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Preface

Traffic and Highway Engineering, Fourth Edition, is designed for students in engi-
neering programs where courses in transportation, highway, or traffic engineering are
offered. In most cases, these courses are taught in the third or fourth year but are also
covered at the graduate level. This book also is designed to serve as a professional
reference. Thus, the objectives of this textbook are: (1) To be a contemporary and
complete text in highway and traffic engineering that can be used primarily at the
undergraduate level. It may be used at the graduate level for courses that emphasize
highway topics. Due to its complete coverage of the material, the textbook is designed
for flexible use in developing a single course or for use in two or more courses. (2) To
serve as a reference for engineers in the highway field and as a study guide for use in
preparing for the professional engineering license exam, review courses, and prepa-
ration for graduate comprehensive exams in transportation engineering.

Since the subject of transportation engineering is a broad one, several approaches
can be used to introduce this topic to students. One approach is to cover all trans-
portation modes—air, highway, pipeline, public, rail, and water—in an overview-type
course. This approach ensures comprehensive coverage but tends to be superficial
with uneven coverage of some modes and can be lacking in depth. A second approach
is to present the subject of transportation by generic elements, such as vehicle and
guideway characteristics, capacity analysis, planning, design, safety, human factors,
administration, finance, system models, information technology, operations, and so
forth. This approach is appealing because each of the modes is considered within a
common context and the similarities between various modes are emphasized. Our
recent textbook, Transportation Infrastructure Engineering: A Multi-Modal Integra-
tion, is based on this concept. A third approach is to emphasize one mode, such as
highways, airports, maritime, transit, or railroads, where the material is specific and
unambiguous and the subject matter can be directly applied in practice. There is con-
siderable pedagogical merit in focusing on one mode, which is followed herein.

Xi
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Preface

This book emphasizes the subject of traffic and highway engineering, which is a
major area within civil engineering. It appeals to students because they can relate
directly to problems created by motor vehicle travel. We believe that this topic is
appropriate within a transportation curriculum or as an introductory transportation
course because it provides an opportunity to present material that is not only useful
to engineering students who may pursue careers in or related to transportation engi-
neering, but is also interesting and challenging to those who intend to work in other
areas. Furthermore, this book can serve as a reference for practicing transportation
engineers and for use by students in graduate courses. Thus, our overall objective is to
provide a way for students to get into the area of transportation engineering, develop
a feel for what it is about, and thereby experience the challenges of the profession.

The text chapters present materials that will help students understand the basis
for transportation, its importance, and the extent to which transportation pervades
our daily lives. The text also provides information about the basic areas in which
transportation engineers work: traffic operations and management, planning, design,
construction, and maintenance. Thus, this book has been categorized into five parts:
Part 1, Introduction (to the profession, its history, systems, and organizations) Part 2,
Traffic Operations; Part 3, Transportation Planning; Part 4, Location, Geometrics,
and Drainage; and Part 5, Materials and Pavements.

The topical division of the book organizes the material so that it may be used in
one or more separate courses. For a single course in transportation engineering,
which is usually offered in the third year where the emphasis is on traffic and highway
aspects, we recommend that material from Parts 1, 2, and 3 (Chapters 1-13) be cov-
ered. For a course in highway engineering, where the emphasis is on highway location,
design, materials, and pavements, we recommend that material from Parts 2, 4, and 5
(Chapters 3 and 14-21) be used. A single introductory course in transportation facil-
ities design could include Chapters 1, 2, 3, 14, 15, 16, 19, and 21.

The book also is appropriate for use in a two-semester sequence in transportation
engineering in which traffic engineering and planning (Chapters 3-13) would be cov-
ered in the first course, and highway design (Chapters 14-21) would be covered in the
second course.

The success of our textbook has been a source of great satisfaction, because we
believe that it has contributed to the better understanding of highway transportation
in all its dimensions. We wish to thank our colleagues and their students for selecting
this book for use in transportation courses taught in colleges and universities
throughout the United States. The fourth edition builds on this experience and the
success of our pedagogic approach, which is to include many examples in each chapter
that illustrate basic concepts, a list of references, a comprehensive problem set at
the end of each chapter (with complete instructor’s manual), an organizational struc-
ture that subdivides the material into logical and easy-to-understand elements, and a
large number of tables and diagrams that augment the text and ensure completeness
of material.

Transportation is a fast-moving field, and the fourth edition reflects many
changes that have occurred since the book was first published in 1988 and the
third edition published in 2002. In the fourth edition, we have added new material
and expanded and updated each chapter to reflect new methods, procedures, and
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technology. The number and variety of homework problems have been increased and
section numbering has been added.

The authors are indebted to many individuals who assisted in reviewing various
chapters and drafts of the original manuscript. We especially wish to thank the
following for their helpful comments and suggestions: Edward Beimborn, David
Boyce, Christian Davis, Michael Demetsky, Richard Gunther, Jerome Hall, Jotin
Khisty, Lydia Kostyniak, Michael Kyte, Winston Lung, Kenneth McGhee, Carl Moni-
smith, Ken O’Connell, Anthony Saka, Robert Smith, Egons Tons, Joseph Wattle-
worth, Hugh Woo, and Robert Wortman.

In the preparation of later editions, we are indebted to many colleagues who pro-
vided helpful comments and suggestions. We also thank several of our colleagues and
students who read specific chapters and suggested new end-of-chapter problems.
Those whom we particularly wish to acknowledge are Maher Alghazzawi, Rakim
Benekohal, Stephen Brich, Bernard Carlson, Stacey Diefenderfer, Brian Diefend-
erfer, Conrad Dudek, Lily Elefteriadou, Thomas Freeman, Ron Gallagher, Alan Ges-
ford, Arkopal Goswami, Jiwan Gupta, Kathleen Hancock, Marvin Hilton, Feng-Bor
Lin, Qun Liu, Yuan Lu, Catherine McGhee, Richard McGinnis, John Miller, Jack
Page, Brian Park, Adel Sadek, Mitsuru Saito, Gerald Seeley, Ed Sullivan, James
Taylor, Joseph Vidunas, Peter Weiss, W. James Wilde, F. Andrew Wolfe, Shaw Yu,
and Yihua Ziong.

We thank Richard Boaz and Michael Zmuda and the Virginia Department of
Transportations Survey & Photogrammetry Section within Location & Design and
the Virginia Transportation Research Council for their help and support. We also
thank Lewis Woodson and Chase Buchannan for responding to our call for new pho-
tographs. The many organizations cited herein that permitted us to include material
from their publication deserve special mention because, without their support, our
book would not have been a reality.

And finally, we wish to thank the reviewers of the fourth edition for their
insightful comments and helpful suggestions: Per Garder, Tom Maze, Thomas Nelson,
Emelinda Parentela, Hamid Soleymani, James Stoner, Rod Turochy, and Erol Tutum-
luer, and to our editors, Jane Carlson and Hilda Gowans, for their help and guidance
in the preparation of this edition.

Nicholas J. Garber
Lester A. Hoel
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Introduction

ransportation is essential for a nation’s development and growth. In both the

public and private sector, opportunities for engineering careers in transportation

are exciting and rewarding. Elements are constantly being added to the world’s
highway, rail, airport, and mass transit systems, and new techniques are being applied
for operating and maintaining the systems safely and economically. Many organiza-
tions and agencies exist to plan, design, build, operate, and maintain the nation’s trans-
portation system.

CHAPTER 1 CHAPTER 2

The Profession of Transportation Transportation Systems and Organizations
Importance of Transportation Developing a Transportation System
Transportation History Modes of Transportation

Transportation Employment Transportation Organizations

Summary Summary

Problems Problems
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CHAPTER 1

The Profession
of Transportation

or as long as the human race has existed, transportation has played a significant

role by facilitating trade, commerce, conquest, and social interaction, while

consuming a considerable portion of time and resources. The primary need
for transportation has been economic, involving personal travel in search of food or
work, travel for the exchange of goods and commodities, exploration, personal
fulfillment, and the improvement of a society or a nation. The movements of people
and goods, which is the basis of transportation, always has been undertaken to accom-
plish those basic objectives or tasks that require transfer from one location to another.
For example, a farmer must transport produce to market, a doctor must see a patient
in the office or in the hospital, and a salesman must visit clients located throughout a
territory. Every day, millions of people leave their homes and travel to a workplace—
be it a factory, office, classroom, or distant city.

1.1 IMPORTANCE OF TRANSPORTATION

Tapping natural resources and markets and maintaining a competitive edge over other
regions and nations are linked closely to the quality of the transportation system. The
speed, cost, and capacity of available transportation have a significant impact on the
economic vitality of an area and the ability to make maximum use of its natural
resources. Examination of most developed and industrialized societies indicates that
they have been noted for high-quality transportation systems and services. Nations
with well-developed maritime systems (such as the British Empire in the 1900s) once
ruled vast colonies located around the globe. In more modern times, countries with
advanced transportation systems—such as in the United States, Canada, Asia, and
Europe—are leaders in industry and commerce. Without the ability to transport man-
ufactured goods and raw materials and without technical know-how, a country is
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unable to maximize the comparative advantage it may have in the form of natural
or human resources. Countries that lack an abundance of natural resources rely
heavily on transportation in order to import raw materials and export manufactured
products.

1.1.1 Transportation and Economic Growth

Good transportation, in and of itself, will not assure success in the marketplace, as the
availability of transportation is a necessary but insufficient condition for economic
growth. However, the absence of supportive transportation services will serve to
limit or hinder the potential for a nation or region to achieve its economic potential.
Thus, if a society expects to develop and grow, it must have a strong internal trans-
portation system consisting of good roads, rail systems, as well as excellent linkages to
the rest of the world by sea and air. Thus, transportation demand is a byproduct
derived from the needs and desires of people to travel or to transfer their goods from
one place to another. It is a necessary condition for human interaction and economic
competitiveness.

The availability of transportation facilities can strongly influence the growth and
development of a region or nation. Good transportation permits the specialization of
industry or commerce, reduces costs for raw materials or manufactured goods, and
increases competition between regions, thus resulting in reduced prices and greater
choices for the consumer. Transportation is also a necessary element of government
services, such as delivering mail, defense, and assisting territories. Throughout his-
tory, transportation systems (such as those that existed in the Roman Empire and
those that now exist in the United States) were developed and built to ensure eco-
nomic development and efficient mobilization in the event of national emergencies.

1.1.2 Social Costs and Benefits of Transportation

The improvement of a region’s economic position by virtue of improved transporta-
tion does not come without costs. Building vast transportation systems requires enor-
mous resources of energy, material, and land. In major cities, transportation can
consume as much as half of all the land area. An aerial view of any major metropolis
will reveal vast acreage used for railroad terminals, airports, parking lots, and free-
ways. Transportation has other negative effects as well. Travel is not without danger;
every mode of transportation brings to mind some major disaster—be it the sinking of
the Titanic, the explosion of the zeppelin Hindenburg, the infrequent but dramatic
passenger air crashes, and highway accidents that each year claim about 40,000 lives
in the United States. In addition, transportation can create noise, spoil the natural
beauty of an area, change the environment, pollute air and water, and consume energy
resources.

Society has indicated a willingness to accept some risk and changes to the natural
environment in order to gain the advantages that result from constructing new trans-
portation systems. Society also values many social benefits brought about by good
transportation. Providing medical and other services to rural areas and enabling
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people to socialize who live some distance apart are just a few examples of the benefits
that transportation provides.

A major task for the modern transportation engineer is to balance society’s need
for fast and efficient transportation with the costs involved. Thus, the most efficient
and cost-effective system is created, while assuring that the environment is not com-
promised or destroyed. In carrying out this task, the transportation engineer must
work closely with the public and elected officials and needs to be aware of modern
engineering practices to ensure that the highest quality transportation systems are
built consistent with available funds and accepted social policy.

1.1.3 Transportation in the United States

Is transportation very important? Why should you study the subject and perhaps con-
sider transportation as a professional career? Many “gee whiz” statistics can be cited
to convince the reader that transportation is vital to a nation, but before doing so, con-
sider how transportation impacts people’s daily lives.

Perusal of a local or national newspaper will inevitably produce one or more arti-
cles on transportation. The story might involve a traffic fatality, road construction
project, the price of gasoline, trends in purchases of motor vehicles, traffic enforce-
ment and road conditions, new laws (such as cell phone use while driving), motor
vehicle license requirements, neighborhood protests regarding road widening or
extensions, proposals to increase road user fees or gasoline taxes to pay for mainte-
nance and construction projects, the need for public transit services, or the debate
over “sprawl” versus “smart growth.” The enormity of transportation can be demon-
strated by calculating the amount of land consumed for transportation facilities, such
as sidewalks, parking lots, roads, driveways, shoulders, and bike paths, which in some
cases can exceed 50 percent of the land area.

The examples cited suggest that transportation issues are largely perceived at
local and state levels where people live. Mayors and governors are elected based on
their promises to improve transportation without (of course) raising taxes! At the
national level, transportation does not reach the “top 10” concerns, and transporta-
tion is rarely mentioned in a presidential address or national debate. At this level,
issues of defense, health care, immigration, voting rights, taxes, and international rela-
tions take center stage. While most Americans probably know the name of the Secre-
tary of State or Defense, few could answer the question, “Who is the Secretary of
Transportation?”

The Transportation Research Board of the National Academies periodically pub-
lishes a list of “critical issues” in transportation which are posted on their Web site.
Among the issues identified are: (1) congestion, (2) emergencies such as terrorism
and natural disasters, (3) energy and the environment, (4) older drivers, (5) vehicle
safety and driver behavior, and (6) relationships between national, state, and local
governmental institutions. Each issue suggests the importance of transportation and
the priorities of concern to the transportation professional community.

The importance of transportation in the United States also can be illustrated by
citing statistics that demonstrate its national and worldwide influence. Extensive data
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are furnished by the Bureau of Transportation Statistics of the U.S. Department of
Transportation and posted on their Web site.

Approximately 18 percent of U.S. household expenditure is related to trans-
portation.

Transportation accounts for about 28 percent of total energy consumption.
Almost 100 percent of the energy utilized for propelling transport vehicles is
derived from petroleum resources.

Over 50 percent of all petroleum products consumed in the United States are for
transportation purposes.

Over 80 percent of eligible drivers are licensed to operate a motor vehicle.

Each person in the Unites States travels an average of 12,000 miles each year.
Over 10 percent of the work force is employed in a transportation-related
activity.

There are almost four million miles of paved roadway, of which 754,000 miles are
used for intercity travel and 46,800 miles are interstate highways.

