/s
g = 9.81 m/s®> and G = 3/100 = 0.03
13.89% - 5.562

= 2%9.81(0.03+ 0.5)
Initial speed, v; = 50 km/h = 13.89 m/s
Final speed, v;= 20 km/h = 5.56 m/s

g =9.81 m/s? and G = —3/100 = - 0.03

13.89% - 5.56°
b= 33081(=003+05 ~ />7m
Initial speed, v; = 50 km/h = 13.89 m/s
Final speed, ve=0 km/h =0 m/s
g = 9.81 m/s? and G = 0/100 = 0.0

13.892
d = = 1 . 7
b= 3%08100705) - 67m

Stopping distance for (iii)

d, =1558 m

Initial speed, v;= 50 km/h = 13.89 m/s
Final speed, vp= 0 km/h =0 m/s

g = 9.81 m/s®, G = 0/100 = 0.0, perception—reaction time = 2.5 s

= 5439 m

Stopping distance = 13.89 x 2.5 +

2x9.81(0.0+0.5)
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2.4.3 Curves

Roads often have curves either in the horizontal plane (for example, when the road turns)
or in the vertical plane (for example, when the road has varying gradients). Curves
always pose a restriction on the distance over which the driver can see the road. This
factor is taken into account in the design of curves. Detailed description of highway

curves and their design is presented later in Chapter 3.

Curves, especially those in the horizontal plane, are often such that they create
considerable centrifugal force on the vehicles moving along them. This factor also needs
to be kept in mind while designing curves. Again, a detailed description of this aspect
is given in Chapter 3.
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2.5 CONTROL MECHANISMS

Any traffic system has controls which are either static or dynamic. Static controls broadly
comprise: (i) rules of driving, (ii) road signs such as STOP, NO U TURN, and the like,
(iii) raised islands (which in effect delineate preferred paths of vehicles), and (iv) road
markings like dashed or solid lines dividing lanes, and so on. Dynamic controls, on the
other hand, are the signals at signalized intersections which determine the right-of-way
for the different movements at an intersection at any given time.

Control mechanisms have, as expected, a considerable effect on traffic flow.
Properly designed controls improve the efficiency of flow while poorly designed control
mechanisms have the opposite effect. A detailed discussion on the effect of control
mechanisms and their proper design procedures can be found in Chapters 4 and 5.

2.6 TERMINAL FACILITIES

For a traffic engineering system, terminal facilities include home garages, on-street
parking areas, and off-street parking lots. To a traffic engineer, the design of on-street
parking facilities and off-street parking lots are of interest. In general, on-street parking
does not require additional infrastructure; however, it has considerable impact on the
flow of traffic on the road. Off-street parking lots, on the other hand, require additional
infrastructure. Chapter 5 provides a good discussion on the design of parking facilities.

EXERCISES

1. Perform some background study and write short notes on:
(a) Lead and its relation to vehicular pollution
(b) CNG and its role in reduction of pollutant emission from vehicles
(c) Technologies to reduce evaporative emissions
(d) Effect of frequent accelerations and decelerations on emission rates

2. Perform some background study and write short notes on:
(a) Pollutants emitted by gasoline driven vehicles
(b) Pollutants emitted by diesel driven vehicles
(c) Pollutants emitted by CNG driven vehicles
(d) Pollutants emitted by LPG driven vehicles

3. Undertake a survey of various classes of vehicles plying on the roads of your city
and find out the various characteristics of these vehicle classes.

4. In your laboratory, perform an experiment to measure the reaction time of your
fellow students for a simple stimulus (like a light turning red from green). Define
a certain class interval (like 0 to 0.2 s, 0.21 to 0.4 s, etc.) and draw a histogram for
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the reaction times noticed. Also determine the mean reaction time, the median
reaction time, and the 85th percentile reaction time.

Take a small wooden block and glue a piece of cycle tyre tube on one of its surfaces.
Locate a few road sections with varying slopes (you may get the steepest slopes on
the sides of a speed bump). Place the block with the rubber side touching the road
surface. Determine, at least a lower bound on the friction coefficient of a road
surface from this experiment.

Determine the braking distance for the following situations: (i) a vehicle moving on
a positive 2 per cent grade at an initial speed of 30 km/h, final speed O km/h;
(i) a vehicle moving on a -3 per cent grade at an initial speed of 50 km/h, final
speed 0 km/h; and (iii) a vehicle moving on a level road at an initial speed of
40 km/h, final speed 0 km/h. Assume the coefficient of rolling friction to be 0.3.

Determine the stopping distances for the cases given in Exercise 6.



Highway Geometric
Design

3.1 INTRODUCTION

This chapter presents the principles of designing the layout of roads. Such designing is
commonly referred to as geometric design of roads. Proper designing of the layout of
a road is important from two aspects: (i) it facilitates smooth flow of traffic and (ii) it
improves safety. These improvements are derived from (i) good geometric design of
direction changes in roads, (ii) good geometric design of slope changes in roads, and
(iii) good delineation of desirable vehicular paths at confusing locations such as
intersections.

Direction changes in roads are achieved by providing curves between two straight
stretches in two different directions. Similarly, slope changes in roads are achieved by
providing curves between two straight stretches at different gradients. Although, it is
conceivable that two straight stretches which need to be joined have different directions
as well as slopes, the basic principles of geometric design are generally illustrated in the
case where roads with zero gradient change directions or where straight stretches change
gradients. Layout design of road sections joining two roads with different directions is
referred to as geometric design of horizontal curves. Layout design of road sections
joining two roads with different gradients (or slopes) is referred to as geometric design
of vertical curves. Layout design of road sections for the purpose of proper delineation
of vehicular paths is referred to as channelization design.

In the following sections, the principles of each of the above three types of
geometric designs are discussed. The details of laying of these geometric features on the
road are not discussed here as they may be readily obtained in any introductory text on
surveying. However, a brief description of the geometry of the cross-section of a typical
road is provided.

3.2 TYPICAL ROAD CROSS-SECTION

In this section, the geometric features of a typical vertical cross-section of a road are

30
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described. The description is primarily based on the general practice followed in India
and around the world.

Figure 3.1 shows the various different space requirements for constructing a
road. The ideal values for the different widths (indicated in the figure) for various road
classes may be found in IRC:73-1980 [79]. The space requirements are stated bearing
in mind the requirement in the future for upgradation of roads and possibilities of

encroachments.

Width between control lines
<————— Width between building lines —— >
2 £ Es < Roadland width ——— » "
= — . < o Q
3 E 'g Carriageway 'E = £
H = 2 5} = )
Q = 0 o =] =
° &l % ERERE:
= = | m c
3 £
=] =]
[ ~
Roadway
= Land acquired for road purposes only —>
e Nodevelopmental activity -
allowed in this region

Buildings of certain kinds allowed in these regions

—— All types of developmental activities allowed beyond the control line = ——

Figure 3.1 Land requirements for constructing a road.

Figure 3.2 shows two typical cross-sections of roads. The outward slope in the main
carriageway is called camber and is provided to aid surface drainage. The ideal value
for the camber, depending on the top surface of the road, generally ranges from 1.7%
for good bituminous surfacing to about 4% for earth roads. The slope of the shoulders
should be steeper than that of the camber. Details of the recommended slopes under
Indian conditions may be found in IRC:73-1980 [79].
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Figure 3.2 Typical cross-sections of (a) a two-lane undivided roadway and (b) a two-lane
divided roadway with raised median.

3.3 HORIZONTAL CURVES

When a road changes its direction, generally a circular curve is provided to join the
two straight stretches. The primary issue in the design of such a curve is to determine
a safe radius for the curve. It should be noted that the circular motion of vehicles
along the curve creates centrifugal accelerations. Such an acceleration (or a force) can
slide a vehicle outwards or even overturn it if the radius of the curve is too small for the
design speed of the road. For a curve of given radius, the speed at which it can be
safely negotiated, can be increased by raising the outer edge of the road with respect
to the inner edge thereby tilting the vehicle while it negotiates the curve. In this case,
a component of the vehicle’s weight helps in offsetting the centrifugal force. The
raising of the outer edge is termed superelevation. Thus, simplistically speaking, there
are two variables which need to be designed for a horizontal curve, namely the
radius and the extent of superelevation. This is the topic of discussion in the next section.
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Later, other issues like available sight distance on the curve and transition curves are
also discussed. These issues are introduced as and when the need for understanding
them arises.

3.3.1 Radius and Superelevation

The issue here is to determine the safe radius of the curve and its superelevation for the
given design speed of the road. In order to understand how this can be determined,
consider the cross-section of the curve shown in Figure 3.3. In this figure, the vehicle
is moving perpendicular to the plane of the paper.

mgsin @ -~

2
IA (mg cos 0 + m}; sin Gj

| mgcose+%sin9

mg

Figure 3.3 Free body diagram of a vehicle negotiating a circular horizontal curve.

From Figure 3.3, it can be seen that for the vehicle to be steady (i.e. the vehicle does
not slide outwards) the following relation should hold:

mv? 2

. myv”
Tcosezmgsm0+fS mgcosG+Tsm0 (3.1)

where v is the design speed of the road, R is the radius of the curve, 0 is the angle by
which the curve is tilted, i.e. it is the extent of superelevation (usually, tan 6 is referred
to as e, the superelevation rate), f; is the coefficient of side friction offerred by the road
surface, g is the acceleration due to gravity, and m is the mass of the vehicle.

On simplification, Eq. (3.1) gives the relation

v2
= =) =g+ 1)
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Hence,

2
v 1-ef,

R= _—_ s 3.2
P (3.2)

In geometric design, however, the term ef; is often ignored as it is generally very close
to zero for practical values of e and f,. Next, the issue of practical values (or at least
limits) of e and f; is discussed.

Practical values of the coefficient of side friction

The coefficient of side friction is a property of the tyre material, the road surface
condition and the speed. However, the question to be answered here is not what the
coefficient of side friction is in a particular condition but what is the value we should use
for the purposes of design. The IRC codes (see for example, IRC:73-1980 [79] and IRC:
86-1983 [80]) suggest a single value of 0.15. However, AASHTO [3] gives a more
detailed suggestion on the value of f; based on many empirical studies quoted by
AASHTO. According to AASHTO recommendation, depending on the design speed of
the curve, we shall use the value of f; obtained from the following equation

0.19-0.0006v 30 kmph < v < 80 kmph
fi= { P P (3.3)

~ 10.24-0.0012v 80 kmph < v < 110 kmph

AASHTO modifies these f, values for low-speed urban roads and states that values as
high as 0.3 can also be used for such roads.

Practical values of the superelevation rate

The value of the superelevation rate that can be used is dependent on many factors such
as the frequency of snowfall (in cold countries), the type of terrain, the type of area
(urban or rural), and the frequency of slow-moving vehicles. Depending on these
conditions, various codes suggest different maximum levels of superelevation rates that
can be used. However, before proceeding to look at the suggestions of different codes,
a simple analysis to study the effect of superelevation on slow-moving or static vehicles
is undertaken.

Consider a stopped vehicle on the curve as shown in Figure 3.4. It is clear from the
figure that if e is very high, then the vehicle will slide inwards—an undesirable situation.
To prevent such a situation,

mg sin 6 < f; .xmg cos 0

where f; ., s the maximum coefficient of side friction that can be achieved. The above
equation means that the value of e that can be used should satisfy the inequality

e < fs,max (34)
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Figure 3.4 Free body diagram of a static vehicle on a circular horizontal curve.