There are approximately 140,300 miles of freight railroads, 5300 public use air-
ports, 26,000 miles of navigable channels, and 359,000 miles of oil and gas
pipelines.

The Bureau of Transportation Statistics has also provided direct evidence of the

economic importance of transportation services with the following key findings as
quoted from its Web site:

Transportation services contributed about $313 billion (or 5 percent) of the value
generated by the U.S. economy in 1992. This is roughly comparable to the value
added by the wholesale/retail trade industry or the health industry and more than
the individual shares of the agriculture, mining, and computer industries.

Trucking accounts for 65 percent of the total value added by transportation serv-
ices. The biggest contributors are in-house trucking, accounting for 38 percent,
and for-hire trucking, accounting for 27 percent. The next largest contributors are
air transportation and railroads, accounting for 13 percent and 11 percent of the
total value added of transportation services, respectively.

Transportation will continue to play a key role in the economy—even as it shifts
from manufacturing to a focus on services. The provision of services is the largest
and fastest growing sector in the U.S. economy.

1.2 TRANSPORTATION HISTORY

The story of transportation in the United States has been the subject of many books
that have covered a 300-year period and include the development of many separate
modes of transportation. Among the principal topics are travel by foot and horseback,
automobile and truck travel, development of roads and highways, the building of
canals and inland waterways, expansion of the West, construction of railroads, the use
of public transportation (such as bus and metro systems in cities), and the develop-
ment of air transportation.
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1.2.1 An Overview of U.S. Transportation History

In its formative years, the United States was primarily rural, with a population of
about four million in the late 1700s. Only about 200,000 persons or 5 percent of the
population lived in cities; the remainder inhabited rural areas and small communities.
That pattern remained until the early 1900s. During the twentieth century, the urban
population continued to increase such that at present over 75 percent of the U.S.
population lives in urban or suburban areas. Large cities have been declining in pop-
ulation, and increases have occurred in suburban and rural areas. These changes have
a significant impact on the need for highway transportation.

Early Road Building and Planning

During the eighteenth century, travel was by horseback or in animal-drawn vehicles
on dirt roads. As the nation expanded westward, roads were built to accommodate the
settlers. In 1794, the Lancaster Turnpike, the first toll road, was built to connect the
Pennsylvania cities of Lancaster and Philadelphia. The nineteenth century brought
further expansion of U.S. territorial boundaries, and the population increased from
three million to 76 million. Transportation continued to expand with the nation. The
remainder of the nineteenth century saw considerable activity, particularly in canal
and railroad building.

The Canal Boom

An era of canal construction began in the 1820s when the Erie Canal was completed
in 1825 and other inland waterways were constructed. Beginning in the 1830s, this
efficient means of transporting goods was replaced by the railroads, which were being
developed at the same time. By 1840, the number of miles of canals and railroads was
approximately equal (3200 mi), but railroads, which could be constructed almost any-
where in this vast, undeveloped land at a much lower cost, superseded canals as a form
of intercity transportation. Thus, after a short-lived period of intense activity, the era
of canal construction came to an end.

The Railroad Era

The railroad was the emerging mode of transportation during the second half of the
nineteenth century, as railway lines were spanning the entire continent. Railroads
dominated intercity passenger and freight transportation from the late 1800s to the
early 1920s. Railroad passenger transportation enjoyed a resurgence during World
War II but has steadily declined since then, owing to the competitiveness of the auto-
mobile. Freight rail was consolidated and remains viable. Railroad mileage reached
its peak of about 265,000 miles by 1915.

Transportation in Cities

Each decade has seen continuous population growth within cities, and with it, the
demand for improvements in urban transportation systems has increased. City trans-
portation began with horse-drawn carriages on city streets; these later traveled on steel
tracks. They were succeeded by cable cars, electric streetcars, underground electrified
railroads, and bus transportation. City travel by public transit has been replaced
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largely by the use of automobiles on urban highways, although rail rapid transit and
light rail systems have been built in many large and medium-sized cities since the 1970s.

The Automobile and Interstate Highways

The invention and development of the automobile created a revolution in trans-
portation in the United States during the twentieth century. No facet of American life
has been untouched by this invention; the automobile (together with the airplane)
has changed the way we travel within and between cities. Only four automobiles were
produced in 1895. By 1901, there were 8000 registered vehicles and by 1910, over
450,000 cars and trucks. Between 1900 and 1910, 50,000 miles of surfaced roads were
constructed, but major highway-building programs did not begin in earnest until the
late 1920s. By 1920, more people traveled by private automobile than by rail trans-
portation. By 1930, 23 million passenger cars and three million trucks were registered.
In 1956, Congress authorized a 42,500-mile interstate highway network, which is now
completed.

The Birth of Aviation

Aviation was in its infancy at the beginning of the twentieth century with the Wright
brothers’ first flight taking place in 1903. Both World Wars I and II were catalysts
in the development of air transportation. The carrying of mail by air provided a
reason for government support of this new industry. Commercial airline passenger
service began to grow, and by the mid-1930s, coast-to-coast service was available.
After World War 11, the expansion of air transportation was phenomenal. The tech-
nological breakthroughs that developed during the war (coupled with the training of
pilots) created a new industry that replaced both ocean-going steamships and pas-
senger railroads. A summary of the historical highlights of transportation develop-
ment is shown in Table 1.1.

1.2.2 Evolution of America's Highways

To commemorate the 200th anniversary of the signing of the Declaration of Indepen-
dence in 1776, the Federal Highway Administration published a landmark commem-
orative volume titled America’s Highways that described the evolution of the federal
government’s involvement in roads that culminated with the establishment of the U.S.
Bureau of Public Roads and its successor, the Federal Highway Administration. The
book follows the major milestones in highway transportation, beginning with the colo-
nial period and early settlement when roads were unpaved, impassable, with few
bridges to span streams and rivers, and horse paths were unsuited for wheeled vehi-
cles. It concludes with the growth of motor vehicle transportation in the twentieth
century and its impact on highway transportation. The following sections summarize
this evolutionary journey.

Turnpikes and Canals

In the eighteenth and nineteenth centuries, surface transportation improvements
were focused on improving both roads and inland waterways, as together they com-
prised the internal network of transportation for a new nation led by its first president,
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Significant Events in Transportation History

1794: First toll road, the Lancaster Turnpike, is
completed.

1807: Robert Fulton demonstrates a steamboat on
the Hudson River. Within several years, steam-
boats are operating along the East Coast, on the
Great Lakes, and on many major rivers.

1808: Secretary of Treasury Albert Gallatin recom-
mends a federal transportation plan to Congress,
but it is not adopted.

1825: Erie Canal is completed.

1830: Operations begin on Baltimore and Ohio
Railroad, first railroad constructed for general
transportation purposes.

1838: Steamship service on the Atlantic Ocean
begins.

1857: First passenger elevator in the United States
begins operation, presaging high-density urban
development.

1865: First successful petroleum pipeline is laid,
between a producing field and a railroad terminal
point in western Pennsylvania.

1866: Bicycles are introduced in the United States.

1869: Completion of first transcontinental railroad.

1887: First daily railroad service from coast to coast.

1888: Frank Sprague introduces the first regular
electric streetcar service in Richmond, Va.

1903: The Wright brothers fly first airplane120 ft at
Kitty Hawk, N.C.
1914: Panama Canal opens for traffic.

1915-18: Inland waters and U.S. merchant fleet
play prominent roles in World War I freight
movement.

1916: Interurban electric-rail mileage reaches a
peak of 15,580 mi.

1919: U.S. Navy and Coast Guard crew crosses the
Atlantic in a flying boat.

1927: Charles Lindbergh flies solo from New York
to Paris.

1956: Construction of the 42,500-mile Interstate and
Defense Highway System begins.

1959: St. Lawrence Seaway is completed, opening
the nation’ fourth seacoast.

1961: Manned spaceflight begins.

1967: U.S. Department of Transportation is
established.

1969: Men land on moon and return.

1972: San Francisco’s Bay Area Rapid Transit
System is completed.

1981: Space shuttle Columbia orbits and lands
safely.

1991: The Interstate highway system is essentially
complete.

1992: Intelligent transportation systems (ITS)
usher in a new era of research and development
in transportation.

1995: A 161,000-mile National Highway System
(NHS) is approved.

1998: Electric vehicles are introduced as an alterna-
tive to internal combustion engines.

2000: A new millennium ushers in a transportation-
information technology revolution.

2005: Energy-efficient autos as hybrid vehicles
gain in popularity and ethanol production
increases.

George Washington, who had been elected in 1789. Federal interest and support for
“internal improvements” was limited, as these functions were seen as the purview of
states. The earliest attempt by a state government to develop a plan to build roads and
canals was in Pennsylvania, when the legislature authorized private companies to
build and maintain roads and canals and collect tolls that would cover costs and yield
a profit for its investors—a practice still prevalent in the nineteenth and early twen-
tieth century. (This method of financing was rejected for the U.S. Interstate Highway
System, but recent trends have been moving toward this earlier financing model as
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states are turning to the private sector for “partners” to own, build, and maintain state
highways.)

In 1791, the Philadelphia and Lancaster Turnpike Road Company was formed,
having been granted a charter to build a 62-mile highway that would include a 20-ft
hard surface and a 50-ft right-of-way with grades not to exceed 7 percent. The road,
designed by the well-known Scottish road builder John Loudon McAdam, was com-
pleted in three years and served the travel needs of horse-drawn coaches and freight-
carrying wagons. The road served as a model for similar toll roads constructed in East
Coast states connecting cities and towns. The Lancaster “Pike” was so named because
the toll gate was similar to a pivoted lancer’ pike. It proved to be a success, yielding
up to a 15 percent annual return on investment. It was later extended across the state
to Pittsburgh.

Spurred on by the success of the Philadelphia and Lancaster Road, a “turnpike
building frenzy” ensued with construction in Connecticut, New York, Maryland, and
Virginia. By 1850, thousands of miles of turnpikes were in existence. Not many were
as successful as the Lancaster Pike, and eventually there were failures due to low
traffic demand and competition from canals and railroads. (Similar experiences were
noted in the twentieth century where many toll roads went bankrupt due to competi-
tion from free roads and other modes.)

The 1800s were a dark period for roads because other modes were dominant and
vehicle technology had not changed since the time of the Roman Empire. Accordingly,
animal and wind power continued to be the means of propulsion. Since the United
States had an extensive system of rivers and lakes, it was logical that water navigation
was a priority, and the building of canals would be a natural enhancement. Then in
1830, the “iron horse” appeared on the scene, and for the next 100 years, the railroad
would dominate. Railroads initially appeared in Europe and were horse drawn. They
too were regarded as “public highways” with little to offer other than serving as short
extensions from quarries to rivers as roads and canals were already in place.

The most extensive and successful of all canal projects was the Erie Canal,
a 365-mile connection between the Hudson River in New York and Lake Erie, Penn-
sylvania. Construction began in 1817 and was completed in 1825. It had a trapezoidal
cross section 40 ft wide at the top and 28 ft at the bottom, and it had a uniform depth
of 4 ft. The canal ascended and descended a height of 675 ft through 83 separate locks.
Eighteen aqueducts spanned rivers, and numerous bridges connected roads on oppo-
site sides of the canal. Since the profession of civil engineering had yet to be estab-
lished, this project became known as the first school of civil engineering in the United
States. The canal was profitable, convincing other states to undertake similar projects.
However, most were not “money-makers” for their investors, and eventually canals
were largely extinct.

A National Plan and a National Road

In the eighteenth and nineteenth centuries, sources of revenue for highways and
canals included tolls, state and local taxes, and donated labor, while the federal gov-
ernment played a small (albeit important) role. The first act of Congress to support
road building occurred in 1796. This authorized Colonel Ebenezer Zane (1741 to
1811) to build a 320-mile post road (called Zane’s Trace) through the northwest
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territory (now Ohio) between Wheeling, Virginia, (which became West Virginia in
1863) to Limestone (now Maysville), Kentucky. The road was primitive, following
Native American trails, but it was to serve as a mail route and later was widened for
wagon travel. It became part of the National Road in 1825. The federal government did
not pay for the road but permitted Colonel Zane to purchase selected tracts of land
where the road crossed three major rivers. Unfortunately, this small beginning of fed-
eralinvolvementin early road development was to have little influence on future events.

During the administration of President Thomas Jefferson (1801 to 1809), two
events of major significance occurred that had an impact on road and canal building.
The first was the completion of the Gallatin Report on internal improvements, and
the second was the authorization of the Cumberland Road.

Secretary of the Treasury Albert Gallatin, at the request of the U.S. Senate, pre-
pared the first national transportation inventory in 1807. The report, titled “Roads,
Canals, Harbors and Rivers,” was submitted to Congress on April 4, 1808. The docu-
ment contained a detailed program of “internal improvements” intended to increase
the wealth of this undeveloped nation, as had occurred in France and England. The
proposed 10-year program contained projects totaling $20 million and was to be
financed by the federal government. This bold plan was fiercely debated in congress
but was not completed in time to be acted upon by President Jefferson. Rather, the
bill reached the desk of President James Madison (1809 to 1817), who vetoed it on the
grounds that direct federal support for internal improvements was unconstitutional as
these matters were to be dealt with by the states. Gallatin earlier had proposed that
the states use a portion of federal land sales for building roads, and some states did
adopt this funding mechanism.

The Cumberland Road (later known as the National Road) is the first example of
federal aid for a major road project in the United States. On March 29, 1806, Presi-
dent Thomas Jefferson signed a bill authorizing the construction of a 125-mile road
from Cumberland, Maryland, to Wheeling, Virginia, on the Ohio River. Road con-
struction began in 1811, and the project was completed in 1818. In 1820, Congress
appropriated additional funds to extend the road to the banks of the Mississippi River.
Appropriations continued until 1838, and construction ceased in 1840 at Vandalia,
Illinois. The National Road, now about 750 miles in length, was poised to open the
western territories for settlement. However, this was not to be, when the federal gov-
ernment ceded the road to those states through which it traversed, and soon after rail-
roads were constructed—further sealing its fate.

The Demise of Federal Support for Roads

Another blow for federal support for road building was struck by President Andrew
Jackson (1829 to 1837), who vetoed a bill that would have allowed the Secretary of the
Treasury to purchase $150,000 in shares to help build a 65-mile turnpike from
Maysville to Louisville in Kentucky. His veto was based on the continuing belief
by U.S. presidents that since “internal improvements” were not specified in the Con-
stitution as a federal responsibility, he could not sign the bill. Jackson’s decision effec-
tively ended attempts to secure federal funds for roads. The Maysville Turnpike was
eventually completed with the support of state and private funds and was used as a
mail route by the government.
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In subsequent years, with the exception of the National Road, the responsibility
for building toll roads fell to the states and private investors. Military roads were built
during this period—most of them in the territories—and consisted primarily of clear-
ings for wagon wheels. The total mileage of military roads was about 21,000, and they
often served as the sole routes available to settlers moving westward. Following the
Civil War (1860 to 65), there was a reversal in federal policy that provided significant
support to a new and emerging technology that would open the west to development
and span the continent. The railroad era was about to begin.

Steamboats and Railroads
A “golden age” of transportation was to emerge in the nineteenth century, thanks to the
genius of James Watt (1736 to 1819), a Scottish inventor and engineer who, with his
partner Matthew Bolton (1728t01809),perfectedand producedthe steamengine. Steam
engines originally were used to pump water from tin and copper mines and for spinning
and weaving. Later, they were adapted to propel marine vessels and steam locomotives.
The introduction of the first successful steamboat in 1807 is credited to Robert
Fulton (1765 to 1815) who, with his partner Robert Livingston (1746 to 1813), used
a 20-horsepower Watt and Bolton steam engine to propel a 133-ft long passenger
vessel. The Clermont (Figure 1.1) left New York City for Albany, New York, on a
150-mile journey up the Hudson River, arriving safely after 30 hours. This demonstra-
tion proved the viability of steamboat travel on rivers and lakes, and thus, steamboats
became instrumental in opening the West for settlement during the first half of the
nineteenth century. By 1859, 2000 steamboats plied the Mississippi and its tributaries.
The federal government subsidized inland waterway transportation, primarily on the
Ohio and Mississippi Rivers, the Great Lakes, and coastal ports. However, by 1850,
it was increasingly clear that the railroad was the dominant mode compared to water-
ways and turnpikes because it was faster, cheaper, and more adaptable.

Figure 1.1 The Clermont—1807

SOURCE: Courtesy of the Library of Congress, LC-USZ62-110382
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During the 10 years prior to the Civil War, railroad construction was widespread,
with entrepreneurs and financiers seeking to gain fortunes while meeting a growing
demand for rail connections between towns, villages, lakes, and seaports. To
encourage railroad expansion westward, the federal government provided land grants
to railroads totaling over 3.7 million acres. Rail lines were built without a system-wide
plan, and the result was a plethora of unconnected short lines with varying track
gauges. Later, many of these lines would form the basis for a system-wide network
connecting major cities, all with a common track gauge of 4ft 8.5in. At the time of the
Civil War, two-thirds of all railroad mileage was in the Northern states—an advantage
that proved increasingly significant as the war progressed. After hostilities ended,
railroads expanded rapidly, (Figure 1.2) paralleling rivers and canals and heading
inland and westward. Fierce competition ensued between steam packet ships and the

Figure 1.2 Workmen Repairing Railroad Track—1895

SOURCE: Jackson, William Henry, 1843-1942. World’s Transportation Commission photograph collection,
Library of Congress, LC-W7-637
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railroads in a brutal and unregulated environment leading to the demise of waterways
for moving freight and the dominance of railroads for moving freight and passengers.
Additional land grants totaling 36.5 million acres were given to 50 railroads to
encourage expansion westward. Eventually, four transcontinental railroads were
completed (the first in 1869) with all liberally subsidized by generous federal land
grants. This frenzy of railroad construction during the last half of the nineteenth cen-
tury had produced approximately 260,000 miles of railroad track as the nation entered
the twentieth century.

The Automobile and Resurgence of Highways

Highway transportation remained primitive and unchanged during the nineteenth
century, as railroads dominated the landscape. Long-distance freight and stagecoach
companies had been driven out of business, and toll road revenues continued to
decline. Even though this “dark age” of roads seemed to be unending, over 1.5 million
miles of rural roads were built—most composed of natural soil or stones that could be
muddy in rainy seasons and dusty in dry ones. Rural roads were paid for and main-
tained by local citizens through property taxes, land donations, and donated labor. In
cities and towns, the transportation situation was considerably better, as streets were
paved with granite blocks, and public transit was introduced by 1880. Electric or cable
streetcars (Figure 1.3) were common by the turn of the century.

The introduction of bicycles in the United States occurred as early as 1817 but
became practical for the general public to use with the introduction of a “safety
bicycle” using two wheels of equal size and pneumatic tires. Bicycle riding became a
popular pastime, and many “wheel clubs” were formed and later followed by a
national organization called the League of American Wheelmen. This organization is
still in existence as the League of American Bicyclists, representing a growing
demand for improved bicycle facilities. (See Figure 1.4.)

To their dismay, the new bicycle owners were soon to discover that a ride into the
country was nearly impossible to complete due to the poor quality of roads, as many
were rutted, uneven, and lacked bridge links over streams and rivers. Thus was formed
the first “highway lobby” seeking to influence the building of “good roads.” A Good
Roads Association was formed in 1891 in Missouri with similar organizations to
follow in other states. Ironically, an ally in this movement were the railroads them-
selves, who believed that if roads were improved, access to rail stations would be
easier, thus increasing their market. Rail cars were outfitted with exhibits to demon-
strate the benefits of “good roads” and how they should be built. These trains traveled
throughout the nation stopping at cities, towns, and villages, convincing citizens and
politicians alike that it was time for the nation to begin investing in roads. Thus, “good
road” trains roamed the nation proclaiming the benefits of a transport mode that by
the end of the twentieth century would contribute to its own demise.

The introduction of a successful and practical gasoline-powered vehicle was the
result of inventions by Gottlieb Daimler in 1885 and Karl Benz in 1886 and sparked a
fury of innovation that culminated in a vehicle design that could be mass produced.
The Ford Model T transformed the automobile market from that of a “rich man’ toy”
to “everyman’s transport.” The Ford Motor Company, led by Henry Ford, began to
mass-produce cars selling for $950, and production of this model (available in all
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colors as long as they were black) totaled 15.5 million by the time production ceased
in 1927 (see Figure 1.5). Not to be outdone, other manufacturers followed suit and an
orgy of auto building began such that by 1921 there were 10.5 million registered vehi-
cles in the U.S.

The next 50 years would witness a transformation in highways, from largely
unpaved rural roads to an impressive network of rural and urban highways, despite an

Figure 1.3 Cable Car in Tacoma, Washington—1906

SOURCE: Courtesy of the Library of Congress, LC-USZ6-173
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Figure 1.4 Bicycling on the Golden Gate Bridge

SOURCE: www.pedbikeimages.org/Annie Lux

economic depression (1929 to 39) and World War II (1941 to 45). However, along with
the mobility offered by automobiles (and later trucks) came traffic congestion, traffic
fatalities, and diminished environmental quality. In 1956, highway construction
entered a new era with the authorization of a 42,500 mile National Interstate Highway
System, which when completed at the end of the twentieth century would total
47,800 miles, and change the way people lived and traveled. Thus, the highway revo-
lution (which began with the invention of the internal combustion engine in 1885 and
its mass production in 1908 coupled with the introduction of “heavier than air” flight
in 1903), dominated travel and reduced the role of rail and water transportation.
Looking ahead: Is it prudent to expect that things will remain as they have in the past
or will history be the prologue for future changes in transportation?

1.3 TRANSPORTATION EMPLOYMENT

Employment opportunities exist in several areas of transportation, including business
logistics or supply chain management, vehicle design and manufacture, provision of
services related to transportation, and the provision of the infrastructure required if
vehicles are to function as intended.


www.pedbikeimages.org/AnnieLux
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Figure 1.5 Parked Automobiles—1920

SOURCE: Library of Congress, Prints and Photographs Division, Theodor Horydczak Collection, LC-H823-
Vol-004

1.3.1 Logistics and Supply-Chain Management

The physical-distribution aspect of transportation, known as business logistics
or physical-distribution management, is concerned with the movement and storage
of freight between the primary source of raw materials and the location of the finished
manufactured product. Logistics is the process of planning, implementing, and con-
trolling the efficient and effective flow and storage of goods, services, and related
information from origination to consumption as required by the customer. An ex-
pansion of the logistics concept is called supply-chain management: a process that
coordinates the product, information, and cash flows to maximize consumption satis-
faction and minimize organization costs.

1.3.2 Vehicle Design and Transportation Services

Vehicle design and manufacture is a major industry in the United States and involves
the application of mechanical, electrical, and aerospace engineering skills as well as
those of technically trained mechanics and workers in other trades.
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The service sector provides jobs for vehicle drivers, maintenance people, flight
attendants, train conductors, and other necessary support personnel. Other profes-
sionals, such as lawyers, economists, social scientists, and ecologists, also work in the
transportation fields when their skills are required to draft legislation, to facilitate
right-of-way acquisition, or to study and measure the impacts of transportation on the
economy, society, and the environment.

1.3.3 Transportation Infrastructure Services

Although a transportation system requires many skills and provides a wide variety of
job opportunities, the primary opportunities for civil engineers are in the area of
transportation infrastructure. In this role, they are responsible primarily for the plan-
ning, design, construction, operation, and maintenance of the transportation system
within the United States. The transportation engineer is the professional who is con-
cerned with the planning, design, construction, operations, and management of a
transportation system, as illustrated in Figure 1.6. Transportation professionals must
make critical decisions about the system that will affect the thousands of people who
use it. The work depends on the results of experience and research and is challenging
and ever changing as new needs emerge and new technologies replace those of the
past. The challenge of the transportation engineering profession is to assist society in
selecting the appropriate transportation system consistent with its economic develop-
ment, resources, and goals, and to construct and manage the system in a safe and
efficient manner. It is the engineer’s responsibility to ensure that the system functions
efficiently from an economic point of view, and that it meets external requirements
concerning energy, air quality, safety, congestion, noise, and land use.

1.3.4 Specialties within Transportation Infrastructure Engineering

Transportation engineers are typically employed by the agency responsible for
building and maintaining a transportation system, such as the federal, state, or local
government, a railroad, or a transit authority. They also work for consulting firms that
carry out the planning and engineering tasks for these organizations. During the past
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Figure 1.6 The Profession of Transportation Engineering
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century, transportation engineers have been employed to build the nation’ railroads,
the interstate highway system, and rapid transit systems in major cities, airports, and
turnpikes. Each decade has seen a new national need for improved transportation
services.

It can be expected that in the twenty-first century, heavy emphasis will be placed
on the rehabilitation of the highway system, including its surfaces and bridges, as well
as on devising a means to ensure improved safety and utilization of the existing system
through traffic control, information technology, and systems management. Highway
construction will be required, particularly in suburban areas. Building of roads, high-
ways, airports, and transit systems is likely to accelerate in less-developed countries,
and the transportation engineer will be called on to furnish the services necessary to
plan, design, build, and operate highway systems throughout the world. Each of the
specialties within the transportation infrastructure engineering field is described next.

Transportation Planning

Transportation planning deals with the selection of projects for design and construc-
tion. The transportation planner begins by defining the problem, gathering and ana-
lyzing data, and evaluating various alternative solutions. Also involved in the process
are forecasts of future traffic; estimates of the impact of the facility on land use, the
environment, and the community; and determination of the benefits and costs that
will result if the project is built. The transportation planner investigates the physical
feasibility of a project and makes comparisons between various alternatives to deter-
mine which one will accomplish the task at the lowest cost—consistent with other cri-
teria and constraints.

A transportation planner must be familiar with engineering economics and other
means of evaluating alternative systems, be knowledgeable in statistics and data-
gathering techniques, as well as in computer applications for data analysis and travel
forecasting, and be able to communicate with the public and policy makers.

Transportation Infrastructure Design

Transportation design involves the specification of all features of the transportation
system to assure that it will function smoothly, efficiently, and in accord with physical
laws of nature. The design process results in a set of detailed plans that can be used
for estimating the facility costs and for carrying out its construction. For highway
design, the process involves the selection of dimensions for all geometrical features,
such as the longitudinal profile, vertical curves and elevations, the highway cross sec-
tion, pavement widths, shoulders, rights-of-way, drainage ditches, and fencing. The
design processes also include the pavement and structural requirements for base
courses and the concrete or asphalt surface material. Highway design also includes
bridges and drainage structures as well as provision for traffic control devices, road-
side rest areas, and landscaping. The highway designer must be proficient in civil engi-
neering subjects (such as soil mechanics, hydraulics, land surveying, pavement design,
and structural design), and is concerned primarily with the geometric layout of the
road, its cross section, paving materials, roadway thickness, and traffic-control
devices. Special appurtenances (such as highway bridges and drainage structures) are
usually designed by specialists in these areas.
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Highway Construction

Highway construction involves all aspects of the building process beginning with
clearing of the native soil, preparation of the surface, placement of the pavement
material, and preparation of the final roadway for use by traffic. Highways initially
were built with manual labor assisted by horse-drawn equipment for grading and
moving materials. Today, modern construction equipment is used for clearing the site,
grading the surface, compaction of the pavement base courses, transporting materials,
and placing the final highway pavement. Advances in construction equipment have
made the rapid building of large highway sections possible. Nuclear devices test com-
paction of soil and base courses, Global Positioning Systems (GPS) and Geographic
Information Systems (GIS) are used to establish line and grade, and specialized
equipment for handling concrete and bridge work are all innovations in the construc-
tion industry. Large, automatically controlled mix plants have been constructed, and
new techniques for improving durability of structures and the substitutions for scarce
materials have been developed.

Traffic Operations and Management

The operation of the nation’s highway system is the responsibility of the traffic engi-
neer. Traffic engineering involves the integration of vehicle, driver, and pedestrian
characteristics to improve the safety and capacity of streets and highways. All aspects
of the transportation system are included after the street or highway has been
constructed and opened for operation. Among the elements of concern are traffic
accident analyses, parking, and loading, design of terminal facilities, traffic signs,
markings, signals, speed regulation, and highway lighting. The traffic engineer works
to improve traffic flow and safety, using engineering methods and information tech-
nology to make decisions that are supported by enforcement and education. Traffic
engineers work directly for municipalities, county governments, and private con-
sulting firms.