For very low speeds, AASHTO [3] suggests maximum friction value close to 0.3, and
IRC suggests (recall, IRC suggestions are independent of speed) a value of 0.15. This
indicates that the maximum value of e, (i.e. e,,,), that can be used is at least as high as
0.15. However, the practical maximum limits of e, as suggested by IRC and AASHTO,
are much lower than this value. AASHTO suggests using e values less than 0.1 (for
expressways through open area) with several other lower limiting values which depend
on the terrain and environmental factors. Similarly IRC (see IRC:73-1980 [79] and IRC:
86-1983 [80]) suggests the following maximum limits on e value: 0.07 for plain and
rolling terrain and for snow-bound areas, 0.1 for hilly terrains (without snow), and 0.04
for urban roads with frequent intersections.

Methods of attaining superelevation

The superelevation (or banking) of the road can be obtained in many ways. The most
common way of banking the road is to revolve the road surface about the centre-line of
the road. In this section, this method is explained by drawing the longitudinal profile of
a road with a superelevated curve. The longitudinal profile of a road is a view of the road
similar to an elevation drawing, the only difference being that the distances in the
horizontal direction are always made equal to the true distances.

Figure 3.5(b) shows the longitudinal profile of a road with a superelevated curve.
The road (in its plan view) is shown in Figure 3.5(a). The centre-line profile indicates
the level of the centre line of the road on the straight stretch as well as on the curve. Since
the road surface is rotated around the centre line, there is no change in the vertical
coordinate of the centre line. Before the point marked A in the profile, the outer edge
and the inner edge of the road are both slightly below the centre line (as the straight road
has a normal camber). From point A, the outer-half of the road is rotated till the outer
edge reaches the same level as the centre line. This is achieved at point B. The distance
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Figure 3.5 (a) Plan view of a road with a simple circular curve; (b) longitudinal profile
of the road in (a).

required to complete this rotation is called the tangent runout. From point B, the outer
edge is further rotated till this edge, the centre line and the inner edge all lie on the same
plane. This point is named point C in the figure. From this point onwards, the entire plane
is rotated about the centre line till the slope of the plane becomes equal to the
superelevation rate. This is achieved at point D. The distance between points B and D
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is called the superelevation runoff or simply runoff. From point D onwards, the plane is
kept at the same slope till it is time to reverse the process in order to achieve normal
camber on the straight stretch at point A’. The profile is symmetric between points A and
A’. Further, the figure shows the transverse sections of the road at points A through D
in bubbles marked under A, B, C, and D in part (b) of the figure.

The rate at which these rotations can take place are specified through specification
of the runoff for different values of design speed, superelevation rate, and road width.
The distance of the tangent runout is determined by assuming the same rate of rotation
as implied by the runoff in a given case. That is, the rate of change of slope (of the road)
from A to B is the same as that from B to D. That is why the line denoting the profile
of the outer edge is a straight line in Figure 3.5(b). In the following, all the distances
required to draw a longitudinal profile of a curved road (as shown in the figure) are
given.

The distance y; is the height between either of the edges and the centre line in the
normal camber section of the road. If the normal camber slope is s, and the width of the
entire road (that is, the distance between the inner and the outer edges) is w, then since
s. is small

M='§% (3.5)

The distance y, is the difference in heights between the outer and inner edges of the road
at the fully superelevated section of the roadway. It is equal to twice the value of y;. The
distance y; is the difference in heights of the centre line and the outer edge at the fully
superelevated section of the roadway. If the superelevation rate is e, then since the values
of e are small

y3= e (3.6)
The superelevation runoff r is generally specified in the codes (see for example, IRC:
73-1980 [79] or IRC:38-1988 [85] or AASHTO [3]) and is dependent on e, the design
speed v, and the width of the roadway. However, the bottom line in the determination
of the superelevation runoff is that the slope of the outer edge with respect to the centre
line should be less than a permissible limit. That is, the slope of the line representing the
profile of the outer edge between points B and D should be within a permissible limit.
The limit is generally 1 in 150 for roads in plain and rolling terrain and about 1 in 60
in mountainous terrain. Denoting this slope as s,, we can obtain r as

r=2 (3.7)

The tangent runout ¢, is calculated in a similar fashion and is given by

= 2L (3.8)
N

r
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Before leaving this section it should be pointed out that when a straight road is
joined by a simple circular curve, then about two-thirds of the runoff is provided on the
straight section of the road and one-third on the circular curve. However, if a transition
curve (see latter parts of this chapter for a discussion on transition curves) joins the
circular curve to the straight section, then the entire superelevation runoff is provided on
the transition curve. In either case, the tangent runout is provided on the straight section
of the road.

3.3.2 Available Sight Distance

Figure 3.6 shows a typical horizontal curve joining two straight edges (the straight edges
are generally referred to as tangents). The first point (in terms of the distance from some
benchmark point) at which the curve starts is referred to as the point of curvature (PC),
and the second point at which the curve ends and the tangent starts is referred to as the
point of tangency (PT). The hypothetical point where the roads would have intersected

6 (External angle)

0
T = Rtan—
an -

Circular curve

0

O (centre)

Tangent Tangent

Figure 3.6 A typical circular horizontal curve with sight obstruction.
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is referred to as the point of intersection (PI). The angle between the roads 6 is called
the external angle. The figure also shows an obstacle, which limits the extent of the road
that is visible. The dotted lines are different lines of sight of the driver from different
locations on the road. For any given line of sight, the corresponding distance along the
road (or along the centre line of the inner-most lane of the road) is the sight distance
available to the driver.

Obviously, in the vicinity of the obstacle, the shortest available sight distance will
correspond to the shortest line of sight. It can be shown that the shortest line of sight (or
the chord going through the corner of the obstacle) will correspond to that chord whose
middle point is the corner point of the obstacle. Given this fact, it can be easily shown
that (see Figure 3.7) the least available sight distance (ASDy,) for a horizontal curve is
given by

ASDy,. = 2R cos‘l(l —%) (3.9)

where M is the middle ordinate distance of the obstacle from the curve and R is the radius
of the curve.

Outside lane

Available sight
distance (ASD)

O (centre)

Shortest line of sight

Centre line Inside lane

Figure 3.7 Available sight distance on horizontal curves (ASDy).
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While designing a horizontal curve, care should be taken to see that the available
sight distance is greater than the distance required for stopping (discussed in Chapter 2).
If not, then either the speed limit is reduced or the obstacle is moved. Note that the curve
could also be moved more towards the PI (and hence away from the obstacle) but this
would mean that the radius of the curve will reduce. Sometimes, when the least radius
[determined by assuming the maximum values of e and f in Eq. (3.2)] is being provided,
moving the curve towards the PI is not a viable option. The curve could also be moved
away from the PI so as to have the obstacle outside the curve, but this may not always
be practical. Similarly, if passing (or overtaking) is to be allowed on the curve then it
must be ensured that the available sight distance is greater than the required overtaking
distance (as discussed in Chapter 2).

EXAMPLE 3.1

Determine the design radius of a horizontal curve (in plain terrain with rural settings)
joining two straight stretches which meet at an external angle of 90°. The point of
intersection is at the coordinates (1500, 1500). All distances are measured in metres. The
critical corner of an important building (which cannot be moved) is at (1495, 1469).
Assume IRC recommendations for all design parameters and a design speed of 40 kmph
(or 11.11 m/s). The benchmark point from where the coordinates have been determined
is an upstream point on the road which lies to the left of the building when pointing
towards the PI from the building.

Solution

First, the minimum radius R,;, of the curve which can be provided in this case is
calculated taking the maximum allowable values of e and f; as per IRC specifications
[see Eq. (3.2)]. Therefore,

11.11)?
= ( ) =57.19 m

R 9.81(0.07 + 0.15)

min

Now consider the data shown in Figure 3.8. The benchmark point (0, 0) lies on the road
marked A. Hence the equation of the line representing Road A is y = x. The distance of
PC from PI is given by R tan (6/2). Since 8 = 90°, the distance of PC from PI is 57.19 m.
Thus, PC is at coordinates of (1459.56, 1459.56). Similarly, the equation of the road
marked B (which is at an angle 90° with road A and passes through PI) is y =
3000 — x and the coordinates of PT (which again is at a distance of R tan (6/2) from PI)
are (1540.44, 1459.56).

From the coordinates of PC and PT and the fact that lines from the centre of the
circular curve to PC and PT will be at right angles to the roads A and B, respectively,
the coordinates of the centre can be easily obtained. The coordinates of centre are
(1500, 1419.12).
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PI(1500, 1500)

Obstruction

Shortest line of sight (1495, 1469)

Centre (1500, 1419.12)

Figure 3.8 The horizontal curve designed in Example 3.1.

Hence, M the middle ordinate distance of the obstacle (for the shortest line of sight)
is R — (distance of the obstacle from the centre). This distance can be obtained from
the coordinates of the obstacle, which are (1495, 1469), and the coordinates of the
centre. The distance so obtained is 50.13 m. Hence, M = 7.06 m. Thus, from Eq. (3.9),
ASD;, = 57.43 m.

From the discussions on the required stopping distances in Chapter 2, it can be seen
that the stopping sight distance requirement for a design speed of 40 kmph, a
perception—reaction time of 2.5 s (as per IRC specifications), and a coefficient of rolling
friction of 0.4, is 43.51 m or 44 m. Hence adequate sight distance for stopping is
available. However, overtaking cannot be allowed on the curve, since the required
overtaking sight distance is greater than 57.43 m (see IRC:73-1980 [79]).

3.3.3 Transition Curves

Transition curves are provided in order to gradually introduce the centrifugal
acceleration that drivers experience when negotiating a curve. The gradual introduction
of the centrifugal acceleration is achieved by providing a clothoid spiral as the transition
curve joining the straight stretch with the circular curve. The clothoid spiral has the
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property that the curvature (or the reciprocal of the radius) varies linearly with the length
of the curve. At the beginning, the transition curve has a zero curvature (or infinite
radius) and at the point where it meets the circular curve, it has a curvature equal to the
reciprocal of the radius of the circular curve.

The length of the transition curve, the only design variable for the transition curve,
is determined by setting a permissible limit on the jerk (or the rate of change of
acceleration) experienced by drivers while negotiating the curve. The AASHTO [3]
suggests the use of a value between 0.3 and 0.9 ft/s>. The IRC code (for example, refer
to [79]) suggests the use of a value between 0.5 and 0.8 m/s3.

The length of the curve can be easily determined using the following analysis. The
centrifugal acceleration changes from zero (at the beginning of the transition curve) to
VYR at the end of the transition curve. Since the curvature increases at a constant rate
along the length of the transition curve, the rate of increase in the centrifugal acceleration
is also constant along the length of the curve. Assuming that drivers move at a constant
speed along the transition curve of length Lr, the jerk J faced by drivers while on the
curve is given by

2
v Ly
J= —+ — 3.10
R v ( )
From this, we can say that in order to keep the jerk less than a permissible limit J*, the
minimum length of the transition curve, L{™", that needs to be provided is

v3

L = o (3.11)

However, when transition curves are provided the entire superelevation runoff (see
Section 3.3.1) is provided on the transition curve. Hence, the length of transition curve
to be provided should be the greater of the superelevation runoff and L‘}‘i“.

Circular horizontal curve combined with transition curves

If a circular horizontal curve is connected to the straight edges through transition curves,
then the geometry of the combined curve differs from the case when there are no
transition curves. In this section, the geometric features of the combined circular and
transition curves are illustrated. Figure 3.9 shows such a combined curve.

In Figure 3.9, the Points 1, 2, 3, 4, 5, and 6 are, respectively: (i) ST, the point at
which the transition curve leaves the straight stretch, (ii) PI, the point at which the
circular curve of radius R would have joined an imaginary road parallel to the actual
straight road, (iii) TC, the point at which the transition curve meets the circular curve,
(iv) CT, the point at which the circular curve ends and another transition curve starts,
(v) a point similar to Point 2, and (vi) TS, the point at which the transition curve meets
the straight road. The quantities of interest are: (i) the coordinates (X, Y) of any point on
the transition curve as measured from ST with the actual straight road as the abscissa,
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Figure 3.9 Combined circular and transition curve.

(ii) the shift s between the actual straight roads and a parallel line which is tangential to
the extended circular curve, (iii) the distance T from the point of intersection PI, (iv) the
distance Tg, (v) the angle o, (vi) the length of the circular curve L, and (vii) the
coordinates, Xt and Y, of the end point of the transition curve, TC. Mathematically, these
quantities are as stated below.

The coordinates (X, Y) of any point at distance ¢ (measured along the curve) from
ST are given by

0 0

X=1- + +
40R* % 3456RL}

(3.12)

/3 /7 o1
Y= - 53 T 55 1
6RLy  336R°L}.  42240R°L;
The shift s is twice the value of Y at length of transition curve equal to Li/2. A good
approximation of s is given by

(3.13)

_
T (3.14)
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The distance T can be easily seen to be the following:

T = (R + s5) tan (gj (3.15)

The distance Tg can be reasonably approximated to L1/2. We could also use the fact that
the length of the transition curve becomes half its total length when X = Tg and then
determine the value of X using the relation of the coordinates (X, Y) to the length of the
transition curve.

The spiral angle o in radians can be approximated quite well by assuming that the
arc length from TC (Point 3) to Point 2 is equal to the transition curve length between
the same points. Since the length of the transition curve between these points is L1/2, the
angle O can be obtained as

Lo
o=k (3.16)

The length of the circular curve L is given by
L =R(0-20) 3.17)

The quantities Xt and Y1 can be computed precisely by substituting Ly for ¢ in Egs. (3.12)
and (3.13). However, they can also be closely approximated using the following:

3
Xp =Ly - 4(1)’;2 (3.18)
2
fr= 2L (3.19)

Before leaving this section it may be pointed out that since the reciprocal of the
radius of the transition curve varies linearly over its length from zero to 1/R, the radius,
R at any length ¢ can be obtained as

Rf = — (3.20)

3.3.4 Curve Widening

As discussed in Chapter 2, when vehicles take a turn, the front and rear axles do not
follow the same path. Owing to this, the effective width of vehicles on turns is greater
than that on straight edges. Further, vehicles while negotiating a curve tend to move
towards the outer edge. Both these factors necessitate that the width of the road section
on the curve be larger than that on the straight stretches. Both IRC codes (see
IRC:73-1980 [79] and IRC:86-1983 [80]) and AASHTO [3] suggest how the curve
widening should be achieved. The AASHTO guidelines are somewhat more
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comprehensive than the IRC guidelines. The interested reader may refer to both IRC
codes and AASHTO guidelines for a more complete understanding of this topic.

3.4 VERTICAL CURVES

When roads change grades, generally parabolic curves are provided to join the two
straight roads (at different grades). Parabolic curves are provided because the rate of
change of slope on the curve is constant. The primary issue in the design of such a curve
is to determine a length of the curve which provides ample sight distance. It should be
noted that, unlike in the case of horizontal curves, the primary concern here is the
availability of sight distance. This is because, unlike horizontal curves, vertical curves
by their very geometry impose restrictions on the sight distance availability. This can be
seen in Figure 3.10. Here, two types of vertical curves are shown together with some of
the terminology used in the context of vertical curves. Whenever the elevation of the

VPI

Driver’s eye Line of sight

- Obstacle

Sight distance, S

VPC VPT
(@)

Headlight angle

Line of sight

VPC ’r B VPT

(®)

Figure 3.10 (a) A crest vertical curve, (b) a sag vertical curve.
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vertical point of intersection, VPI, is greater than or equal to the elevation of any point
on the curve, the curve is referred to as a crest or summit curve [see Fig. 3.10(a)].
Whenever the elevation of the vertical point of intersection, VPI, is less than or equal to
the elevation of any point on the curve, the curve is referred to as a sag or valley curve
[see Fig. 3.10(b)]. Further, where the first straight road meets the curve, the point is
referred to as the vertical point of curvature, VPC. The point at which the curve meets
the second straight stretch is referred to as the vertical point of tangency, VPT.

3.4.1 Length of Vertical Curves

The length L of a vertical curve, measured along the horizontal (i.e. L is equal to the
horizontal distance between VPC and VPT), as required to provide a minimum sight
distance S is given by the following equations [see Eqs. (3.21) and (3.22) below]. These
equations, which are different for crest curves and sag curves are derived from basic
geometry and trigonometry (the reader may refer to IRC Special Publication 23 [255] for
the derivations). It may be noted here that if the grade changes between the straight
edges are small, then no vertical curve is required from the sight distance standpoint. In
most of these cases, however, some minimum length of curve is provided from the
viewpoints of comfort and aesthetics. For Indian conditions, these minimum lengths are
specified in IRC Special Publication 23 [255].

Length of crest curves

It can be shown that the minimum length of curve L, as required to provide a sight
distance of S [also see Figure 3.10(a)] is given by

A—S22 when S < L
- 2(\Jmn + ke ) (3.21)
2
AN h
2S—M when § > L

where
A = |g, - g with g, and g, being the grades of the two straight stretches being
joined by the vertical curve expressed in fractions and not percentages.

S is the sight distance provided by a parabolic vertical crest curve of length L; this
is made either equal to (i) the passing (or overtaking) distance required if overtaking is
to be allowed, or equal to (ii) the stopping distance required if overtaking is not to be
allowed.

h; is the height of the driver’s eye; this is generally assumed to be 1.2 m.
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h, is the height of the obstacle; this is generally assumed to be (i) 0.15 m if the
stopping distance requirement is used for S, or (ii) 1.2 m if the passing (or overtaking)
distance requirement is used for S.

The procedure for determining the lengths of curves is further illustrated through
the solved example following Section 3.4.2.

Length of sag curves

Unlike the crest vertical curves which impose restriction on sight distance due to the
raised elevation of the middle part of the curve, sag vertical curves impose restriction on
sight distance only at night when the road is illuminated by the headlights. This can be
clearly seen in Figure 3.10(b).

It can be shown that the minimum length of curve L, as required to provide a sight
distance of S is given by

AS?
—_————— When S <L
L 2(h; + S tan B) (3.22)
28 - 2(h3+wmﬂ) when S =2 L

where

A = |g, - g| with g, and g, being the grades of the two straight stretches being
joined by the vertical curve expressed in fractions and not percentages.

S is the sight distance provided by a parabolic vertical sag curve of length L; this
is made either equal to (i) the passing (or overtaking) distance required if overtaking is
to be allowed, or equal to (ii) the stopping distance required if overtaking is not to be
allowed.

hs is the height of the headlight; this is generally assumed to be 0.75 m.

B is the upward headlight angle as shown in Figure 3.10(b); the value of B is
generally taken as 1°.

3.4.2 Geometry of Curves

The various aspects related to the geometry of the curve are explained through
Figure 3.11. In the figure, two straight edges with gradients g, and g, expressed as
fractions are joined by a parabolic curve of the form given in equation

y=a+ bx + cx? (3.23)

where x and y are measured from the VPC as the origin.
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Figure 3.11 Geometry of vertical curves.

Equating the slope of the curve (which is b + 2cx) to g; at x = 0 and to g, at
x = L, and using the fact that y = 0 when x = 0, the following equation for the curve can
be obtained

y=g1x+ %xz (3.24)
If the coordinates of VPC are (xypc, yypc) instead of (0, 0) as assumed in Eq. (3.24), then
the coordinates of any point on the curve can be obtained easily as (x + Xypc, ¥ + Yvpo)s
where (x, y) are the coordinates of the same point obtained from Eq. (3.24).

Another point of interest is the location of VPI in relation to either VPC or VPT. Note
that if this location is known, then we can easily determine either VPC or VPT. VPI is
a point where the two straight stretches meet (or would have met had they been
extended). The equation of the first straight stretch is y = gx; the equation of the
second straight stretch (which has a slope of g, and passes through the point (L, gL +
(g2 — g1)L/2)—the coordinates of VPT) is y = gox + (g — g2)(L/2). Equating these two
equations of straight lines, we can easily find the coordinates of VPI as (L/2, g\L/2).
These coordinates show that irrespective of g, and g, the VPI always lies vertically above
or below the middle of the curve (recall that the length of the curve is L and is measured
along the horizontal).

Another feature of interest is the offset of the curve as shown in Figure 3.11. The
offset from the first tangent at any value of x can be determined by subtracting the y
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coordinate of the first tangent from the y coordinate of the curve at the given value of
x. The offset obtained is, thus

_ 8 81 2
offset at x = YA X (3.25)
The value of the offset at VPI, i.e. Oyp; can be obtained from Eq. (3.25), by substituting
x = L/2. Thus,

Ovm= L2801 (3.26)

Since in crest curves, the VPI lies above the curve, Oyp; must be negative and vice versa
for sag curves (recall the definition of crest and sag curves given earlier). This together
with the above equation for Ovyp; indicates that if g, — g; is negative then the curve will
be a crest curve and if g, — g; is positive then the curve will be a sag curve.

The only other quantity of interest that remains to be discussed is the determination
of the highest point (in the case of crest curves; for example see point P in the figure)
and the lowest point (in the case of the sag curves). The highest and the lowest points
have the same characteristic in that the slope of the curve at both the points is zero. Using
this fact, the highest/lowest point will be at a point where

&L
X= =g (3.27)
However, x could be greater than L or less than 0, indicating that the highest/lowest point
on the curve is beyond the range in which the curve is being actually provided on the
field. Thus, using the fact that the curve is monotonic on either side of the point where
the slope of the curve is zero, the following equation for the location of the highest/
lowest point, x;,, can be written as:

0 if (g,L)/ (g~ 8) <0
Xy =1L if (gL)/(gy—8)>L (3.28)
(gL)/(g; — g,) otherwise

The elevation of the highest/lowest point can be calculated from the offset of that point
from the first tangent using the relation given earlier.

The procedure to layout a vertical curve can be found in any introductory book on
surveying and, therefore, is not discussed here. The following two examples,
one each for crest and sag curves, illustrate the various concepts spelled out in this
subsection.
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EXAMPLE 3.2

A vertical curve is required to join a road with + 3% grade to a road with — 2.5% grade.
The design speed of the road is 100 kmph. The VPI is located at coordinates (1000, 100).
Further, the midpoint of an overhead electric transmission line of width 5 m crosses the
road at a distance of 1100 m and elevation of 118 m. Determine the length of the vertical
curve so that a stopping sight distance (i.e. the sight distance required for stopping
safely) of 180 m (required for a design speed of 100 kmph) is available. Also, determine
(i) the location of VPC and (ii) the minimum clearance from the transmission line. All
distances are measured in metres from the same benchmark point.