Maintenance Operations and Management

Highway maintenance involves all the work necessary to ensure that the highway
system is kept in proper working order. Maintenance includes pavement patching,
repair, and other actions necessary to ensure that the roadway pavement is at a
desired level of serviceability. Maintenance management involves record keeping and
data analysis regarding work activities, project needs, and maintenance activities to
assure that the work is carried out in the most economical manner. Scheduling work
crews, replacing worn or damaged signs, and repairing damaged roadway sections are
important elements of maintenance management. The work of the civil engineer in
the area of maintenance involves the redesign of existing highway sections, economic
evaluation of maintenance programs, testing of new products, and scheduling of man-
power to minimize delay and cost. The maintenance engineer must also maintain an
inventory of traffic signs and markings and ensure that they are in good condition.

1.3.5 Professional Challenges in Transportation Engineering

What will be the challenges for the transportation engineer whose career can be
expected to encompass the better part of the twenty-first century? How can these
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challenges be addressed, and what are the necessary attributes and skills that will be
needed? The answers to these questions have many facets and will require continued
renewal of knowledge and experience through life-long learning and participation in
professional society activities. Since transportation is a complex, multidimensional,
and interactive system, the transportation engineer will need an arsenal of resources
to respond to the many situations that can be expected. This section identifies some
of the likely major challenges that will be faced and suggests the kinds of skills and
abilities that should prove valuable.

The principal challenge will be to meet the expectation of the public that trans-
portation will be efficient, effective, long lasting, and safe. Meeting this expectation is
no small feat and requires extensive knowledge and experience regarding human
behavior, systems performance, and technology. Transportation systems are not pro-
duced on an assembly line, and they cannot be easily discarded for something better.
When introduced into service, careful integration within an existing environment is
required. Transportation projects are unique and are “one-of-a-kind” that require
many years to complete—for example, 50 years were devoted to the construction of
the Interstate Highway System. A typical highway project requires 5 to 20 years from
start to finish.

Transportation engineers are required to possess a long-term vision of the future.
They must remain steadfast, patient, and persistent in guiding a transportation project
to completion. The transportation engineer works in an environment where change is
gradual and sometimes imperceptible. To illustrate using an example from history, a
major milestone in transportation occurred when the Wright brothers assembled a
heavier than air machine in 1903 and demonstrated that it could fly under its own
power. Almost a quarter of a century transpired before this “flying machine” trans-
ported a single person across the Atlantic from New York to Paris.

A related challenge for transportation engineers is to understand how innovation
and new technology can be used to transport people and goods in new and different
ways. Were it not for the inventive spirit of transportation pioneers, such as Robert
Fulton in 1807 and Henry Ford in 1903, today’s modern transportation systems would
not exist. Yet another innovation with profound consequences for public transporta-
tion was the use of iron wheels on iron rails. Prior to this innovation, the “old way”
relied on wheels in contact with the pavement that was usually uneven or more likely
nonexistent. With this new innovation—the street railway—travel became faster,
smoother, and more comfortable—with less energy required to pull the trams, first by
horses, then steam engines and cables, and ultimately by electric motors. The new
idea had successfully competed with the “old way” and beaten it at its own game.

Technological innovation can be expected to accelerate in the twenty-first
century. Thus, the challenge for the transportation engineer will be to distinguish
between technology with solutions that are looking for a problem and solutions that
successfully compete with the old way at its own game. To illustrate, monorail transit
has been promoted as a futuristic answer to urban congestion. The results have proven
otherwise, and consequently, it remains a perennial answer to tomorrow’s transporta-
tion problems. In contrast, when railroads appeared in the 1830s, canals were the
dominant mode. Many of the early railroads were built parallel to canal tow paths and
soon demonstrated that they could beat the competition at its own game. Modern
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examples of two competing technologies are automated highways and automated toll
collection. Automated highways with driverless vehicles have been proposed as a way
to increase speed and capacity while increasing safety. However, it has been shown
that this concept is impractical, unworkable, and unlikely for at least the next 50 years.
On the other hand, automated toll collection has been successfully introduced as a
substitute for manual collection with positive results that have demonstrated that this
is an idea whose time has come.

Another important challenge for transportation engineers is to be a good steward
of people’s investment in transportation. To do so requires attention to designs that
are appropriate, cost effective, and economical. Attention to maintenance is essential.
Civil engineering is the professional discipline that seeks to harness nature in a cost-
effective manner for the benefit of society. In the twenty-first century, with limited
budgets and competition for the use of public funds, the existing system must be man-
aged while prudently adding capacity.

Transportation engineers produce a product that is highly visible. The system is
paid for by taxes and user fees and serves every segment of society. Accordingly,
another major challenge is to deal with the public and their representatives at the
local, state, and national level. To adequately respond to citizen and political con-
cerns, the transportation engineer must be a technical expert and have the requisite
communication skills to clearly explain ideas and concepts. Communication involves
two elements, speaking and writing. Speaking skills are gained by preparation,
practice, and experience. Writing skills can be improved through practice in class
assignments, personal communications, as well as by reading well-written books and
articles.

Transportation engineers also must learn to be good listeners, especially under
trying and tense conditions. They are often confronted by opponents who voice objec-
tions because of their belief that proposals may negatively impact their lives or prop-
erty. Transportation engineers face hostile audiences more often than supportive ones.
Citizens who are not affected by a project demonstrate little interest or support. No
one wants highway noise and congestion near their home and consequently, opponents
are categorized as NIMBYs, meaning, “not in my back yard.” Such groups deserve a
fair and complete hearing and attempts at mitigation should be made when possible.
The key challenge for transportation engineers is to convincingly and honestly com-
municate the project’s need, importance, and design location when challenged.

A constant challenge for transportation engineers is to deal ethically and fairly
with everyone involved in a transportation project, including contractors, suppliers,
real estate developers, funding agencies, construction and maintenance workers,
and fellow employees. Ethics is a broad topic that can be summed up simply as “doing
what is right within the context of the situation.” To be ethical, one must be honest,
trustworthy, dependable, fair, even-handed, loyal, and compassionate. Ethical persons
refrain from slander, fraud, and malicious activities. For example, a transportation
engineer who withholds an alternate plan/design concept for inspection by the public
because it is not favored by the agency is acting unethically. Ethics involves sharing
credit with others for work done as a team effort and not taking credit for the work
of others. It involves treating subordinates and colleagues with respect and free
of bias.
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When planning transportation projects, ethics implies evaluating cost and
benefits in an objective manner and disclosing the underlying assumptions of the
analysis. Ethics requires that transportation engineers wrestle with thorny issues, such
as who is being served with improved mobility and safety. For example: Do subway
systems or high occupancy toll (HOT) lanes benefit suburban commuters who own
automobiles while neglecting the inner-city poor who cannot afford to purchase an
automobile and depend solely on public transit for their economic survival? Should
highway funds be used to reduce truck traffic and congestion on interstate highways
or should resources be devoted to local and rural tourist routes near historic and
scenic destinations?

In summary, if transportation engineers are to meet the challenges of the twenty-
first century, they will require technical knowledge and judgment as well as emotional
intelligence. Good technical judgment is based on personal behavior and work expe-
rience and includes persistence, high performance standards, emphasis on quality,
a sense of priorities, and adaptability to change. Emotional intelligence reflects the
ability to deal with others by being supportive and helpful, avoiding malicious
behavior, and treating others as we would treat ourselves.

1.4 SUMMARY

Transportation is an essential element in the economic development of a society.
Without good transportation, a nation or region cannot achieve the maximum use of
its natural resources or the maximum productivity of its people. Progress in trans-
portation is not without its costs, both in human lives and environmental damage, and
it is the responsibility of the transportation engineer working with the public to
develop high-quality transportation consistent with available funds and social policy
and to minimize damage. Transportation is a significant element in our national life,
accounting for about 18 percent of household expenditure and employing over 10 per-
cent of the workforce.

The history of transportation illustrates that the way people move is affected by
technology, cost, and demand. The past 200 years have seen the development of sev-
eral modes of transportation: waterways, railroads, highway, and air. Each mode has
been dominant during one period of time; several have been replaced or have lost
market share when a new mode emerged that provided a higher level of service at a
competitive price.

The career opportunities in transportation that engineering students have are
exciting. In the past, transportation engineers planned and built the nation’s railroads,
highways, mass transit systems, airports, and pipelines. In the coming decades, addi-
tional system elements will be required as will efforts toward maintaining and oper-
ating in a safe and economical manner the vast system that is already in place. New
systems, such as magnetically levitated high-speed trains or Intelligent Transportation
Systems (ITS), will also challenge the transportation engineer in the future.

The specialties in transportation engineering are planning, design, construction,
traffic management and operations, and maintenance. Planning involves the selection
of projects for design and construction; design involves the specification of all features
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of the transportation project; construction involves all aspects of the building process;
traffic management and operations involves studies to improve capacity and safety;
and maintenance involves all work necessary to ensure that the highway system is kept
in proper working order.

PROBLEMS
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1-15

To illustrate the importance of transportation in our national life, identify a trans-
portation-related article that appears in a local or national newspaper. Discuss the
issue involved and explain why the item was newsworthy.

Arrange an interview with a transportation professional in your city or state (that is,
someone working for a consulting firm; city, county, or state transportation depart-
ment; transit company; or rail agency). Inquire about the job he or she performs, why
he or she entered the profession, and what he or she sees as future challenges in his
field.

Keep a diary of all trips you make for a period of three to five days. Record the pur-
pose of each trip, how you traveled, the approximate distance traveled, and the trip
time. What conclusions can you draw from the data?

Identify one significant transportation event that occurred in your city or state. Dis-
cuss the significance of this event.

Describe how transportation influenced the initial settlement and subsequent devel-
opment of your home city or state.

Describe your state’s transportation infrastructure. Include both passenger and
freight transportation.

What is the total number of miles in your state’s highway system? What percent of the
highway system is composed of interstate highways?

Estimate the number of personal motor vehicles in your city or state. What is the total
number of miles driven each year? How much revenue is raised per vehicle for each
cent/gallon tax? Assume that the average vehicle achieves 25 mpg.

How many railroad trains pass through your city each week? What percentage of
these are passenger trains?

Review the classified section of the telephone directory and identify 10 different jobs
or industries that are related to transportation.

Estimate the proportion of your monthly budget that is spent on transportation.
Identify an ITS project or application that is underway in your home state. Describe
the project, its purpose, and the way it is operated.

Most departments of transportation incorporate at least five major transportation
engineering subspecialties within their organization. List and briefly indicate at least
three tasks falling under each specialty.

There are many benefits related to our highway system, but there are also many costs
or detrimental effects that have come into focus in recent years. List four major detri-
mental effects that are directly related to the construction and use of our highway
transportation system.

Cite four statistics that demonstrate the importance of transportation in the United
States.
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A state has a population of 17 million people and an average ownership of 1.5 cars per
person, each driven an average of 10,000 mi/year and at 20 mi/gal of gasoline (mpg).
Officials estimate that an additional $75 million per year in revenue will be required
to improve the state’s highway system, and they have proposed an increase in the gaso-
line tax to meet this need. Determine the required tax in cents per gallon.

Review Table 1.1 and select a single event which in your opinion is the most signi-
ficant. Explain the importance of this transportation achievement.

Name and describe the first successful turnpike effort in the newly independent
United States of America.

What mode of transportation was the primary contributor to the demise of road con-
struction in the U.S. in the early 19th century, and what advantages did the new mode
offer?

What mode of transportation succeeded the mode noted in Problem 1-19, and what
advantages did it offer?

The expectations the public has for the transportation system continue to increase.
What is the principal challenge faced by the transportation engineer in meeting
these expectations? What fields of knowledge beyond traditional transportation engi-
neering are needed?
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CHAPTER 2

Transportation Systems
and Organizations

he transportation system in a developed nation is an aggregation of vehicles,

guide-ways, terminal facilities, and control systems that move freight and pas-

sengers. These systems are usually operated according to established procedures
and schedules in the air, on land, and on water. The set of physical facilities, control
systems, and operating procedures referred to as the nation’s transportation system is
not a system in the sense that each of its components is part of a grand plan or was
developed in a conscious manner to meet a set of specified regional or national goals
and objectives. Rather, the system has evolved over a period of time and is the result
of many independent actions taken by the private and public sectors, which act in their
own or in the public’s interest.

Each day, decisions are made that affect the way transportation services are used.
The decisions of a firm to ship its freight by rail or truck, of an investor to start a new air-
line, of a consumer to purchase an automobile, of a state or municipal government to
build a new highway or airport, of Congress to deny support to a new aircraft, and of a
federal transportation agency to approve truck safety standards, are just a few examples
of how transportation services evolve and a transportation system takes shape.

2.1 DEVELOPING A TRANSPORTATION SYSTEM

Over the course of a nation’s history, attempts are made to develop a coherent trans-
portation system, usually with little success. A transportation plan for the United
States was proposed by Secretary of the Treasury Gallatin in 1808, but this and sim-
ilar attempts have had little impact on the overall structure of the U.S. transportation
system. As stated in the TRNews special issue on the fiftieth anniversary of the inter-
state highway system, engineers and planners failed to recognize or account for the
impact of this immense national system on other transportation modes or on its effect
on urbanization and sprawl. The creation of the U.S. Department of Transportation
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(DOT) in 1967 had the beneficial effect of focusing national transportation activities
and policies within one cabinet level agency. In turn, many states followed by forming
their own transportation departments.

The Interstate Commerce Commission (ICC), created in 1887 to regulate the rail-
roads, was given additional powers in 1940 to regulate water, highway, and rail modes,
preserving the inherent advantages of each and promoting safe, economic, and
efficient service. The intent of Congress was to develop, coordinate, and preserve a
national transportation system; however, the inability to implement vague and often
contradictory policy guidelines coupled with the extensive use of congressionally
mandated projects, known as earmarks, has not helped to achieve the results implied
by national policy. More recently, regulatory reform has been introduced, and trans-
portation carriers are developing new and innovative ways of providing services. The
ICC was abolished in 1996.

2.1.1 Comparative Advantages of Transportation Modes

The transportation system that evolves in a developed nation may not be as econom-
ically efficient as one that is developed in a more analytical fashion, but it is one in
which each of the modes provides unique advantages for transporting the nation’s
freight and passengers. A business trip across the country may involve travel by taxi,
airplane or rail, and auto; transportation of freight often requires trucks for pick up
and delivery and railroads or motor carriers for long-distance hauling.

Each mode has inherent advantages of cost, travel time, convenience, and flexi-
bility that make it “right for the job” under a certain set of circumstances. The auto-
mobile is considered to be a reliable, comfortable, flexible, and ubiquitous form of
personal transportation for many people. However, when distances are great and time
is at a premium, air transportation will be selected—supplemented by the auto for
local travel. If cost is important and time is not at a premium or if an auto is not avail-
able, then intercity bus or rail may be used.