Solution
g1= +3/100 = +0.03; g, = —2.5/100 = - 0.025

g — g1=-0.025 - 0.03 = —0.055 and A = |g, — g| = 0.055

Since g, — g; is negative, the curve is a crest curve. The length of the curve required to
provide the adequate sight distance for stopping can be obtained as follows:

Assume h; = 1.2 m, hy, = 0.15 m. Further, assume S = L, then

2(Jﬁ+\/(m>2

0.055

L=2x180 -

or
L=280 m

In this case, therefore, S (= 180 m) is not greater than or equal to L. Hence, the earlier
calculation is not valid. Therefore, assuming S < L, we have

[ - 0.055x180
2
2(Vi2+40.15)
or
L= 405 m

Since in this case S is less than L, the design value of L is 405 m. Further, the minimum
value of the length L, suggested by IRC Special Publication 23 [255] is 60 m. Hence,
the final design value remains as 405 m.

The location of the VPC is calculated as follows:

(i) The horizontal distance of VPC from the benchmark is given as

horz. dist. of VPC = horz. dist. of VPI — %

= 1000 - % =797.5 m
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(i) The elevation of VPC is given as

elev. of VPC = elev. of VPI - %gl

=100 - % 003 =939 m

Hence the coordinates of VPC are (797.5, 93.9).

Assuming VPC to be the origin, the transmission line can be thought of as a line
(of width 5 m) parallel to the x-axis between the points (300, 24.1) and (305, 24.1). The
question at hand, therefore, is to determine what is the highest elevation of the curve
between the x-coordinates of 300 and 305.

With respect to the VPC as the origin, the highest point of the curve will be at the
x-coordinate value of

gL _ 0.03x405

- = 221
g -8 _ 0.03-(=0.025) m

From this, it can be said that the curve is steadily falling from the x-coordinate value of
300 to 305. Hence, the highest point in this region will be at the x-coordinate value of
300. The elevation at this point (assuming VPC to be the origin) is

elev. of curve at x equal to 300 = elev. of first tangent at x + offset at x

= 300 + 5281302

2L
~ -0.025-0.03 ,
= 0.03 x 300 + —"= 0300
=9-61=29m

Therefore, the minimum clearance from the transmission line is 24.1 — 2.9 = 21.2 m.

EXAMPLE 3.3

A vertical curve joins a + 0.5% grade with a + 3.5% grade; the VPI is at coordinates (500,
50) from a benchmark point. Due to certain other traffic flow related considerations, a
passing (or overtaking) sight distance (i.e. the sight distance required for overtaking
safely) of 470 m is required on the curve. Determine (i) the length of the curve, (ii) the
coordinates of VPC and VPT, and (iii) the coordinates of the lowest and the highest points
on the curve. Assume a design speed of 80 kmph.
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Solution
g1 = +0.5/100 = + 0.005; g, = +3.5/100 = 0.035

g2 — 81 = 0.035 - 0.005 = 0.03 and A = 0.03

Since g, — g; is positive, the curve is a sag curve. The length of the curve required to
provide adequate sight distance for overtaking can be obtained as follows:
Assume h3 = 0.75 m and f = 1°. Further, assume S > L, then using Eq. (3.22)

2(0.75+ 470 tan 1°)

L=2x470 -
x 470 0.03

=343 m

In this case because S (= 470 m) is greater than L, the above value of 343 m is acceptable
and unlike Example 3.2, no further calculation is necessary. Further, the minimum value
of the length for a design speed of 80 kmph as suggested by IRC Special Publication 23
[255] is 50 m. Hence, the final design value remains as 343 m.

The location of the VPC is calculated as follows:

(i) The horizontal distance of VPC from the benchmark is given as

horz. dist. of VPC = horz. dist. of VPI — %

= 500 - % = 3285 m

(i) The elevation of VPC is given as

elev. of VPC = elev. of VPI - %gl

=50 - %0.005 =49.14 m

Hence, the coordinates of VPC are (328.5, 49.14).
The location of the VPT is given as follows:
(i) The horizontal distance of VPT from the benchmark is given as

horz. dist. of VPT = horz. dist. of VPI + %

= 500 + % =671.5 m

(i) The elevation of VPT is given as

elev. of VPT = elev. of VPI + % 25

=50+%0.035=56m

Hence, the coordinates of VPT are (671.5, 56).
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With respect to the VPC as the origin, the highest point of the curve will be at an
x-coordinate value of

gL _ 0.005x343

- = _57.16
g -8  0.005-0.035 m

This indicates that the lowest point of the parabola representing the curve occurs before
VPC. That is, the lowest point of the parabola is not inside the range of x-values, O to
343 m, with respect to VPC as the origin, over which the actual curve is provided.
Further, since the entire curve actually provided is in the range of x-coordinate values
greater than the x-coordinate value at the minimum, we can say that the actual curve is
monotonically rising. Hence, the lowest point on the actual curve is the VPC and the
highest point on the actual curve is the VPT.

3.5 CHANNELIZATION DESIGN

This refers to the use of geometric features in the control of traffic flow. For instance,
a roundabout or rotary which bars vehicles from crossing an intersection directly is an
example of channelization design. ‘Turning bays’ at intersections is another example of
channelization design. In short, the purpose of channelization design is to promote
safety and efficiency of traffic flow through the use of geometric features such as islands
and lane markings.

Channelization design is predominantly an art and no set rules exist which suggest
what kind of channelization is required at a particular location. However, a detailed
description of some of the common types of channelization designs is provided in
Chapter 5 on “Design of Traffic Facilities”. Hence its description here is omitted.

EXERCISES

1. Draw the longitudinal profile (assuming a two-lane road of width 7 m) for the
horizontal curve designed in Example 3.1. Use runoff values from the relevant
code or use the limiting value as per the discussion in the text.

2. Determine the minimum radius of a circular horizontal curve for a two-lane road
(3.5 m lane width) for design speeds of 30 kmph and 65 kmph.

3. Determine the minimum length of transition curves for the horizontal curves
designed in Exercise 2.

4. Recalculate the quantities of Exercises 2 and 3 assuming maximum superelevation
to be f; (coefficient of side friction). Compare and comment on the results.

5. Refer to IRC:38-1988 [85] and find out other methods of attaining superelevation
on curves. For these methods develop procedures to obtain the longitudinal
profiles.
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10.

11.
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Refer to IRC:38-1988 [85] and write a critical review on the curve widening requirements
and methods suggested therein.

By how much does the length of a circular curve reduce because of the use of
transition curves?

For a given set of roads in one case, only a circular curve of radius R is provided;
in another case a circular curve of radius R and transition curves of length Lt are
provided. What is the distance between the centres of the two circular curves?
Assume the external angle to be 6. You may also make any other necessary
assumptions.

Identify the sag and the crest curves from the following curves:

(a) Curve joining a + 2% slope to a —2% slope
(b) Curve joining a — 2% slope to a +2% slope

(c) Curve joining a + 2% slope to a 0% slope
(d) Curve joining a +2% slope to a + 3% slope

(e) Curve joining a — 1% slope to a —2% slope

(f) Curve joining a — 3% slope to a — 2% slope

A vertical curve of length 183 m connects a + 4% grade to a — 2% grade. The VPI
is at an elevation of 198.1 m and at a distance of 609.6 m with respect to Point A.
An overbridge, 3.66 m wide, crosses the road. The location of the centre of the
bridge (as it crosses over the road) is 567 m from Point A and at an elevation of
199.3 m with respect to Point A. Determine the smallest clearance between the
overbridge and the road.

State whether the following statements are true or false. Give reasons for your
answer.

(a) When transition curves are provided, then two-thirds of the tangent runout is
on the transition curve and one-third on the circular curve.

(b) The radius of a transition curve is equal to one-half the radius of the circular
curve to which it connects.

(c) The vertical point of curvature is always above the vertical point of tangency.

(d) Sight distance available on crest vertical curves is determined by night-time
driving conditions.

(e) Normal camber is provided on superelevated curves.

(f) The longitudinal profile of a superelevated section of a curve is obtained
through orthographic projection.
(g) When transition curves are provided, the entire runoff is provided on them.



Traffic Flow

4.1 INTRODUCTION

This chapter is concerned with the study of traffic flow on and through various traffic
facilities such as freeways (or expressways), signalized intersections, and unsignalized
intersections. Such a study is imperative for better designing of traffic facilities. The
chapter is divided into the following three sections. Section 4.2 presents the general
fundamentals of traffic flow. Section 4.3 studies traffic flow behaviour when the flow of
traffic is uninterrupted while the Section 4.4 studies traffic flow behaviour in situations
where the flow is interrupted either due to slow moving vehicles or due to vehicle
stoppages at intersections.

4.2 FUNDAMENTALS OF TRAFFIC FLOW

In this section, the basics of traffic flow characterization and analysis are described. The
section is divided into two subsections. The first of these describes how traffic flow is
characterized and the second describes the fundamental relation between the parameters
characterizing traffic flow.

4.2.1 Flow Characterization

The condition of any traffic stream can be defined by two stream variables, namely
speed and density . The speed of the traffic stream is defined as the average speed of the
vehicles moving in that stream, and the density of the traffic stream is defined as the
average number of vehicles per unit length of the stream. In the following, these
parameters are described more precisely. In order to aid in the description of these
parameters, a typical time—distance diagram of a traffic stream is shown in Figure 4.1.
In the figure, each thin line represents the trajectory of a vehicle over time.
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Figure 4.1 A typical time—distance plot of a traffic stream.

Speed, u

The speed of a traffic stream is, as described earlier, defined as the average speed of all
the vehicles in the stream. The speed u; of a vehicle i in a stream of N vehicles can be
averaged in one of two ways as illustrated below:

_ Syl
Urms = 7\] (4.1)

or

_ 1
“sMs = TS (Uu) /N

Equation (4.1) gives the arithmetic mean of the speeds and is referred to as the time
mean speed (TMS) of the traffic stream. This, in essence, means taking the speed of all
the vehicles, say, crossing a point at distance D (see Figure 4.1), over a certain period
of time, say 7, and then taking the arithmetic mean of these. In this case, it will be the
average of speeds of vehicles 4 through 11 at Point D.

Equation (4.2) is the harmonic mean of the speeds and is referred to as the space
mean speed (SMS) of the stream. Note that in this case, the individual speeds are first
translated into individual travel times (by taking the reciprocal) whose average is

(4.2)
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determined and inverted to give the space mean speed. Physically, this means that first
the average speed of each vehicle over a certain distance is determined (note that travel
time is a direct measure of such an average speed) and the mean of that is obtained as
the space mean speed. This measure of the average speed is more appropriate for the
description of stream conditions as it gives a measure of the speed of the traffic stream
over space.

Density, k

Density is defined as the average number of vehicles per unit distance. This is simply
determined by dividing the total number of vehicles in a stream by the length of the
stream. The unit of density is thus vehicles per km. With reference to Figure 4.1, for
example, the density of the traffic stream at time 7 over a distance D will be the number
of vehicles that cross the vertical line at time T, below the horizontal line at distance D,
divided by the distance. In this particular case, density = 5/D vehicles per km.

Another related definition which should be mentioned here is that of distance
headway. Distance headway is defined as the distance between corresponding points of
two successive vehicles at any given time. Hence, the vertical gap between any two
consecutive lines in Figure 4.1 gives the distance headway between the vehicles
represented by the lines. Obviously, the reciprocal of density (at any time) gives the
average distance headway between vehicles at that time.

Flow or volume, q

Although speed and density completely describe the stream conditions, another variable
which is often used to describe a traffic stream is the flow or volume. Flow or volume
of a traffic stream is defined as the number of vehicles of the stream that cross a fixed
point on the road over a unit period of time. Generally, the period of time is taken as one
hour and the unit of volume is stated as vehicles per hour. With reference to Figure 4.1,
for example, the flow across point D over a time period of T is equal to the number of
lines that cross the horizontal line through D to the left of the vertical line through
point T divided by the time T. In this particular case, flow = 8/T vehicles per hour. As
will be shown later, volume of a traffic stream can be easily obtained from the speed and
density of the traffic stream.