Selecting a mode to haul freight follows a similar approach. Trucks have the
advantages of flexibility and the ability to provide door-to-door service. They can
carry a variety of parcel sizes and usually can pick up and deliver to meet the cus-
tomer’s schedule. Waterways can ship heavy commodities at low cost, but only at slow
speeds and between points on a river or canal. Railroads can haul a wide variety of
commodities between any two points, but usually require truck transportation to
deliver the goods to a freight terminal or to their final destination. In each instance,
a shipper must decide whether the cost and time advantages are such that the goods
should be shipped by truck alone or by a combination of truck, waterway, and rail.

Many industries have been trying to reduce their parts and supplies inventories,
preferring to transport them from the factory when needed rather than stockpiling
them in a warehouse. This practice has meant shifting transportation modes from rail
to truck. Rail shipments are usually made once or twice a week in carload lots, whereas
truck deliveries can be made in smaller amounts and on a daily basis, depending on
demand. In this instance, lower rail-freight rates do not compete with truck flexibility,
since the overall result of selecting trucking is a cost reduction for the industry. There
is a trend toward intermodalism which has combined the capabilities of both modes.
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Example 2.1 Selecting a Transportation Mode

An individual is planning to take a trip between the downtown area of two cities,
A and B, which are 400 miles apart. There are three options available:

Travel by air. This trip will involve driving to the airport near city A, parking,
waiting at the terminal, flying to airport B, walking to a taxi stand, and taking a
taxi to the final destination.

Travel by auto. This trip will involve driving 400 miles through several congested
areas, parking in the downtown area, and walking to the final destination.
Travel by rail. This trip will involve taking a cab to the railroad station in city A,
a direct rail connection to the downtown area in city B, and a short walk to the
final destination.

Since this is a business trip, the person making the trip is willing to pay up to $25
for each hour of travel time reduced by a competing mode. (For example, if one
mode is two hours faster than another, the traveler is willing to pay $50 more to use
the faster mode.) After examining all direct costs involved in making the trip by air,
auto, or rail (including parking, fuel, fares, tips, and taxi charges) the traveler con-
cludes that the trip by air will cost $250 with a total travel time of five hours, the trip
by auto will cost $200 with a total travel time of eight hours and the trip by rail will
cost $150 with a total travel time of 12 hours.

Which mode is selected based on travel time and cost factors alone?

What other factors might be considered by the traveler in making a final
selection?

Solution: Since travel time is valued at $25/hr, the following costs would be
incurred:

Air: 250 + 25(5) = $375
Auto: 200 + 25(8) = $400
Rail: 150 + 25(12) = $450

In this instance, the air alternate reflects the lowest cost and is the selected
mode. However, the traveler may have other reasons to select another alternative.
These may include the following considerations.

Safety. While each of these modes is safe, the traveler may feel “safer” in one
mode than another. For example, rail may be preferred because of concerns
regarding air safety issues.

Reliability. If it is very important to attend the meeting, the traveler may select
the mode that will provide the highest probability of an on-time arrival. If the
drive involves travel through work zones and heavily congested areas, rail or air
would be preferred. If potential air delays are likely due to congestion, flight
cancellations, or inclement weather, another mode may be preferred.
Convenience. The number of departures and arrivals provided by each mode
could be a factor. For example, if the railroad provides only two trains/day and
the airline has six flights/day, the traveler may prefer to go by air.
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2.1.2 Interaction of Supply and Demand

The transportation system that exists at any point in time is the product of two factors
that act on each other. These are (1) the state of the economy, which produces the
demand for transportation and (2) the extent and quality of the system that is cur-
rently in place, which constitutes the supply of transportation facilities and services.
In periods of high unemployment or rising fuel costs, the demand for transportation
tends to decrease. On the other hand, if a new transportation mode is introduced that
is significantly less costly when compared with existing modes, the demand for the
new mode will increase, decreasing demand for the existing modes.

These ideas can be illustrated in graphic terms by considering two curves, one
describing the demand for transportation at a particular point in time, and the other
describing how the available transportation service or supply is affected by the
volume of traffic that uses that system.

The curve in Figure 2.1 shows how demand in terms of traffic volume could vary
with cost. The curve is representative of a given state of the economy and of the
present population. As is evident, if the transportation cost per mile, C, decreases,
then, since more people will use it at a lower cost, the volume, V, will increase. In
Figure 2.1, when the traffic volume/day is 6000, the cost is $0.75/mile. If cost is
decreased to $0.50/mile, the volume/day increases to 8000. In other words, this curve
provides an estimate of the demand for transportation under a given set of economic
and social conditions.

Demand can occur only if transportation services are available between the
desired points. Consider a situation where the demand shown in Figure 2.1 represents
the desire to travel between the mainland of Florida and an inaccessible island that is
located off the coast, as shown in Figure 2.2.

If a bridge is built, people will use it, but the amount of traffic will depend on cost.
The cost to cross the bridge will depend on the bridge toll and the travel time for cars
and trucks. If only a few vehicles cross, little time is lost waiting at a toll booth or in
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congested traffic. However, as more and more cars and trucks use the bridge, the time
required to cross will increase unless automated toll booths are installed. Lines will
be long at the toll booth; there might also be traffic congestion at the other end. The
curve in Figure 2.3 illustrates how the cost of using the bridge could increase as
the volume of traffic increases, assuming that the toll is $0.25/mile. In this figure, if the
volume is less than 2000 units/day, there is no delay due to traffic congestion.
However, as traffic volumes increase beyond 2000 units/day, delays occur and the
travel time increases. Since “time is money,” the increased time has been converted
to $/mi. If 4000 units/day use the bridge, the cost is $0.50/mi; at 6000 units/day, the
cost is $0.75/mi.
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Figure 2.4 Equilibrium Volume for Traffic Crossing a Bridge

The two curves (Figures 2.1 and 2.3) determine what volume (V) can be expected
to use the bridge. This value will be found where the demand curve intersects the supply
curve as shown in Figure 2.4, because any other value of V will create a shift in demand
either upward or downward, until the equilibrium point is reached. If the volume
increased beyond the equilibrium point, cost would go up and demand would drop.
Likewise, if the volume dropped below equilibrium, cost would go down and demand
would increase. Thus, in both instances equilibrium is achieved. In this example, the
number of units crossing the bridge would be 6000 units/day. The traffic volume could
be raised or lowered by changing the toll—an example of congestion pricing.

2.1.3 Forces That Change the Transportation System

At any point in time, the nation’s transportation system is in a state of equilibrium as
expressed by the traffic carried (or market share) for each mode and the levels of
service provided (expressed as travel attributes such as time, cost, frequency, and
comfort). This equilibrium is the result of market forces (state of the economy, com-
petition, costs, and prices of service), government actions (regulation, subsidy, and
promotion), and transportation technology (speed, capacity, range, and reliability).
As these forces shift over time, the transportation system changes as well, creating a
new set of market shares (levels of demand) and a revised transportation system. For
this reason, the nation’s transportation system is in a constant state of flux, causing
short-term changes due to immediate revisions in levels of service (such as raising the
tolls on a bridge or increasing the gasoline tax) and long-term changes in lifestyles and
land-use patterns (such as moving to the suburbs after a highway is built or converting
auto production from large to small cars).

If gasoline prices were to increase significantly, there could be a measurable shift of
long-haul freight from truck to rail. In the long run, if petroleum prices remained high,
there might be shifts to coal or electricity or to more fuel-efficient trucks and autos.
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Government actions also influence transportation equilibrium. For example,
the federal government’s decision to build the national interstate system affected
the truck-rail balance in favor of truck transportation. It also encouraged long-
distance travel by auto and was a factor in the decline of intercity bus service to small
communities.
Technology has also contributed to substantial shifts in transportation equilib-
rium. A dramatic example was the introduction of jet aircraft, which essentially elim-
inated passenger train travel in the United States and passenger steamship travel
between the United States and the rest of the world.

Example 2.2 Computing the Toll to Maximize Revenue Using a Supply—Demand Curve

A toll bridge carries 5000 veh/day. The current toll is 150 cents. When the toll is
increased by 25 cents, traffic volume decreases by 500 veh/day. Determine the
amount of toll that should be charged such that revenue is maximized. How much
additional revenue will be received?

Solution: Letx = the toll increase in cents.
Assuming a linear relation between traffic volume and cost, the expression
for Vis

V = 5000 — x/25 (500)
The toll is
T=150 + x
Revenue is the product of toll and volume:

R=(V)(T)
= {5000 — x/25 (500)} (150 + x)
= (5000 — 20x) (150 + x) = 750,000 — 3000x + 5000x — 20x>
= 750,000 + 2000x — 20x2

For maximum value of x, compute the first derivative and set equal to zero:

dR/dt = 2000 — 40x = 0
x = 50 cents

The new toll is the current toll plus the toll increase.
Toll for maximum revenue = 150 + 50 = 200 cents or $2.00

The additional revenue, AR, is

AR (Vmax)(Tmax) - (‘/current)(Tcurrenl)

{(5000 — (50/25)(500)} {2} — (5000)(1.50)
— (4000)(2) — 7500

= 8000 — 7500

= $500
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2.2 MODES OF TRANSPORTATION

The U.S. transportation system today is a highly developed, complex network of modes
and facilities that furnishes shippers and travelers with a wide range of choices in terms
of services provided. Each mode offers a unique set of service characteristics in terms
of travel time, frequency, comfort, reliability, convenience, and safety. The term level of
serviceis used to describe the relative values of these attributes. The traveler or shipper
must compare the level of service offered with the cost in order to make tradeoffs and
mode selection. Furthermore, a shipper or traveler can decide to use a public carrier or
to use private (or personal) transportation. For example, a manufacturer can ship
goods through a trucking firm or with company trucks; a homeowner who has been
relocated can hire a household moving company or rent a truck; and a commuter can
elect to ride the bus to work or drive a car. Each of these decisions involves a complex
set of factors that require tradeoffs between cost and service.

2.2.1 Freight and Passenger Traffic

The principal modes of intercity freight transportation are highways, railroads, water,
and pipelines. Traffic carried by each mode, expressed as ton-miles or passenger-
miles, has varied considerably in the past 70 years. The most current information
regarding modal market share is available from the Bureau of Transportation Statis-
tics (BTS) website. Changes in ton-miles carried from 1960 through 2005 are illus-
trated in Figure 2.5.

Class I Railroads, which accounted for about 0.6 million ton-miles of freight
traffic in 1960, carried about 17 million ton-miles by the year 2005. Oil pipelines have
increased their share of freight traffic from 0.2 million ton-miles in 1960 but have
remained relatively constant at about 0.06 million since 1980. Domestic water trans-
portation has increased its volume between 1965 and 1980 and has declined since
then. Intercity trucking has steadily increased each year, from 0.3 million ton-miles in
1960 to about 1.2 million ton-miles in 2001. Air freight is an important carrier for high-
value goods, but it is insignificant on a ton-mile basis.

The four principal carriers for freight movement (rail, truck, pipeline, and water),
account for varying proportions of total number of ton-miles of freight. The railroad’s
share is highest on a ton-mile basis, but it has been reduced significantly due to
competition from truck and pipeline. The railroads have lost traffic due to the
advances in truck technology and pipeline distribution. Government policies that sup-
ported highway and waterway improvements are also a factor. Subsequent to World
War 11, long-haul trucking was possible because the U.S. highway system was devel-
oped. As petroleum became more widely used, construction of a network of pipelines
for distribution throughout the nation was carried out by the oil industry.

During the past 50 years, the railroad’s share of revenue has decreased while that
of trucking has increased to about 80 percent of the total. These trends reflect two fac-
tors: the increased dominance of trucking in freight transportation and the higher ton-
mile rates that are charged by trucking firms compared with the railroads. Although
trucks move fewer ton-miles than does rail, the value of the goods moved by truck
comprises about 75 percent of the total value of all goods moved in the United States.



Chapter 2 Transportation Systems and Organizations 35
1,800,000
3 A
1,600,000 Class I rail _ .
1,400,000 e
,A’ A .
1,200,000 / iereT ik —&— Air carrier
1,000,000 _ 0 o J —=— Intercity truck
800.000 -7 % --a-- Class I rail
' ,4""‘““13;}?{@35&0 water —— Domestic water
600000 === —%— Oil pipeline
400,000 | Oil pipeline
200,000 = —
Air carrier
0 — o . . . - Y

—¢ + T T T T T T
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Figure 2.5 U.S. Ton-Miles of Freight (Millions)

SOURCE: U.S. Department of Transportation, Research and Innovative Technology Administration, Bureau
of Transportation Statistics, National Transportation Statistics, Table 1-46a.

6,000,000
5,000,000
Highway /I/._
4,000,000 —o— Air
-/././ —— Highway
3,000,000
././I/ —a&— Transit
2,000,000 ././ -=X-- Rail
1,000,000 - A
Transit Rail
0 +—8&— T T T T Tl
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Figure 2.6  U.S. Passenger-Miles (Millions)

SOURCE: U.S. Department of Transportation, Research and Innovative Technology Administration, Bureau
of Transportation Statistics, National Transportation Statistics, Table 1-37.

The distribution of passenger transportation is much different from that for
freight: one mode—the automobile—accounts for the highest number of all domestic
intercity passenger-miles traveled in the United States, asillustrated in Figure 2.6. With
the exception of the World War II years (when auto use declined), passenger-miles
by automobile, small trucks, and vans have accounted for as much as 90 percent of all
passenger-miles traveled. The remaining modes—air, bus, and rail—shared a market
representing about one-quarter of the total, with air being the dominant mode and
intercity bus, private air carriers, and rail representing 1 percent or less of the total.

Of the four transportation carriers for intercity passenger movement, two—air and
auto—are dominant, representing 98 percent of all intercity passenger miles. If the
public modes (rail, bus, and air) are considered separately from the auto, a dramatic
shift in passenger demand is evident. The largest increase has occurred in air trans-
portation, which represents over 90 percent of all intercity passenger-miles traveled
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using public modes. In cities, buses are the major public transit mode, with the excep-
tion of larger urban areas that have rapid rail systems. Intercity bus transportation has
declined as a percentage of the total number of passenger miles. Buses now serve a
market consisting primarily of passengers who cannot afford to fly or drive. As air fares
have decreased with deregulation, bus travel has declined. Most passenger rail traffic is
concentrated in the corridor between Washington, D.C., New York, and Boston.

2.2.2 Public Transportation

Public transportation is a generic term used to describe the family of transit services
available to urban and rural residents. Thus, it is not a single mode but a variety of tra-
ditional and innovative services, which should complement each other to provide
system-wide mobility.

Transit Modes
The modes included within the realm of public transportation are

Mass transit, characterized by fixed routes, published schedules, designated
networks, and specified stops. Mass-transit vehicles include buses, light rail
(trolleys) or rapid transit that either share space in mixed traffic or operate on
grade-separated rights of way.

Paratransit is characterized by flexible and personalized service intended to
replace conventional fixed-route, fixed-schedule mass-transit lines. Paratransit is
available to the public on demand, by subscription, or on a shared-ride basis.
Examples include taxi, car rental, dial-a-ride, and specialized services for elderly,
medical, and other designated users.

Ridesharing (as the name implies) is characterized by two or more persons
traveling together by prearrangement, such as carpool, vanpool, or shared-ride
taxi.

Transit Capacity and Level of Service

A basic attribute of any transit mode is its carrying capacity, defined as the number
of vehicles or persons that pass a given point in a specified time (usually an hour).
The numerical value of carrying capacity (usually referred simply as capacity), is
dependent on two variables: (1) the number of vehicles that pass a point at a given
time and (2) the number of passengers within each vehicle. For example, if for a given
lane along a section of highway there are 60 buses that pass by in an hour (or one per
minute), and each bus carries 50 seated passengers, then the carrying capacity of this
highway lane is 60 buses/In/hr or (50) X (60) = 3000 passengers/In/hr.

Carrying capacity is influenced by (1) the “spacing” in seconds between each
vehicle (called the headway) and (2) the “comfort factor” experienced by passengers
(called the level of service). Thus, carrying capacity can be increased in two ways:
(1) reduce the headway or (2) increase the number of passengers per vehicle. In the
bus capacity example, the headway was 60 seconds and the level of service was that all
passengers had a seat. Time spacing between buses could possibly be reduced, but
there are limits to lowering headway values dictated by safe distance requirements
between vehicles and/or the time spent at transit stops and terminals (called dwell
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time). Similarly, passenger loading could be increased by allowing standees, but this
would decrease the comfort level for passengers. Were the bus equipped with com-
puter tables and a refreshment area (thus offering a higher level of service), fewer pas-
sengers could be accommodated resulting in a lower carrying capacity but a higher
level of service.

Accordingly, when reporting transit capacity, it is important to specify the units
as either vehicles or passengers/hour and the corresponding level of service in terms
of passengers/vehicle. Public transit is often compared with the automobile when
issues of carrying capacity are involved, as it is commonly believed that transit
capacity is superior to auto capacity. As will be discussed in greater detail in Chap-
ters 9 and 10, the capacity of a single lane of passenger vehicles is approximately
2,000 vehicles/hour which represents a headway of 1.8 seconds. Since most cars
have at least five seats, the person capacity of a highway lane could be as great as
(5) X (2000) = 10,000 per/hour. Capacities of this magnitude never have been
achieved, since most cars carry only one person with an average car occupancy of
about 1.5. Why is this so? Have you ever driven in a car carrying five people? Not a
pleasant experience, and a reason why car pooling is not very popular. Given the
opportunity, most people choose to drive alone or with just one other person.

Travelers usually consider many more factors than simply the in-vehicle level of
service, and they don’t really consider how they can contribute to increasing “carrying
capacity.” In fact, if drivers were to optimize the carrying capacity of a highway, they
would all drive at 35 miles per hour! Other major considerations in selecting the travel
mode include: reliability, punctuality, cost, travel time, and safety. Transit systems that
receive “high marks” for the out-of-vehicle level-of-service factors are typically the
ones that use exclusive lanes or tracks with no interference from other vehicles or
pedestrians and have adequate capacity at station stops and terminals. Thus, rapid-
transit services (whether bus or fixed guideway), are the superior mode but are more
costly to build and maintain and require high volumes of demand to be feasible.

The carrying capacity of a highway lane and selected transit modes are listed in
Table 2.1 in terms of vehicles/hour. The number of passengers/hour is so varied due
to assumptions regarding level of service as to be less meaningful, but the reader is
encouraged to try various values to see the results. The values shown are of necessity
within a range and approximate. However, they are useful to provide perspective for
engineers, planners, and public officials to select a mode that will be most suited to
accommodate anticipated demand.

Table 2.1 Capacity of Urban Transportation Modes

Mode Capacity (veh/hr)

Automobiles on a freeway 2000-2200

Buses in mixed traffic 60-120

Bus rapid transit 150-300 (single or articulated)
Light rail in mixed traffic 15-30

Light rail transit 30-60 (single or multiple cars)

Heavy rail transit 20-30 (10-car trains)
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The Role and Future of Public Transportation

Public transportation is an important element of the total transportation services pro-
vided within large and small metropolitan areas. A major advantage of public trans-
portation is that it can provide high-capacity, energy-efficient movement in densely
traveled corridors. It also serves medium- and low-density areas by offering an option
for auto owners who do not wish to drive and an essential service to those without
access to automobiles, such as school children, senior citizens, single-auto families,
and others who may be economically or physically disadvantaged.

For most of this century, public transportation was provided by the private sector.
However, increases in auto ownership, shifts in living patterns to low-density suburbs,
and the relocation of industry and commerce away from the central city, along with
changes in lifestyle (which have been occurring since the end of World War II) have
resulted in a steady decline in transit ridership. Since the early 1960s, most transit
services have been provided by the public sector. Income from fares no longer repre-
sent the principal source of revenue, and over a 25- to 30-year period, the proportion
of funds for transit provided by federal, state, and local governments has increased
steadily. While it generally is believed that highways and motor transport will play a
dominant role in providing personal transportation in the beginning decades of the
twenty-first century, there are many unforeseen changes that could alter the balance
between public and private transportation. Some could contribute to a decline in
transit ridership while others might cause transit to become stronger, and for the
remainder, there would be little or no effect. The potential changes that could
influence transit usage are categorized here from the book Urban Mass Transporta-
tion Planning.

Factors Bad for Transit.

Growth of suburbs

Industry and employment moving from the central city

Increased suburb-to-suburb commuting

Migration of the population to the south and west

Loss of population in “frost-belt” cities

Growth in private vehicle ownership

Increased diversity in vehicle types such as SUVs, pickup trucks, and RVs
High cost per mile to construct fixed-rail transit lines

High labor costs

Factors Good for Transit.

Emphasis by the federal government on air quality

Higher prices of gasoline

Depletion of energy resources

Trends toward higher-density living

Legislation to encourage “livable cities” and “smart growth”
Location of mega-centers in suburbs

Need for airport access and circulation within airports
Increased number of seniors who cannot or choose not to drive
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Factors Neutral for Transit.

¢ Increases in telecommuting may require less travel to a work site

¢ Internet shopping and e-commerce could reduce shopping trips

¢ Changes in work schedules to accommodate childcare could increase trip
chaining

e Staggering work hours, flex-time, and four-day work weeks reduce peak-hour
congestion

¢ Aging population, most of whom are not transit users, may continue to drive

¢ Increased popularity in walking and biking could be a substitute for transit riding

Thus, the future of public transportation appears to be one of stability and
modest growth. In the 1990s and into the twenty-first century, public support and
financing for transit have increased. Political leadership and the citizenry generally
agree that transit is essential to the quality of life and is a means to reduce traffic con-
gestion. Furthermore, there remains a significant proportion of the population who
must rely primarily on transit, because they do not have access to an automobile or
are disabled. As with all modes of transportation, change is incremental. If the factors
favorable to transit should prevail, then over time, transit will continue to improve
service, expand its network, and attract an increasing number of riders.

2.2.3 Highway Transportation

Highway transportation is the dominant mode in passenger travel and one of the prin-
cipal freight modes. The U.S. highway system comprises approximately 3.9 million
miles of highways, ranging from high-capacity and multilane freeways to urban streets
and unpaved rural roads. Although the total number of roadway miles has not
increased greatly, the quality of roadway surfaces and their capacity has improved due
to increased investment in maintenance and construction.

The Highway Project Development Process

In order for a new highway project to become a reality, a process is followed that
includes the topics outlined in the previous chapter, including planning, evaluation,
design, right-of-way acquisition, and construction. When the project is completed,
highway operations, management, and maintenance are needed. In most cases, the
state transportation agency is responsible for overall coordination; public and busi-
ness involvement; interaction with local, state, and national agencies; and project
management. Proposed projects require approval from a policy board that is man-
dated to set the project agenda typically in terms of a Six-Year Improvement Program
(SYIP), which specifies the work program for the entire state.

A considerable amount of information is provided to the general public through
the internet by state DOTs regarding the status of highway projects. The process that
must be followed “from start to finish” is typified by information provided by the Vir-
ginia and Wisconsin DOTs on their website. According to the Virginia Department of
Transportation, the road-building process includes

1. Planning (6 to 24 months)
2. Design (15 to 24 months)
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3. Environment (9 to 36 months)
4. Right-of-Way (6 to 21 months)
5. Construction (12 to 36 months)

Thus, total project time can range from 4 to 12 years, depending on the physical
characteristics, scope, and community support for the project. Throughout the
process, the Commonwealth Transportation Board (CTB), a citizen panel appointed
by the Governor, updates the SYIP, approves the project location prior to land acqui-
sition and final design, and awards the contract to the lowest qualified bidder.

The Wisconsin Department of Transportation follows a six-step process that
includes the following phases.

Step 1.

Step 2.

Step 3.

Select Project. Highway projects are selected based on a variety of cri-
teria. These include: public concerns, traffic crash data, pavement and
bridge condition, traffic volume and trends, and forecasts of future
growth. A highway’s concept takes shape through a series of public
meetings. Citizens are encouraged to ask questions about the type of
improvement being considered and how it will improve the quality of
the transportation system. A preliminary project list is submitted by
each transportation district for consideration in the statewide program.
If a project is selected to be funded, it becomes part of the state’s Six-
Year Highway Improvement Program. A major highway project is more
complex and costly, involving a capacity expansion of over five miles or
the creation of a highway on a new location at least two and half miles
long. Major highway projects must undergo an extensive environmental
review including public involvement and approval by the Transporta-
tion Projects Commission, the State Legislature, and the Governor.
Investigate Alternates. After a project is selected for inclusion, the Six-
Year Highway Improvement Program project design alternatives are
identified, using citizen input. Each alternative is analyzed and assessed
based on cost and its impact on people, businesses, farmlands, wetlands,
endangered species, historic structures, artifacts, and landfills. Recom-
mended improvements are presented at public meetings where detailed
information about the impacts are provided. Changes can be made that
address public concerns.

Obtain Final Approvals. Information about acquisitions from farm
operations is furnished to the Department of Agriculture, Trade and
Consumer Protection (DATCP), where it is reviewed to determine if an
Agricultural Impact Statement (AIS) is required. When DATCP pre-
pares the AIS, copies are sent to the affected farm operations, legisla-
tors, and the public. The AIS is commonly included in the Environment
Impact Statements (EIS).

Citizen input is incorporated during the development of the EIS.
While an official advertised public hearing is held to obtain citizen com-
ments on the Draft EIS, the public can provide comments about the
project at any time during this phase.



Step 4.

Step 5.

Step 6.
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Environmental documents for federal projects are prepared for the

approval of the Federal Highway Administration (FHWA). Similarly,
projects that are state-funded are approved by the Department of
Transportation.
Develop Project Design. The specific project route and related details
are finalized. Affected property owners are contacted to discuss land
purchases and relocation plans. Every effort is made to ensure that
offering prices reflect “just compensation” for the property. Local busi-
nesses affected by the project receive assistance during the construc-
tion phase intended to mitigate the economic effect of the project.
Among the services that may be stipulated during construction are:
(1) maintaining access for customers, employees, and service vehicles,
(2) posting highway signs that inform motorists of business district loca-
tions, (3) permitting the temporary posting of signs in the highway
right-of-way to reassure customers that businesses are accessible, and
(4) assisting businesses to identify and inform motorists of alternate
routes during construction.

Access management is analyzed to ensure that the existing highway

system continues to perform with acceptable efficiency and safety. The
following engineering documents are prepared: (1) A plan which
depicts the physical layout of the project, (2) specifications which define
how each item in the plan is to be built, and (3) engineering estimates
that list the expected cost of each item of work.
Prepare for Construction. The DOT Bureau of Highway Construc-
tion reviews each plan, specification, and estimate package and pre-
pares a document suitable to be used by a contractor in preparing a
bid. All land required for the project must have been purchased so
that the project site can be prepared for construction. The construc-
tion schedule is coordinated with utility companies in the event that
replacement of sewer, gas, power, or phone lines are required. Citizens
receive prior notification should there be a need to disrupt utility
service.

Request for project bids are advertised and those received within a

specified period are checked for completeness and accuracy. All bids
awarded are forwarded to the Governor for signature. With contractor
contracts approved and signed, construction usually begins within
30-45 days - weather permitting.
Construct the Project. A pre-construction meeting is held with the
contractor, local utilities, Department of Natural Resources, and local
government officials. The DOT coordinates with property owners and
local businesses to ensure that all prior commitments to landowners,
such as access to homes and businesses, are fulfilled. They also meet
with the contractors throughout the construction period. Citizens
are kept informed of construction progress through meetings and
news releases sent to local media. Web sites, project newsletters, and
brochures are developed for larger projects.
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When requested by local officials, completion of a major project
may be celebrated with a ribbon cutting. The new roadway is then oper-
ated to ensure safety and traffic flow and will be inspected every two
years to monitor its pavement performance.

Sources of Funds for Highways

Highway users are the primary source of funds to build and maintain the nation’
roads. Taxes are paid when purchasing fuel, and additional excise taxes (which are
taxes targeted to specific goods or activities) are paid on items such as truck sales, bat-
teries, and tires. In addition, motorists pay state and local license and registration fees,
highway and parking tolls, and traffic fines. In 2004, the Federal Highway Adminis-
tration reported that of the approximately $107 billion in user fees collected, about
$85 billion was allocated for roads. Fuel taxes represent the largest segment of
highway user fees (almost two-thirds of the total) while other user fees accounted for
almost 30 percent with tolls less than 10 percent.