Another related definition which should be mentioned here is that of time headway
or simply headway. Time headway is defined as the time difference between any two
successive vehicles when they cross a given point. Hence, the horizontal gap between
any two consecutive lines in Figure 4.1 gives the time headway between the vehicles
represented by the lines. Obviously, the reciprocal of flow (across a point) gives the
average time headway between vehicles at that point.

Before leaving this section, a description of temporal variation of flow is provided.
Although, speed, density, and flow all vary with time and space, only the temporal
variation of flow is described here since it plays an important role in designing and
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analyzing roadway sections. Flow varies with time—it varies from month to month, from
day to day, from hour to hour and within the hour. In the design of expressways and
other traffic facilities (discussed in Chapter 5) and level-of-service analysis (discussed
later in this chapter), the variations which are of importance are (i) hour-to-hour
variations and (ii) variations within the hour. Level-of-service analysis (as is design) is
often done for the peak flow rate within the peak hour. The concepts of peak hour
volume and within the hour peak flow rate are described in the following.

Hourly flow on an expressway (or any other traffic facility for that matter) varies
over the year. Typically, such plots look like the one shown in Figure 4.2(a). In this
figure, the abscissa is the rank of an hour; for example, the point marked 30th implies
that in a year there are only 29 hours which have a higher flow than the flow in that hour.
The ordinate gives the flow. Generally, the 30th highest hour is used as the peak hour
volume.

Within each hour, the flow varies from minute to minute. Typically, such plots look
like the one shown in Figure 4.2(b). If one analyzes (or designs) on the basis of peak
hour volume (which when expressed as per minute flow is equal to the sum of all the
minute volumes divided by 60), then there would be certain durations within the hour
when the flow is actually larger than the hourly flow. Then, during these times the
performance will be worse than what is envisaged (and may sometimes cause
interruptions which take a long time to normalize). On the other hand, if one analyzes
(or designs) on the basis of the highest minute flow rate, then the analysis (or design)
will be highly pessimistic as for the rest of the hour the situation will be much better than
envisaged. Hence, analysis is done for a flow value which indicates the highest flow for
some period of time within the hour. Generally, the highest 15 minute period is taken.

g (hourly flow)
Minute flow rate (vehicles/min)

30th Rank of hour 1 5 10 45 50 55 60

Minutes of an hour

(a) (b)

Figure 4.2 (a) Typical hourly variation of flow at a given section; (b) typical within the hour
variation of flow at a given section.
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The process of incorporating the highest 15 (or f) minute period within the hour is
based on computing a factor called the peak hour factor, PHF, The PHF, is computed
as shown in Eq. (4.3). The hourly volume g is converted to within the hour peak flow
by dividing it by PHF,. Finally, the concept of peak hour factor (or PHF) is illustrated by
Example 4.1.

TN

1

(60/1) maxyepg0-r+ 1y (Zk ' 7' Ny)

PHF, =

= 1 k+t-1 (4.3)
(60/1) maxyeeneo-r+11(Zx Ni)

where
N; is the flow in minute i
q is the hourly flow

t is the within the hour duration for which the highest flow is determined
(generally 15 minutes).

EXAMPLE 4.1

The following minute flow values were observed for the peak hour on an expressway
section. Determine the 5 minute and 15 minute PHF. Also, convert the volume into
within the hour peak flow using the 15 minute PHF.

Minute i  1-7 8-10 11-20 21 22-32 33-45 46-47 48-55 56-60

N; 20 30 25 26 4 10 15 30 10

Solution

The total hourly volume g on this section is ZfifONi, and is given by

g=Tx20+3%x30+10x25+1x%x26+ 11 x4+ 13x10+
2x15+8x30+5x10=1000 vph

Next the total volume in every 5 minute duration is calculated as

From minute 1 to minute 5, the total volume is: 5 x 20 = 100 vehicles
From minute 2 to minute 6, the total volume is: 5 x 20 = 100 vehicles
From minute 3 to minute 7, the total volume is: 5 x 20 = 100 vehicles
From minute 4 to minute 8, the total volume is: 4 X 20 + 30 = 110 vehicles



60  Principles of Transportation Engineering

From minute 5 to minute 9, the total volume is: 3 x 20 + 2 x 30 = 120 vehicles
From minute 6 to minute 10, the total volume is: 2 X 20 + 3 x 30 = 130 vehicles
From minute 7 to minute 11, the total volume is: 20 + 3 x 30 + 25 = 135 vehicles
From minute 8 to minute 12, the total volume is: 3 X 30 + 2 x 25 = 140 vehicles
From minute 9 to minute 13, the total volume is: 2 X 30 + 3 x 25 = 135 vehicles
and so on for all the other 5 minute durations ending with:

From minute 56 to minute 60, the total volume is 5 X 10 = 50 vehicles.

Comparing all the above, the maximum number of vehicles in any 5 minute period
is obtained as 150 vehicles (it occurs in all the five minute periods between minute 48
to minute 55).

Hence, the 5 minute peak hour factor, PHFs, is given as

1000
PHF= — —— _ =0.
57 (60/5)%150 0.555

In order to calculate the 15 minute PHF, as earlier, the total number of vehicles in each
of the 15 minute periods need to be determined. This can be done as follows:

From minute 1 to minute 15, the total volume is: 7 X 20 + 3 X 30 + 5 x 25 = 355 vehicles;
From minute 2 to minute 16, the total volume is: 6 X 20 + 3 x 30 + 6 x 25 = 360 vehicles
and so on for all the 15 minute periods ending with:

From minute 46 to minute 60, the total volume is: 2 X 15 + 8 X 30 + 5 x 10 = 320 vehicles.

Comparing all the above, the maximum number of vehicles in any 15 minute
period is obtained as 386 vehicles (it occurs in the interval from minute 7 to minute 21).
Hence, the 15 minute peak hour factor, PHFs, is given as

1000

The hourly flow can be changed to within the hour peak flow rate as 1000/0.648 =
1544 vph. Note that 1544 vph is nothing but the hourly flow rate that would be obtained
if for the whole hour the vehicles arrived at the rate at which the vehicles arrived during
the peak 15 minute period (i.e. at the rate of 386/15 = 25.73 vehicles per minute).

4.2.2 Fundamental Relation of Traffic Flow

As stated earlier, three parameters, namely speed u, density k, and flow g, describe a
traffic stream. In this section, a relation among these parameters (valid under all flow
conditions) is developed.

Consider the flow situation described in Figure 4.3. The figure presents a ‘snapshot’
of a road section # km long taken at time, + = 0 h. Each dot with an arrow represents a
vehicle moving from left to right at a speed of u kmph. The density on this section is
k vpkm. An observer standing at location A starts counting the vehicles that cross
him/her from time = 0 h and stops at time, r = 1 h.
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Figure 4.3 A snapshot of a road cross-section with density k vpkm and speed u kmph.

The first vehicle that the observer counts will be Vehicle P. Now, the section is u
km long and Vehicle Q is at a distance of u km from the observer at time, # = 0 h. Further,
since Vehicle Q is travelling at a speed of u kmph it will reach the observer exactly an
hour later at time, t = 1 h. Hence, Vehicle Q will be the last vehicle that will be counted
by the observer. Since, all the vehicles are travelling at the same speed, and since the
observer counts Vehicle P as the first vehicle and Vehicle Q as the last vehicle, the
observer would have counted, in one hour, all the vehicles in the section shown in the
figure. Let this number be N. Now, the density on the section is k vpkm and the section
is u km long; hence, N = u X k. Thus, the observer would count u X k vehicles in an hour.
Yet, by definition the number of vehicles the observer counts in an hour is the flow
g vph. This implies that

qg=uxk 4.4)

Equation (4.4) is the fundamental relation of traffic flow. It may be noted that the
development given here is not a rigorous proof of the relation but gives the reader an
intuitive basis for the relation.

4.3 UNINTERRUPTED TRAFFIC FLOW

In this section, the basis of describing and analyzing flow in an uninterrupted stream of
traffic is discussed. First, the characteristics of uninterrupted traffic flow are discussed.
Next, some methods of collecting data on the parameters describing uninterrupted traffic
flow are provided. This is followed by two sections which describe the macroscopic and
microscopic models of uninterrupted traffic flow.

4.3.1 Stream Characteristics

In uninterrupted traffic flow conditions, the traffic stream can move under the same
stream conditions, that is, with the same speed and density, over an extended period of
time. Of course, any uninterrupted stream sooner or later gets interrupted either by
another stream moving under different conditions, or by some traffic control mechanism
such as signals, stop signs, yield signs, and the like.
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4.3.2 Data Collection

In this section, some methods of collecting data on speed, density, and flow are
described. The section is accordingly divided into three parts, each devoted to the
methods of data collection on one of the parameters.

Collecting speed data

The speed of vehicles can be measured either by using the principle of Doppler effect
or by measuring the time it takes a vehicle to cross two closely-spaced sensors. The
instruments which use the Doppler effect are of two types—the radar-based instrument
and the laser-based instrument. These instruments are popularly referred to as speed
guns. The speed measured using such equipment is the instantaneous speed of a vehicle
and is often referred to as spot speed of the vehicle. A photograph of a typical speed gun
is shown in Figure 4.4.

Figure 4.4 A typical speed gun which measures the spot speed of vehicles.

In the other method, two detectors which can detect the presence of a vehicle are
kept at a fixed distance apart. The detectors record the times at which the axles of a
vehicle cross the detectors. From the difference in times and the distance between the
detectors the speed of the vehicle can be easily determined. These detectors could even
be simple video cameras. Figure 4.5 shows the photograph of a typical tubular presence
type detector laid on the road.

Collecting density data

Collecting data on density is a much more tricky issue. We can use aerial photography,
or input-output study to determine the number of vehicles in a certain section, and divide
that by the length of the section to compute the average density. Aerial photography is
too costly and cumbersome, particularly over an extended period of time. Input-output
studies, on the other hand, make an initial count of the vehicles in a section, and then
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Figure 4.5 A typical tubular presence type detector.

count only the number of vehicles that enter and leave the section. In this manner, we
can get the total number of vehicles that are present in a section at any given time. This
method, although cost effective, gives only a gross measure of the density (especially,
if the section is long) and is prone to errors as a miscount of the number of vehicles
entering or exiting the section at any given time renders all subsequent values of density
erroneous. Both the aerial photography and the input-output studies are no longer in
common use.

The method which is most common today, uses the presence-type detectors to
determine the duration for which the detectors are occupied by vehicles. Based on this
occupancy time, the density can be easily calculated. In the following, the process of
obtaining density data from occupancy data is described.

Consider a presence-type detector of width D, (this could also be the distance
between two closely-spaced tubular detectors); assume that a vehicle of average length
V, on an average spends a time ?, on the detector. (Note that the time a vehicle spends
on the detector can be obtained by subtracting the time at which the front axle crosses
into the detector from the time the rear axle crosses over the detector; see Figure 4.6 for
an explanation of ¢,.)

As depicted in Figure 4.6, the average speed can be obtained as

Vit D
!

o
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Figure 4.6 Figure explaining occupancy time {,.