In recent years, there has been a growing concern regarding the viability of the so-
called “gas tax” to continue as a sustainable revenue source. Since the inception of this
tax over 95 years ago in Oregon, gasoline that is sold at the pump has been taxed on a
cents/gallon basis. This method proved to be successful as long as gasoline consump-
tion continued its upward climb. The fuel tax has been less effective when the
price/gallon increased with no corresponding increase in the tax, as would have been
the case had gasoline been a sales tax based on a percentage of the total cost. Fur-
thermore, politicians are loath to increase a tax that is so visible to the consumer.

The revenue from the gas tax is vulnerable to changes in the economy, which has
the effect of reducing gasoline consumption. Among contributing factors leading to
less fuel consumption are (1) crude oil shortages, (2) improved automobile efficiency,
(3) use of alternative energy sources, and (4) shifts to public transportation to achieve
environmental and energy conservation goals. To further exacerbate the problem,
highway taxes have been diverted to support other worthwhile programs such as
transit and these taxes are used to subsidize fuel additives like ethanol. Highway taxes
have been used for general revenue purposes and to help reduce state budget deficits.
The net effect of the trend toward lower highway revenue from the gas tax has been a
diminution of the state’s ability to build infrastructure which is further compounded
by maintenance needs—both routine (i.e., snow removal) and periodic (i.e., bridge
and pavement repair).

In order to strengthen the nation’s highway finance system, the Transportation
Research Board published a policy study report on The Fuel Tax and Alternatives for
Transportation Funding. The Committee’s charge was to examine current practices
and trends in finance of roads and public transit and to evaluate options for a transition
to an alternative finance arrangement. The principal recommendations were

1. Maintain and reinforce the existing user-fee finance system.

2. Expand the use of tolls and test road use metering.

3. Provide stable broad-based support for transit.

4. Evaluate the impact of finance arrangements on transportation system per-
formance.
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New concepts of highway finance are emerging. Were the technology available so
that vehicles could be charged on the basis of a per vehicle (or ton) mile driven, then cost
could be allocated directly on the basis of units consumed, as is the case for consump-
tion water, natural gas, and electricity. Electronic tolling represents a movement in that
direction. The use of “value-pricing” is being tested and considered as ameans to charge
for services rendered and to use variable pricing that recognizes changes in demand.

The Federal Highway System

The federal-aid system, which includes the interstate and other federal-aid routes,
consists of a network of roads totaling approximately 930,000 miles. These roads are
classified as rural or urban and as arterials or collectors. Urban roads are located
in cities of 25,000 or more, and they serve areas of high-density land development.
Urban roads are used primarily for commuting and shopping trips. Rural roads are
located outside of cities and serve as links between population centers.

Arterial roads are intended to serve travel between areas and provide improved
mobility. Collector roads and minor arterials serve a dual purpose of mobility and
access. Local roads, supported by state and local funds, serve primarily as access
routes and for short trips. Arterial roads have higher speeds and capacities; whereas
local roads, which serve abutting-land uses, and collector roads are slower and not
intended for through traffic. A typical highway trip begins on a local road, continues
onto a collector, and then to a major arterial. This hierarchy of road classification is
useful in allocating funds and establishing design standards. Typically, local and col-
lector roads are paid for by property owners and through local taxes, whereas collec-
tors and arterials are paid for jointly by state and federal funds.

The interstate highway system consists of approximately 47,800 miles of limited-
access roads. This system, which is essentially complete, is illustrated in Figure 2.7. It
connects major metropolitan areas and industrial centers by direct routes, connects
the U.S. highway system with major roads in Canada and Mexico, and provides
a dependable highway network to serve in national emergencies. Each year, about
2000 route-miles of the national highway system become 20 years old, which is their
design life, and a considerable portion of the system must undergo pavement repair
and resurfacing, bridge maintenance, and replacement. Ninety percent of the funds to
build the interstate system were provided by the federal government, while 10 percent
were provided by the state. The completion of the system was originally planned for
1975, but delays resulting from controversies, primarily in the urban sections of the
system, caused the completion date to be extended into the 1990s.

In 1995, Congress designated approximately 161,000 miles of routes on the
National Highway System (NHS) as required by the Intermodal Surface Transporta-
tion Efficiency Act of 1991 (ISTEA). The system represents highways of national
significance and consists primarily of existing highways. Designated routes are
intended to be the major focus of future expenditures on highways by the federal gov-
ernment. The NHS was developed by the U.S. Department of Transportation in coop-
eration with states, local officials, and metropolitan planning organizations. While
comprising only 4 percent of the national highway system, this system accounts for
40 percent of highway traffic. Approximately 90 percent of the U.S. population lives
five miles or less from the NHS and those counties which include a segment of the
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NHS account for 99 percent of U.S. employment. The NHS, as depicted in Figure 2.8,
includes the following subsystems, some of which may overlap.

Interstate. The 47,800-mile Eisenhower Interstate System of Highways retains its
separate identity within the NHS.

Other Principal Arterials. This 92,000-mile highway network is located in rural
and urban areas which provide access between an arterial and a major port, air-
port, public transportation facility, or other intermodal transportation facility.
Strategic Highway Networks (STRAHNET). This 15,700-mile network of high-
ways is important to the United States’ strategic defense policy and provides
defense access, continuity, and emergency capabilities for defense purposes.
Major Strategic Highway Network Connectors. This 1900-mile highway element
provides access between major military installations and highways which are part
of the Strategic Highway Network.

Intermodal Connectors. Highways that provide access between major intermodal
facilities and other subsystems that comprise the National Highway System.
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Intercity Bus Transportation

Intercity bus transportation services have benefited from the interstate highway
system. Buses have provided extensive nationwide coverage by connecting as many as
15,000 cities and towns with bus routes. Intercity bus service is usually provided by
private companies; the principal one being Greyhound, which operates at a profit with
little or no support from state or federal governments. Bus transportation is a highly
energy-efficient mode, averaging 300 seat-mi/gal. Buses are also very safe. Their acci-
dent rate of 12 fatalities/100 billion passenger-miles is over 100 times better than that
of automobiles. In spite of its positive characteristics of safety and energy efficiency,
bus travel is generally viewed unfavorably by the riding public. Buses are slower and
less convenient than other modes and often terminate in downtown stations that are
located in the less attractive parts of cities. Other factors, such as lack of through tick-
eting, comfortable seats, and system-wide information, which the riding public is
accustomed to receiving when traveling by air, reinforce the overall negative image of
intercity bus transportation.

Truck Transportation

The motor-carrier industry is very diverse in terms of size, ownership, and use. Most
vehicles registered as trucks are less than 10,000 Ibs in gross weight, and over half of
these are used for personal transportation. Only about 9 percent are heavy trucks
used for over-the-road intercity freight. Many states consider recreational vehicles,
mobile homes, and vans as trucks. Approximately 20 percent of trucks are used in
agriculture; 10 percent are used by utilities and service industries to carry tools and
people rather than freight. Personal truck ownership varies by region and is more
prevalent in the mountain and western states than in the mid-Atlantic and eastern
states.

Trucks are manufactured by the major auto companies as well as by specialty
companies. The configurations of trucks are diverse; a truck is usually produced to an
owner’s specifications. Trucks are classified by gross vehicle weight. The heaviest
trucks, weighing over 26,000 1bs, are used widely in intercity freight; lighter ones trans-
port goods and services for shorter distances. Until 1982, truck size and weight were
regulated by states, with little consistency and uniformity. Trucks were required to
conform to standards for height, width, length, gross weight, weight per axle, and
number of axles, depending on the state. The absence of national standards for size
and weight reflected the variety of truck dimensions that existed. An interstate truck
shipment that met requirements in one state could be overloaded in another along the
same route. A trucker would then either carry a minimal load, use a circuitous route,
change shipments at state lines, or travel illegally. With the passage of the Surface
Transportation Act of 1982, states were required to permit trucks pulling 28-ft trailers
on interstate highways and other principal roads. The law also permits the use of
48-ft semi trailers and 102-in. wide trucks carrying up to 80,000 lbs.

The trucking industry has been called a giant composed of midgets because,
although it is a major force in the U.S. transportation picture, it is very fragmented
and diverse. Regulation of the trucking industry has been limited to those carriers
that transport under contract (known as for hire), with the exception of carriers oper-
ating within a single state or in a specified commercial zone or those carrying exempt
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agricultural products. Private carriers, which transport their own company’s goods
or products, are not economically regulated but must meet federal and state safety
requirements. The for-hire portion of the trucking industry accounts for about 45 per-
cent of intercity ton-miles and includes approximately 15,000 separate carriers. With
deregulation of various transportation industries, the trucking industry has become
more competitive.

The industry also has benefited significantly from the improvements in the U.S.
highway transportation system. The diversity of equipment and service types is evi-
dence of the flexibility furnished by truck transportation. Continued growth of this
industry will depend on how well it integrates with other modes, on the future avail-
ability of energy, on limitations on sizes and weights of trucks, on highway speed
limits, and on safety regulations.

2.3 TRANSPORTATION ORGANIZATIONS

The operation of the vast network of transportation services in the United States is
carried out by a variety of organizations. Each has a special function to perform and
serves to create a network of individuals who, working together, furnish the trans-
portation systems and services that presently exist. The following sections will
describe some of the organizations and associations involved in transportation. The
list is illustrative only and is intended to show the wide range of organizations active
in the transportation field. The following seven categories, described briefly in the sec-
tions that follow, outline the basic purposes and functions that these organizations
serve:

1. Private companies that are available for hire to transport people and goods.

2. Regulatory agencies that monitor the behavior of transportation companies in
areas such as pricing of services and safety.

3. Federal agencies such as the Department of Transportation and the Department
of Commerce, which, as part of the executive branch, are responsible for carrying
out legislation dealing with transportation at the national level.

4. State and local agencies and authorities responsible for the planning, design,
construction, and maintenance of transportation facilities such as roads and
airports.

5. Trade associations, each of which represents the interests of a particular trans-
portation activity, such as railroads or intercity buses, and which serve these
groups by furnishing data and information, by representing them at congressional
hearings, and by furnishing a means for discussing mutual concerns.

6. Professional societies composed of individuals who may be employed by any of
the transportation organizations but who have a common professional bond and
benefit from meeting with colleagues at national conventions or in specialized
committees to share the results of their work, learn about the experience of
others, and advance the profession through specialized committee activities.

7. Organizations of transportation users who wish to influence the legislative
process and furnish its members with useful travel information.
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Other means of exchanging information about transportation include professional
and research journals, reports and studies, and university research and training
programs.

2.3.1 Private Transportation Companies

Transportation by water, air, rail, highway, or pipeline is furnished either privately or
on a for-hire basis. Private transportation (such as automobiles or company-owned
trucks) must conform to safety and traffic regulations. For-hire transportation (regu-
lated until recently by the government) is classified as common carriers (available to
any user), contract carriers (available by contract to particular market segments), and
exempt (for-hire carriers that are exempt from regulation). Examples of private trans-
portation companies are Greyhound, Smith Transfer, United Airlines, and Yellow
Cab, to name a few.

2.3.2 Regulatory Agencies

Common carriers have been regulated by the government since the late 1800s, when
abuses by the railroads created a climate of distrust toward the railroad “robber
barons” that used their monopoly powers to grant preferential treatment to favored
customers or charged high rates to those who were without alternative routes or serv-
ices. The ICC was formed to make certain that the public received dependable service
at reasonable rates without discrimination. It was empowered to control the raising
and lowering of rates, to require that the carriers had adequate equipment and main-
tained sufficient routes and schedules, and to certify the entry of a new carrier and
control the exit of any certified carrier. Today, these concerns are less valid because
the shipper has alternatives other than shipping by rail, and the entry and exit restric-
tions placed on companies no longer tend to favor the status quo or limit innovation
and opportunities for new service. For these reasons, the ICC, which had regulated
railroads since 1887 and trucking since 1935, was abolished; now private carriers can
operate in a more independent, economic environment that should result in lower
costs and improved services. Similarly, the Civil Aeronautics Board (CAB), which
regulated the airline industry starting in 1938, is no longer empowered to certify
routes and fares of domestic airline companies; it was phased out in 1985. Other reg-
ulatory agencies are the Federal Maritime Commission, which regulates U.S. and for-
eign vessels operating in international commerce and the Federal Energy Regulatory
Commission, which regulates certain oil and natural gas pipelines.

2.3.3 Federal Agencies

Because transportation pervades our economy, each agency within the executive
branch of the federal government is involved in some aspect of transportation. For
example, the Department of State develops policy recommendations concerning
international aviation and maritime transportation, and the Department of Defense,
through the Army Corps of Engineers, constructs and maintains river and harbor
improvements and administers laws protecting navigable waterways.
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Figure 2.9 Organization Chart of the U.S. Department of Transportation 2007

SOURCE: U.S. Department of Transportation, Washington, D.C.

The Department of Transportation is the principal assistant to the President of
the United States in all matters relevant to federal transportation programs. Within
the department are the 10 administrations illustrated in Figure 2.9 that deal with pro-
grams for highways, aviation, railroads, transit, motor carrier safety, highway traffic
safety, research and innovative technology, maritime, pipelines, hazardous materials
safety, and the St. Lawrence Seaway Development Corporation. The department also
deals with special problems such as public and consumer affairs, civil rights, and inter-
national affairs.

The U.S. Congress, in which the people are represented by the Senate and the
House of Representatives, has jurisdiction over transportation activities through the
budget and legislative process. Two committees in the Senate are concerned with
transportation: the Commerce, Science, and Transportation Committee and the
Committee on Environment and Public Works. The two House committees are Com-
merce, and Transportation and Infrastructure. The Appropriations Committees in
both the Senate and the House have transportation subcommittees.

2.3.4 State and Local Agencies and Authorities

Each of the 50 states has its own highway or transportation department which is
responsible for planning, building, operating, and maintaining its highway system and
for administering funds and programs in other modes such as rail, transit, air, and
water. These departments also may be responsible for driver licensing, motor vehicle
registration, policing, and inspection. The organization and functions of these depart-
ments vary considerably from state to state, but since highway programs are a direct
state responsibility and other modes are either privately-owned and operated (such as
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air and rail) or of greater concern at a local level (such as public transit), highway
matters tend to predominate at the state level. In many states, the responsibilities of
state transportation departments closely parallel those of the U.S. Department of
Transportation.

Local agencies are responsible for carrying out specific transportation functions
within a prescribed geographic area. Larger cities have a regional transportation
authority that operates the bus and rapid transit lines, and many communities have a
separate traffic department responsible for operating the street system, signing, traffic
timing, and parking controls. Local roads are often the responsibility of county or
township agencies, which vary considerably in the quality of engineering staff and
equipment. The jurisdiction and administration of the roads in a state can create
severe economic and management problems if the responsibility for road improve-
ments is fragmented and politicized.