Note that the average speed here is the space mean speed as the average is based on the
average travel time (the occupancy time is the time a vehicle takes to travel a distance
of V; + D)). We can therefore write

Vi+D
t, =

u

If a total of N vehicles pass over the detector in a time period T and if the sum of the
occupancy times of the vehicles is T,, then

T,= Ni,
or
+D
T,= Nt D
u

Hence, the fraction of time the detector is occupied, Oc = T,/T, is given by

_ Vit D
Oc=N T
Now by definition, ¢ = N/T. Therefore, we get
Oc = q—Vl * D
u

With density, k = g/u, we obtain
Oc = k(Vl + Dl)
or

Oc

k= 4.5
VA D, (4.5)

Equation (4.5) can now be used to determine density from occupancy data, which
is not very difficult to obtain. Further, we can easily determine the length of each vehicle
(and use their average for V,) by using another similar detector at a short distance away.
It is left to the reader to determine how the length of a vehicle can be obtained by using
two detectors and what basic assumption needs to be made in that case.
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Collecting flow or volume data

Flow data is the easiest to collect as it entails counting the number of vehicles which
cross a point on the road in a given time. We can use people, video cameras or presence-
type detectors to count the number of vehicles. Given the axle distributions of different
types of vehicles, most presence-type detectors can accurately classify vehicles and
therefore, the volume of different types of vehicles can be easily obtained.

In this section, however, a low-cost method often used for determining volume and
density of traffic streams is described. This method is referred to as the moving observer
method. In this method, an observer in a test vehicle starts from a point A and moves
against the stream being measured at a speed of v,. After a distance L and time T, at
point B the test vehicle swings around and starts moving with the stream at a speed v,,
till it reaches point A (say, after a time 7,). During both the passes, the test vehicle counts
the number of vehicles that it overtakes and the number of vehicles that overtake it.
Based on this information and certain calculations, as illustrated here, stream variables
g and k can be estimated.

Let M,, M;/, M;, and M, respectively, be the number of vehicles that overtake
the test vehicle when the test vehicle is moving with the stream, the number of vehicles
that the test vehicle overtakes when moving with the stream, the number of vehicles that
overtake the test vehicle while the test vehicle is moving against the stream, and the
number of vehicles that the test vehicle overtakes while moving against the stream.

Now, consider the following thought experiment. Let there be a stream of vehicles
wherein some are moving at a speed u; and density k; and others are moving at a speed
u, and density k,. Let the test vehicle’s speed v, be greater than u; and less than u,. In
this case,

M(:v = k2(u2 - vw)Tw
MX = kl(vw - ul)Tw
or
M, = M) - MX = k2(u2 - vw)Tw - kl(vw - ul)Tw

o
=(q2+ q)T,, — (ky + kpv,,T,,

Since both the sub-streams are within the same stream (and the above construct is purely
abstract), g, + q; = q and k, + k; = k. Therefore,

Mw = (q - kvw)Tw (46)

Similarly, by noting that when the test vehicle moves against the stream (i) all the
vehicles in the stream in effect overtake the test vehicle (overtaking being defined as
reaching a point downstream before the test vehicle) and the test vehicle overtakes none,
and (ii) the relative speed between the test vehicle and the stream is the sum of their
speeds,

M,= M -M:% = (qT, +kv,T,)- 0
=(q + kv))T, 4.7)
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Adding the expressions for M, and M, and using the relation L = v,T,, = v,T,, the
following is obtained

M, +M,

4.
T, +T, 4.8)

q =
The value of g obtained in Eq. (4.8) can be substituted either in Eq. (4.6) or in Eq. (4.7)
to obtain the value of k. Further, it can be shown that the value of g obtained from
Eq. (4.8) will be the same as the flow observed at one of the end points of the section
(over which the test vehicle runs) between the time when the test vehicle starts moving
and the time T,, + T,. The proof of this is left as an exercise for the reader.

4.3.3 Macroscopic Traffic Flow Models

Studies on traffic flow behaviour have shown that the three parameters (speed, density,
and flow) describing an uninterrupted traffic stream are pair-wise dependent. That is,
there is a relation between speed and density, flow and density, and speed and flow.
Figure 4.7 shows typical plots of (a) speed—density, (b) speed—flow, and (c) flow—density
data.
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Figure 4.7 Typical plots of (a) speed—density, (b) speed—flow, and (c) flow—density
for an uninterrupted traffic stream.
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It is felt that, and the reasons for this will be stated shortly, of these three pair-wise
relations, the basic dependence is between speed and density; the other relations are
implied relations in the sense that once speed and density are related, all other relations
become automatic because of the fundamental relation of traffic flow described in
Eq. (4.4).

The reason for saying that speed and density dependence is the most basic of the
three relations mentioned above is that drivers drive vehicles based on their immediate
surroundings. If the immediate surroundings of a driver are cramped and congested then
as density increases, drivers for safety reasons reduce their speed and vice versa. Thus,
it can be stated that since a relation between speed and density is an outcome of the
behavioural aspects of a driver it must be the basic relation. Even otherwise, it is difficult
to imagine that relations among flow and speed, and flow and density are the basic
relations because the driver (whose behaviour in a traffic stream ultimately gives rise to
these relations) at no point has any indication as to what the flow might be.

Not surprisingly then, over the years, various models of speed—density relation
have been proposed. Here, some of these models are mentioned. Before going into the
models, however, it should be pointed out that (i) at very low densities the traffic moves
at some finite speed referred to as the free speed uy and (ii) the speed is zero or very close
to zero when the density of the stream reaches an upper limit known as the jam density
k;. Further, it must be realized that the relation between speed and density should be
monotonically decreasing (given the fact that drivers reduce speed when they feel
constrained).

Among the many models of speed and density (henceforth referred to as u—k
relation or u—k model), the following are discussed here as they have historical
importance and pedagogic value.

Linear model

Logarithmic model
Exponential models
Generalized polynomial model

wn AW N =

Multi-regime models

Linear model

In the 1930s, Greenshields [82], based on limited data, proposed the following linear
form of the u—k relation
u=a+ bk 4.9)

Using the boundary conditions that u = u; when k = 0 and u = 0 when k = kj, the
model in Eq. (4.9) reduces to the following form, often referred to as the Greenshields’

model.
k
= 1-— 4.1
u uf( k'J (4.10)

I
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Logarithmic model

As more data sets became available, it was clear that a linear model was not a good
model of the u—k relation. Based on observations and the theory of one-dimensional
compressible fluid flow, Greenberg [81] in 1959 proposed the following relation:

u= aln(%] (4.11)

On using the boundary condition that u = 0 when k = k; and the relation g = u;, we
can easily show that a = u, and b = k;, where u, is the speed at which g (as implied by
the equation) becomes maximum. However, a drawback of this model is that as k — 0,
u — oo. This implies that the model’s capability of predicting speeds at low densities is
not very good.

Exponential models

Owing to the problems of the logarithmic model in the free flow region (where density
is low), initially Underwood [248] in the early 1960s and later researchers at North-
western University proposed an exponential form for the u—k relation

u= ae'® (4.12)

In the version of the model proposed by Underwood, b = 1, and that proposed by
Northwestern University, b = 2. In either case, on using the boundary condition that
u = ugwhen k = 0 and the relation g = uk, we can easily show that a = uyand c = k,, where
k, is the density at which g (as implied by the equation) becomes maximum. However,
a drawback of this model is that u becomes zero only when k — oo; this implies that
according to this model the jam density is infinite.

Generalized polynomial model

This model was developed from the behavioural models of traffic flow (to be discussed
under microscopic models later in the chapter) as a result of the work done by Gazis et
al. [66, 67] and by May and Keller [153].

d-1
ul-9=pl-a {1—(%)} (4.13)

It can be shown that this model provides finite values of free flow speed and jam
density when 0 < a < 1 and d > 1. Further, it can be shown (by using the usual boundary
conditions) that b = ur and ¢ = k;. In general, while calibrating the model, the values of
a and d are chosen from a general idea of parameters like free-flow speed, jam density,
etc. (See May [153] for a detailed description of the process.)
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Multi-regime models

The above models of speed—density relation are referred to as single-regime models as
they assume that the same relation between speed and density is valid for the entire range
of densities seen in traffic streams. Some researchers question this assumption stating
that human beings as drivers behave differently when the density is low than when the
density is high. That is, according to this school of thought the speed—density relation
is different in different regimes (zones) of density.

Many researchers proposed that the speed—density relation is different in the free-
flow regime (where density is low) and in the forced-flow (or congested) regime (where
density is high). Such two-regime models were proposed by Edie [59] and many others.
Edie, for example, used an exponential model in the free-flow regime and a logarithmic
model in the forced-flow regime.

Others have proposed three-regime models where it was assumed that in between
the free-flow regime and the congested regime there is a transition zone where the flow
can neither be characterized as free-flow nor be characterized as forced-flow.

Macroscopic speed-flow and flow-density relations

As stated earlier, once a speed—density relation is specified or assumed, the speed—flow
and flow—density relations are automatically implied. For example, if we assume that the
speed—density relation is given by the Greenshields’ linear model then the implied flow—
density and speed—flow models can be obtained as follows:

k
—ul1-X
u uf( k,J

k
q=uk=up|1-— |k

That is, the implied flow—density relation is a parabolic relation given as

and

u
q=uk- k_fk2 (4.14)
J
Similarly,
k
u=us 1-—
implies
k=k — —Lu
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k;
q=uk=u k-’_u_
f

That is, the implied speed—flow relation is a parabolic relation given as

Hence

k.
q = uk; - u—’u2 (4.15)
f

Using similar algebra, we could easily determine the implied relations once one of
the three (i.e. either u—k, u—q, or g—k) relations is either assumed or known.

Calibrating macroscopic models

Determining the parameters of a macroscopic model (say, the u—k model) from data on
the relevant variables (in this case, speed and density) is the subject of discussion here.
In general, linear regression analysis is used to determine the parameters of the
macroscopic model. It must be understood here that as long as the parameters of the
model are linear, the linear regression analysis can be used.

In the simplest form of regression analysis (known as OLS or ordinary least squares
estimation), the parameters are chosen such that the sum of the squares of the
differences between the estimated values and the observed values is minimum. The
theory of multivariable linear regression analysis is not discussed here; the interested
reader may refer to Gujarati [95] for a good understanding of this topic. Here, some
expressions are given which will help the reader to determine the two unknown
parameters of the macroscopic models. The reason for choosing to provide expressions
for determining only two parameters is that most macroscopic models have only two
unknown parameters; even in the ones that have more than two parameters, most of the
parameters are chosen from other considerations and only two are determined from the
data.

Linear regression analysis (using OLS) suggests that for an equation of the type
g(y) = A + Bf(x), the parameters A and B can be determined as follows:

o Zul )= f)1le0) - 803l

4.16
Toilf(x) - f)F (4.16)

A= g(y,)- Bf(x,) (4.17)

where g(y;) and f(x;) indicate the mean values of g(y;) and f(x;), respectively. The
following two examples illustrate how the u—k models can be calibrated.



Traffic Flow 71

EXAMPLE 4.2

For the following data on speed and density, determine the parameters of the
Greenshields’ model.

u (km/h) 75 75 65 55 40 50 30 35 20 30 10 10
k (v/km) 10 20 30 40 50 60 70 80 90 100 100 110

Solution

Greenshields’ equation is u = a + bk, where a is actually equal to usand b = — (us/k;). [see
Eqgs. (4.9) and (4.10).]

Using Eqs. (4.16) and (4.17), g(y) = u, and f(x) = k, we can obtain b = — 0.654 and
a = 82.65. Hence, according to this estimation, up = 82.65 km/h and k; = 126.4 v/km.
However, note that none of the properties of the linear regression (or OLS) estimates (see
Gujarati [95]) are valid for the estimate of k; as the regression equation used is not linear
in the parameter k;. Nonetheless, these values of uy and k; do produce the minimum sum
of squared errors for the data given and the model used.

Figure 4.8 shows the plot of the data points as well as the calibrated Greenshields’
model for the above example.
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Figure 4.8 Calibrated Greenshields’ model and the observed speed density
data for Example 4.2.
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EXAMPLE 4.3

For the data on speed and density given in Example 4.2, determine the parameters of the
Northwestern University model.

Solution

As per Eq. (4.12), the Northwestern University model is

— 2
u = ae 0.5(k/c)

This can be rewritten as 05

In(u) = In(a) - —-k°
C

or
In(x) = A + Bk?

where A = In(a) and B = - 0.5/c%

Using Egs. (4.16) and (4.17), g(y) = In(u), and fix) = k2, we can obtain B = — 0.0001541
and A = 4.31. Hence, according to this estimation, a = 74.31 and ¢ = 56.96 which implies
that us = 74.31 km/h and k, = 56.96 v/km. However, note that none of the properties of
the linear regression (or OLS) estimates (see Gujarati [95]) are valid for either of the
estimates since the regression equation used is not linear in the parameters us and k.
Nonetheless, these values of us and k, do produce the minimum sum of squared errors
for the data given and the model used.

Figure 4.9 shows the plot of the data points as well as the calibrated Northwestern
University model for this example
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Figure 4.9 Calibrated Northwestern University model and the observed speed
density data for Example 4.3.
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4.3.4 Microscopic Traffic Flow Models

Microscopic models of traffic flow attempt to analyze the flow of traffic by modelling
driver—driver, and driver-road interactions within a traffic stream. Modelling driver—
driver interaction entails modelling how a driver reacts to the actions taken by another
driver. On the other hand, modelling driver-road interaction entails modelling how a
driver reacts to various features of the road such as narrow road width, curves, and so
forth. Thus, it can be said that a microscopic model of traffic flow is basically a model
of driver behaviour.

Over the years various models of driver behaviour in different driving situations
have been developed. These can be broadly classified into two parts: (i) driver behaviour
in the presence of static obstacles and (ii) driver behaviour in car-following situations
(where one vehicle follows another). Very little and only exploratory work has been
carried out on the first topic. The interested reader may refer to Michaels and Gozan
[159] and Taragin [226] for work on this topic. However, a lot of work has been done
on modelling driver behaviour in car-following situations and the entire body of work
is sometimes collectively referred to as theories of car-following. The reason for this is
that such models are directly associated with unidirectional traffic streams and find
applications in many areas. In this section, two different car-following models are
discussed. One is due to the research by the team at the General Motors Research
Laboratory [36, 66, 67, 100, 101] and here is referred to as the GM model and the other
is due to Chakroborty and Kikuchi [33, 135, 34] and here is referred to as Fuzzy
Inference Model. A good and up-to-date review of car-following models can be found
in Brackstone and McDonald [19]. However, before going into the models some of the
important properties of the car-following behaviour are described.

Car-following behaviour

Car-following is a control process in which the driver of the following vehicle attempts
to balance between maintaining a safe distance between his/her car and the vehicle
ahead and maintaining a speed as close to his/her desired speed by accelerating or
decelerating in response to the actions of the vehicle ahead. The general features of car-
following behaviour are:

e Car-following behaviour is approximate in nature as the elements participating
in the process are human.

e The driver of the following vehicle seems to react to certain stream variables
such as distance headway between itself and the vehicle ahead and the rate of
change of this distance headway. These variables (and possibly others) are
referred to as stimuli to which the driver reacts.

e Response to stimuli in car-following behaviour is asymmetric in the sense that
drivers respond differently (in terms of absolute value of acceleration or decele-
ration) to distance headway decrements than to distance headway increments.
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This is possibly due to the fact that distance headway decrements pose safety
hazards whereas distance headway increments do not.

e Car-following behaviour is stable. The behaviour is such that if the leading
vehicle changes its speed for some time and then maintains a steady speed, the
following vehicle eventually starts driving at the same speed and at a safe
distance away. That is, although the distance headway and the relative speed
between the vehicles initially vary with time, these values eventually stabilize
at the safe distance headway and zero, respectively. This particular property of
car-following is referred to as local stability.

e Car-following behaviour is such that any perturbations to distance headway
and relative speed (or speed) introduced by the leading vehicle progressively
reduce as they get transmitted upstream in a platoon of vehicles. This implies
that, in a sufficiently long platoon, the perturbation introduced by the lead
vehicle may not be felt at all by the vehicles near the end of the platoon. This
property is referred to as asymptotic stability.

e Since car-following is a human control process, the stable condition reached is
not absolutely stable in the mathematical sense of the word. There is some
small and cyclic variation in the distance headway and speed around their
respective stable positions. This is referred to as drift.

e Another feature which is seen is that the stable speed and the stable distance
headway are not independent of one another—the higher the stable speed, the
greater is the stable distance headway and vice versa. (Note that the same
feature is seen, although at a macroscopic level, in the relation between speed
and density).

o Finally, closing-in and shying-away patterns are observed in car-following
behaviour. If the driver of the following vehicle finds that the distance headway
is ‘large’, then he/she closes in on the leading vehicle irrespective of the actions
of the leading vehicle. On the other hand, if the driver of the following vehicle
finds that the distance headway is ‘small’, then he/she shies away from the
leading vehicle irrespective of the actions of the leading vehicle.

GM model of car-following behaviour

The research team in General Motors, during the 1950s and 1960s [36, 66, 67, 100,
101], developed a difference differential equation based model of car-following. This,
despite some of its obvious shortcomings, remains one of the important models of
car-following. The model, referred to here as the GM model, proposes that drivers of the
following vehicles react by accelerating (or decelerating) to only one stimulus, namely
the rate of change of distance headway (which is relative speed). The extent of reaction,
however, is inversely related to distance headway (implying that as distance headway
increases the effect of the actions of the leading vehicle diminish) and directly related
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to the speed of the following vehicle (implying that if the following vehicle is moving
at a higher speed the driver is more sensitive to the actions of the leading vehicle).
Schematically, the GM model views the car-following behaviour as shown in Figure 4.10.

SENSITIVITY

Stimulus Response
—_— (Function of distance headway and N
(Relative speed speed of the following vehicle) (Acceleration/deceleration rate
at time 1) of the following vehicle at time
t+ Ar)

Figure 4.10 Schematic of the GM model view of the car-following behaviour.

Mathematically, the GM model can be expressed as
0y (%, (2 + AD)"

% (04 A =
+ [, (1) = X, (O]

[x,(®) —x,,1(®] (4.18)

where
¥;(2) is the acceleration/deceleration of the ith vehicle at time ¢
x,;(¢) is the speed of the ith vehicle at time ¢

x;(?) is the distance of the ith vehicle at time ¢ from an arbitrary upstream benchmark point
At is the perception reaction time

O, is a constant (whose units and meaning vary with the choice of ¢ and m).

It can be shown that with the proper choice of value of ¢, m, and ¢ ,, the GM
model does predict a behaviour which is locally and asymptotically stable. However, the
GM model is a precise deterministic model of the human control process and does not
incorporate the inherent vagueness of the human perception and reaction process.
Owing to such deterministic representation, the GM model cannot represent drift in the
stable condition. A much larger problem with the GM model is that it only considers
relative speed (or rate of change of distance headway) as the stimulus, and hence it
cannot model closing-in and shying-away behaviours. Another ramification of this
single stimulus modelling is that the stable distance headway predicted by the GM model
becomes sensitive to the initial conditions (although in reality the stable distance
headway is only dependent on the final speed of the vehicles). This implies that,
although the predictions from Eq. (4.18) may give consistent stable conditions (which
it does) when the perturbations occur while the vehicles are moving under stable
conditions, the predictions of the model are unable to properly describe how the stable
condition is reached from an unstable initial condition. This, it is felt, is a major lacuna
in the GM model. A good overview and critique of the GM model can be found in
Chakroborty and Kikuchi [33].
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However, notwithstanding these problems, the GM model formed a cornerstone
of the theory of traffic sciences. One of the prime reasons for this is that the GM
model under steady-state (or stable) conditions gives rise to various known models of
speed—density relations. Figure 4.11 shows the m and ¢ values for which the GM model
gives rise to the various models of u—k relation discussed in Section 4.3.3. Example 4.4
shows how a macroscopic u—k model can be derived from the GM model of car-
following. Further, Example 4.5 is presented which shows how the GM model can be
used to calculate the reactions of the following vehicle in response to the actions of the
leading vehicle.

Figure 4.11 Schematic showing the mapping between the exponents m and ¢ of the
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GM model and the macroscopic u—k relations.

EXAMPLE 44

Show that with m = 1 and ¢ = 2 the GM model of car-following in the steady state implies

Underwood’s macroscopic u—k relation.

Solution

For m = 1 and ¢ = 2, the GM model takes the form:

Since the stream of traffic is flowing in steady state, there is no change in the system
with time, and hence there is no distinction between time ¢ and time 7 + Ar. Taking

X, @+ A =

azyla‘cnﬂ(t + Ar)

[x, (1) = x4, (D]

(X, (1) = %41 (0]
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%,41(t + At) as the denominator on the LHS and integrating both sides with respect to
t yields

1

— +C
PROEEON

In(x,,,(0) = -0,

where C is the constant of integration.

Noting that (i) at steady state all vehicles are moving at the same speed (say, u) and
at the same spacing (which implies that the reciprocal of (x,(f) — x,,(?)) is equal to
density, k) and (ii) the constant C can be written as In (c), where ¢ is another constant,
we can write the above relation as

In (u/c) = - a2’1k
or

—q, k
u=ce 2.1

Using the boundary condition u = uy when k = 0, we get

-a, k

u = ufe i

From this, and (i) multiplying both sides by k, (ii) using the relation ¢ = uk,
(iii) differentiating both sides with respect to k, and (iv) determining the value of k, at
which g becomes maximum, we get o, ; = 1/k,; thus the final form of the equation becomes

u = ufe_(k/k")

which is the Underwood’s u—k relation.

EXAMPLE 4.5

Simulate the car-following behaviour for the following situation using a system update
(or scan) time of 0.5 s: Two vehicles are moving at an initial speed of 16 m/s and distance
headway of 28 m. At time = 1 s, the lead vehicle (LV) accelerates at 1 m/s? for 2 s; from
time = 3 s, the LV decelerates at — 1 m/s? for 2 s.

Assume (i) perception—reaction time of 1 s, and (ii) GM model of car-following
with m = 0, £ =1, and o = 13 m/s. Based on the simulated data, plot (i) distance
headway versus time, (ii) relative speed versus time, (iii) speed of LV and speed of FV
versus time, and (iv) actions of LV and actions of FV versus time.

Solution

The car-following model to be used here is:

13
[va(t) - xpv(t)]

XFV(I-I-I) = [va(t)_xFV(t)]



78  Principles of Transportation Engineering

or

13
[x,(t—1)—xp, ( —1)]

Xpy (@) = [X y(t=1)—xpy (= D)]

Further, since the system update time is 0.5 s, all the variables such as distances of FV
and LV from an upstream point, speeds of FV and LV, actions of FV and LV, and so on
should be calculated every 0.5 s. Table 4.1 shows all the system variable values
calculated at 0.5 s interval. It is assumed that the upstream benchmark point is where the
FV is at time ¢ = O s. Further, all entries in the table indicate the value of the variable
at the beginning of the interval, and acceleration/deceleration is assumed to remain
constant over the 0.5 s update intervals. Also, the speed x() at time ¢, and the distance
x(z) at time ¢, are calculated using the following equations of motion:

(1) = x(t—0.5)+ %t - 0.5)x0.5
x(1) = x(t — 0.5) + #(r—0.5)x0.5+ 0.5x %(r — 0.5)x 0.5

Table 4.1 Table of values for Example 4.5 on car-following

Time LV FVv Relative Distance
t X(t) x(t) x(f) X(t) x(t) x(6) speed headway
(s) (m/s?) (m/s) (m) (m/s?)  (mis) (m) (m/s) (m)
0 0 16 28 0 16 0 0 28
0.5 0 16 36 0 16 8 0 28

1 1 16 44 0 16 16 0 28
15 1 16.5 52125 0 16 24 0.5 28.125
2 1 17 60.5 0 16 32 1 285
2.5 1 17.5 69.125  0.231 16 40 1.5 29.125
3 -1 18 78 0.456 16.116 48.029  1.884 29.971
35 -1 17.5 86.675 0.670 16.344 56.144  1.156 30.731
4 -1 17 95.5 0.817 16.678 64.399  0.322 31.101
45 -1 16.5 103.875  0.489 17.087 72.841 -0.587 31.034
5 0 16 112 0.134 17.332 81.445 -1.332 30.555
55 0 16 120 —0.246 17.399 90.128 -1.399 29.872
6 0 16 128 —0.567 17.276 98.797 -1.276 29.203
6.5 0 16 136 -0.609 16.993 107.364 —0.993 28.636
7 0 16 144 -0.568 16.688 115784 —0.688 28.216
7.5 0 16 152 —0.451 16.404 124.057 —0.404 27.943
8 0 16 160 -0.317 16.179 132.203 -0.179 27.797
8.5 0 16 168 —0.188 16.020 140.253 -0.020 27.747
9 0 16 176 —0.084 15.926 148.239  0.074 27.761
9.5 0 16 184 -0.010 15.885 156.192  0.115 27.808
10 0 16 192 0.034 15.88 164.133  0.12 27.867

(Contd.)
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Table 4.1 (Contd.)

Time LV FV Relative Distance
t X(t) x(t) x(f) X(t) x(t) x(f) speed headway
(s) (m/s?) (m/s) (m) (m/s?)  (mis) (m) (m/s) (m)

10.5 0 16 200 0.054 15.897 172.077 0.103 27.923
11 0 16 208 0.056 15.924 180.033  0.076 27.967
11.5 0 16 216 0.048 15952 188.002  0.048 27.998
12 0 16 224 0.035 15.976 195984  0.024 28.016
12.5 0 16 232 0.022 15.994 203.976  0.006 28.024
13 0 16 240 0.011 16.005 211.976 -0.005 28.024
13.5 0 16 248 0.003 16.010 219.974 -0.010 28.021
14 0 16 256 —0.002 16.012 227.985 -0.012 28.015
14.5 0 16 264 -0.005 16.011 235.991 -0.011 28.009
15 0 16 272 —0.005 16.008 243.995 -0.008 28.005
15.5 0 16 280 -0.005 16.006 251.999 -0.006 28.001
16 0 16 288 —0.004 16.003 260.001 -0.003 27.999
16.5 0 16 296 —0.003 16.001 268.002 -0.001 27.998
17 0 16 304 -0.001 16 276.002  0.00 27.998
17.5 0 16 312 —0.001 15.999 284.002 0.001 27.998
18 0 16 320 0.00 15.999 292.002 0.001 27.998
18.5 0 16 328 0.00 15.999  300.001 0.001 27.999
19 0 16 336 0.001 15.999  308.001 0.001 27.999
19.5 0 16 344 0.001 15.999 316.000  0.001 28

20 0 16 352 000 16 324 0 28
20.5 0 16 360 000 16 332 0 28

21 0 16 368 000 16 340 0 28
21.5 0 16 376 000 16 348 0 28

22 0 16 384 000 16 356 0 28

Based on the data in Table 4.1, the following graphs are plotted: (i) distance
headway versus time (see Figure 4.12), (ii) relative speed versus time (see Figure 4.13),
(iii) speed of LV and speed of FV versus time (see Figure 4.14), and (iv) actions of LV
and actions of FV versus time (see Figure 4.15). It can be seen from Figure 4.12 how
local stability is achieved (note that constant distance headway implies zero relative
speed). The other figures also highlight the difference in response of FV and the actions
of LV. In all the figures there is a lag between the time the LV acts and the FV acts; this
is due to the perception—reaction time of the FV.

Fuzzy inference model of car-following behaviour

The fuzzy inference model of car-following is originally due to Chakroborty and
Kikuchi [33, 135, 34]. The basic structure of the model is shown in Figure 4.16. As can
be seen from the figure, the fuzzy inference model is multiple-stimuli based and
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Figure 4.12 Distance headway versus time for Example 4.5.
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Figure 4.13 Relative speed versus time for Example 4.5.
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Figure 4.16 Schematic of the structure of the fuzzy inference based model of car-following.

acknowledges the approximate nature of the human control process by modelling the

inference process as a fuzzy inference system. The fuzzy inference system is basically

a set of rules of thumb where both the antecedents and consequents are fuzzy sets.
Examples of rules which constitute the inference system are given below:

Rule Example I

If (at time 7) the distance headway is LARGE and the relative speed is
SMALL NEGATIVE and acceleration of LV is ZERO
Then (at time ¢ + At) the acceleration of FV should be
SMALL POSITIVE.

Rule Example II

If (at time ?) the distance headway is SAFE and the relative speed is
LARGE POSITIVE and acceleration of LV is ZERO
Then (at time ¢ + Ar) the acceleration of FV should be
SMALL POSITIVE.

Rule Example IIT

If (at time f) the distance headway is SMALL and the relative speed is
POSITIVE and acceleration of LV is SMALL NEGATIVE
Then (at time ¢ + Af) the acceleration of FV should be
MODERATELY NEGATIVE.

The fuzzy inference based model has all the properties observed in car-following
behaviour. However, more details of the model are not provided here as it requires
substantial knowledge of the fuzzy inference mechanism. The interested reader may
refer to Zimmermann [270] for an introduction to the topic of fuzzy inference and to the
literature cited above for a detailed description of the fuzzy inference based car-
following model.
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4.3.5 Capacity and Level-of-Service Analysis of Basic Freeway
(Expressway) Sections

Basic freeway section is a section of a roadway where interruptions to traffic flow are
either absent or inconsequential. In this subsection, the capacity of such road-sections
and the level-of-service of traffic streams on such road-sections are discussed. Such
analysis is directly related to the design of road-sections where the interruptions are
intended to be minimal. Before proceeding with the discussion, certain definitions
related to capacity and level-of-service analysis are put forward.

Capacity. This is defined as the maximum number of vehicles that can be expected
to cross a point (or line) on the road in a unit interval of time. Thus, the capacity of a
road-section is the maximum flow g, on the section.

Ideal capacity. This is defined as the maximum number of passenger cars (driven
by drivers familiar to the area) that can be expected to cross a point (or line) on an ideal
road in a unit interval of time. An ideal road-section is one which has ample width (at
least 3.5 m wide lanes), wide-paved shoulders (at least 1.8 m wide) and zero gradient.

Level-of-service, LOS. This can be broadly defined as the prevailing conditions
under which a driver has to drive. LOS is divided into six classes ranging from LOS(A)
through LOS(F). In LOS(A) the driving conditions are the best; traffic is moving in free-
flow conditions, a driver faces absolutely no hindrance from other vehicles on the road,
the driver is able to choose his/her speed, and so on. In LOS(F), on the other hand, the
driving conditions are the worst; traffic is moving in extreme forced-flow conditions,
there are frequent stops, the driver is absolutely constrained by the other vehicles on the
road, the driving is very taxing, and so forth. A complete definition of the different levels
of service can be obtained from either the Indian codes (IRC:64-1990 [83] and
IRC:106-1990 [84]) or the Highway Capacity Manual [103].

Capacity analysis

Figure 4.17(a) shows a traditional theoretical approximation of the u—g relation. The
value of maximum flow ¢, is the capacity. Figure 4.17(b) shows a more modern view
of the theoretical approximation of the u—g relation. Here, the lower-half is marked as
a vague fuzzy area, and no attempt is made to represent this region as a functional
relation between u and ¢. In either case, however, it is quite clear that there exists a speed,
u,, where flow is maximum or reaches its full capacity. The topic of this section is to
understand how to analyze or determine this maximum flow value for a given
expressway section.

It has been seen that the behaviour of drivers changes (i) when the lane widths are
narrow, (ii) when the shoulders are narrow, and (iii) when they are unfamiliar with the
region. Further, the value of ¢, changes when the traffic stream has heavy, slow
moving vehicles.
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Figure 4.17 Approximations to the u—q relation (a) traditional and (b) modern views.

The reason for the behavioural changes in drivers is possibly due to the fact that
under the three conditions mentioned above, drivers are more circumspect either
because of safety concerns or because of the fear of getting lost. Therefore, under these
conditions the speed at which people drive for a given density is lower than the speed
at which people would drive at the same density had the conditions been better or ideal.
This results in a fall in the value of capacity (as capacity is u, X k,).

The reason for the fall in ¢, in the presence of slow moving and heavy vehicles
is twofold: (i) slow moving vehicles have operational problems maintaining the speed
of the traffic stream and tend to cause interruptions and (ii) heavy vehicles also occupy
more space than passenger cars do.

The problem at hand then is to determine (i) the capacity of roads under ideal
conditions and (ii) how the capacity reduces when the actual conditions are different
from the ideal conditions. In the following, the principles of two methods, which are
philosophically similar, are described. The first method, referred to here as the IRC/Old
HCM method describes the principles suggested in the IRC codes (which is close to the
method proposed by the old Highway Capacity Manual [104]). The second method,
referred to here as the New HCM method, is the one proposed in the 1998 version of the
Highway Capacity Manual [103]. Both the methods are empirical in the sense that the
methodology is purely based on observations.

IRC/OLD HCM METHOD

This method, in principle, views capacity ¢ under a given condition as a reduced value
of the capacity under ideal conditions. Hence, ¢ can be expressed as

c=cifwlwh (4.19)
where
c¢; is the ideal capacity in passenger car units per hour
fwiis a factor which modifies the ideal capacity for a non-ideal lane and shoulder
widths (it is less than 1)
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fw is a factor which modifies the ideal capacity due to the presence of non-
passenger cars in the traffic stream (it is generally less than 1).

fp is a factor which depends on the proportion of non-commuting drivers (i.e.
drivers unfamiliar with the area) in the traffic stream. These factors are generally
tabulated in the codes (for example, see HCM [104]) and can be used, given the
prevailing conditions, to obtain the actual capacity ¢ in vehicles per hour.

The IRC codes in this regard (for example, see IRC:64-1990 [83] and IRC:106-1990 [84])
are poorly written codes and provide little or no help in understanding the capacity
calculations under Indian conditions. For example, (i) IRC codes do not provide any
value for capacity of roads, they, however, give volume values representing the
maximum allowable flow at one particular LOS for different types of road classes,
(ii) only for two-lane rural roads they provide the f,, factors, (iii) there is hardly any
documentation on multi-lane facilities, and (iv) they ignore the effect of non-commuters
on capacity. However, the IRC codes do suggest that w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>