2.3.5 Trade Associations

Americans are joiners; for each occupation or business involved in transportation,
there is likely to be an organization that represents its interests. These associations are
an attempt to present an industry-wide front in matters of common interest. They also
promote and develop new procedures and techniques to enhance the marketability of
their products and to provide an opportunity for information exchange.

Examples of modally oriented organizations are the Association of American
Railroads (AAR), the American Road and Transportation Builders Association
(ARTBA), the American Public Transit Association (APTA), and the American Bus
Association (ABA).

In addition to carrying out traditional lobbying efforts, trade associations collect
and disseminate industry data, perform research and development, provide self-
checking for safety matters, publish technical manuals, provide continuing career
education, and provide electronic-data exchange between carriers and shippers.

Examples of trade associations that improve product performance and mar-
ketability are the Asphalt Institute (AI) and the American Concrete Pavement Asso-
ciation. These groups publish data and technical manuals used by design engineers
and maintain technical staffs for special consultations. These and many similar asso-
ciations attempt to keep abreast of changing conditions and to provide communica-
tions links for their members and between the many governmental agencies that use
or regulate their products.

2.3.6 Professional Societies

Professional societies are composed of individuals with common interests in trans-
portation. Their purposes are to exchange ideas, to develop recommendations for
design and operating procedures, and to keep their memberships informed about new
developments in transportation practice. Membership in professional organizations is
essential for any professional who wishes to stay current in his or her field.

Examples of professional societies are the Women’s Transportation Seminar
(WTS) and the Institute of Transportation Engineers (ITE), which represent profes-
sionals who work in companies or agencies as transportation managers, planners,
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or engineers. Members of the American Association of State Highway and Trans-
portation Officials (AASHTO) are representatives of state highway and transporta-
tion departments and of the Federal Highway Administration. AASHTO produces
manuals, specifications standards, and current practices in highway design, which
form the basis for practices throughout the country.

The Transportation Research Board (TRB) of the National Academies is a divi-
sion of the National Research Council and is responsible for encouraging research in
transportation and disseminating the results to the professional community. It oper-
ates through a technical committee structure composed of knowledgeable practi-
tioners who assist in defining research needs, review and sponsor technical sessions,
and conduct workshops and conferences. The Transportation Research Board is sup-
ported by the state transportation departments, federal transportation administra-
tions, trade associations, transportation companies, and individual memberships. The
TRB annual meeting has been held in Washington, D.C., attracting attendees from
the United States and throughout the world.

2.3.7 Users of Transport Services

The transportation user has a direct role in the process of effecting change in trans-
portation services and is represented by several transportation groups or associations.
The American Automobile Association (AAA) has a wide membership of highway
users and serves its members as a travel advisory service, lobbying organization, and
insurance agency. The American Railway Passenger Association, the Bicycle Federa-
tion of America, and other similar consumer groups have attempted to influence leg-
islation to improve transportation services such as requiring passenger nonsmoking
sections or building bike lanes. Also, environmental groups have been influential in
ensuring that highway planning includes consideration of air quality, land use, wet-
lands, and noise. In general, however, the average transportation consumer plays a
minor role in the transportation decision process and is usually unaware of the way in
which transportation services came about or are supported. Quite often, the only
direct involvement of the consumer is through citizen participation in the selection
process for new transportation facilities in the community.

2.4 SUMMARY

The transportation system in a developed nation consists of a network of modes that
have evolved over many years. The system consists of vehicles, guideways, terminal
facilities, and control systems; these operate according to established procedures and
schedules in the air, on land, and on water. The system also requires interaction with
the user, the operator, and the environment. The systems that are in place reflect the
multitude of decisions made by shippers, carriers, government, individual travelers,
and affected nonusers concerning the investment in or the use of transportation. The
transportation system that has evolved has produced a variety of modes that comple-
ment each other. Intercity passenger travel often involves auto and air modes; inter-
city freight travel involves pipeline, water, rail, and trucking. Urban passenger travel
involves auto or public transit; urban freight is primarily by truck.
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The nation’s transportation system can be considered to be in a state of equilib-
rium at any given point in time as a result of market forces, government actions, and
transportation technology. As these change over time, the transportation system also
will be modified. During recent decades, changes in gasoline prices, regulation by gov-
ernment, and new technology have affected the relative importance of each mode.
The passenger or shipper thinks of each mode in terms of the level of service pro-
vided. Each mode offers a unique set of service characteristics at a given price: travel
time, frequency, comfort, convenience, reliability, and safety. The traveler or shipper
selects the mode based on how these attributes are valued.

The principal carriers of freight are rail, truck, pipeline, and water. Passenger
transportation is by auto, air, rail, and bus. Highway transportation is the dominant
mode in passenger travel. Trucks carry most freight in urban areas and are a principal
mode in intercity travel. The United States highway system comprises 3.9 million
miles of roadway. The Interstate system, consisting of 47,800 miles of limited-access
roads, represents the backbone of the nation’s highway network.

A wide range of organizations and agencies provide the resources to plan, design,
build, operate, and maintain the nation’s transportation system. These include private
companies that furnish transportation; regulatory agencies that monitor the safety
and service quality provided; federal, state, and local agencies that provide funds to
build roads and airports and carry out legislation dealing with transportation at a
national level; trade associations that represent the interests of a particular group of
transportation providers or suppliers; professional organizations; and transportation
user groups.

PROBLEMS

2-1

2-2

How would your typical day be changed without availability of your principal mode
of transportation? Consider both personal transportation as well as goods and serv-
ices that you rely on.

What are the most central problems in your state concerning one of the following:
(a) air transportation, (b) railroads, (c) water transportation, (d) highways, or
(e) public transportation? (Hint: To answer this question, obtain a copy of the
governor’s plan for transportation in your state or contact a key official in the trans-
portation department.)

A bridge has been constructed between the mainland and an island. The total cost
(excluding tolls) to travel across the bridge is expressed as C = 50 + 0.5V, where V' is
the number of veh/h and C is the cost/vehicle in cents. The demand for travel across
the bridge is V = 2500 — 10C.

(a) Determine the volume of traffic across the bridge.

(b) If a toll of 25 cents is added, what is the volume across the bridge?

(¢) A tollbooth is to be added, thus reducing the travel time to cross the bridge. The
new cost function is C = 50 + 0.2V. Determine the volume of traffic that would
cross the bridge.

(d) Determine the toll to yield the highest revenue for demand and supply function
in part (a) and the associated demand and revenue.
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A toll bridge carries 10,000 veh/day. The current toll is $3.00/vehicle. Studies have
shown that for each increase in toll of 50 cents, the traffic volume will decrease
by 1000 veh/day. It is desired to increase the toll to a point where revenue will
be maximized.

(a) Write the expression for travel demand on the bridge related to toll increase and
current volume.

(b) Determine toll charge to maximize revenues.

(¢) Determine traffic in veh/day after toll increase.

(d) Determine total revenue increase with new toll.

Consideration is being given to increasing the toll on a bridge now carrying 4500
veh/day. The current toll is $1.25/veh. It has been found from past experience that
the daily traffic volume will decrease by 400 veh/day for each 25¢ increase in toll.
Therefore, if x is the increase in toll in cents/veh, the volume equation for veh/day is
V = 4500 — 400 (x/25), and the new toll/veh would be T = 125 + x. In order to max-
imize revenues, what would the new toll charge be per vehicle, and what would the
traffic in veh/day be after the toll increase?

A large manufacturer uses two factors to decide whether to use truck or rail for move-
ment of its products to market: cost and total travel time. The manufacturer uses a
utility formula that rates each mode. The formula is U = 5C + 107, where C is cost
($/ton) and T is time (hours). For a given shipment of goods, a trucking firm can
deliver in 16 hours and charges $25/ton, whereas a railroad charges $17/ton and can
deliver in 25 hours.

(a) Which mode should the shipper select?
(b) What other factors should the shipper take into account in making a decision?
(Discuss at least two.)

An individual is planning to take an 800-mile trip between two large cities. Three pos-
sibilities exist: air, rail, or auto. The person is willing to pay $25 for every hour saved
in making the trip. The trip by air costs $600 and travel time is 8 hours, by rail the cost
is $450 and travel time is 16 hours, and by auto the cost is $200 and travel time is
20 hours.

(a) Which mode is the best choice?
(b) What factors other than cost might influence the decision regarding which mode
to use?

Name the two key influences on transit system carrying capacity.

What factors affect the long-term viability of fuel taxes as a stable source of revenue
to fund highway system improvements?

What emerging concepts for financing highway improvements are currently being
explored?

Describe the organization and function of your state highway department and/or
transportation department.

What are the major activities performed by the highway department in your state
as described by the organization chart and other information furnished on their
website?
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2-13 Consult with the U.S. Department of Transportation website and identify the name
and location of highways in your state that are included as part of the National
Highway System.

2-14 List three transportation organizations located in your state. What services do they
provide?

2-15 Obtain a copy of a Transportation Research Record (published by the TRB) or a
CD-ROM of papers from an annual meeting of TRB.
(a) Select one article and write a short summary of its contents.
(b) Describe the technical area of transportation covered by this article.

2-16 What do the following acronyms mean?
AAA ARTBA FHWA
AASHTO AAR PCA TRB
APTA Al

2-17 List the seven categories of transportation organizations, and give one example of
each.

2-18 What are the four principal modes for moving freight? Which of these modes carries
the largest share of ton-miles? Which carries the lowest?

2-19 What are the four principal modes for moving people? Which of these modes accounts
for the largest share of passenger-miles? Which mode accounts for the lowest?

2-20 (a) List four major factors that will determine the future of public transportation in

the United States.
(b) For each of the factors listed, indicate if the factor is positive, negative, or neutral
to the success of transit.
2-21 What are the advantages and disadvantages of using intercity bus transportation?
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Traffic Operations

of the driver, the vehicle, and the roadway, but how each interacts with the others.

I he traffic or highway engineer must understand not only the basic characteristics

Information obtained through traffic engineering studies serves to identify rele-
vant characteristics and define related problems. Traffic flow is of fundamental impor-
tance in developing and designing strategies for intersection control, rural highways,

and freeway segments.
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the pedestrian, the vehicle, and the road. The bicycle is also becoming an impor-

tant component in the design of urban highways and streets. To provide efficient
and safe highway transportation, a knowledge of the characteristics and limitations of
each of these components is essential. It is also important to be aware of the inter-
relationships that exist among these components in order to determine the effects, if
any, that they have on each other. Their characteristics are also of primary importance
when traffic engineering measures such as traffic control devices are to be used in the
highway mode. Knowing average limitations may not always be adequate; it may be
necessary to sometimes obtain information on the full range of limitations. Consider,
for example, the wide range of drivers’ ages in the United States, which usually begins
at 16 and can exceed 80.

It also should be noted that highway statistics provided by the Federal Highway
Administration indicate that 65 years and older drivers comprise over 14 percent of
the driver population. Sight and hearing vary considerably across age groups, with the
ability to hear and see usually decreasing after age 65. In addition, these can vary even
among individuals of the same age group.

Similarly, a wide range of vehicles, from compact cars to articulated trucks, have
been designed. The maximum acceleration, turning radii, and ability to climb grades
differ considerably among different vehicles. The road therefore must be designed to
accommodate a wide range of vehicle characteristics while at the same time allowing
use by drivers and pedestrians with a wide range of physical and psychological
characteristics.

This chapter discusses the relevant characteristics of the main components of the
highway mode and demonstrates their importance and their use in the design and
operation of highway facilities.

I he four main components of the highway mode of transportation are the driver,
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3.1 DRIVER CHARACTERISTICS

One problem that faces traffic and transportation engineers when they consider driver
characteristics in the course of design is the varying skills and perceptual abilities of
drivers on the highway, demonstrated by a wide range of abilities to hear, see, evaluate,
and react to information. Studies have shown that these abilities may also vary in an
individual under different conditions, such as the influence of alcohol, fatigue, and the
time of day. Therefore, it is important that criteria used for design purposes be com-
patible with the capabilities and limitations of most drivers on the highway. The use of
an average value, such as mean reaction time, may not be adequate for a large number
of drivers. Both the 85th percentile and the 95th percentile have been used to select
design criteria; in general, the higher the chosen percentile, the wider the range
covered.

3.1.1 The Human Response Process

Actions taken by drivers on a road result from their evaluation of and reaction to
information they obtain from certain stimuli that they see or hear. However, evalua-
tion and reaction must be carried out within a very short time, as the information
being received along the highways is continually changing. It has been suggested that
most of the information received by a driver is visual, implying that the ability to see
is of fundamental importance in the driving task. It is therefore important that
highway and traffic engineers have some fundamental knowledge of visual perception
as well as of hearing perception.

Visual Reception
The principal characteristics of the eye are visual acuity, peripheral vision, color
vision, glare vision and recovery, and depth perception.

Visual Acuity. Visual acuity is the ability to see fine details of an object. It can be
represented by the visual angle, which is the reciprocal of the smallest pattern detail
in minutes of arc that can be resolved and given as

L
= 2arctan| — 3.1
o) arc an<2D> (3.1)
where

L = diameter of the target (letter or symbol)
D = distance from the eye to target in the same units as L

For example, the ability to resolve a pattern detail with a visual acuity of one
minute of arc (1/60 of a degree) is considered the normal vision acuity (20/20 vision).

Two types of visual acuity are of importance in traffic and highway emergencies:
static and dynamic visual acuity. The driver’s ability to identify an object when both
the object and the driver are stationary depends on his or her static acuity. Factors that
affect static acuity include background brightness, contrast, and time. Static acuity
increases with an increase in illumination up to a background brightness of about
3 candles (cd)/sq. ft and then remains constant even with an increase in illumination.
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When other visual factors are held constant at an acceptable level, the optimal time
required for identification of an object with no relative movement is between 0.5 and
1.0 seconds.

The driver’s ability to clearly detect relatively moving objects, not necessarily in
his or her direct line of vision, depends on the driver’s dynamic visual acuity. Most
people have clear vision within a conical angle of 3 to 5 degrees and fairly clear vision
within a conical angle of 10 to 12 degrees. Vision beyond this range is usually blurred.
This is important when the location of traffic information devices is considered.
Drivers will see clearly those devices that are within the 12 degree cone, but objects
outside this cone will be blurred.

Peripheral Vision. Peripheral vision is the ability of people to see objects beyond
the cone of clearest vision. Although objects can be seen within this zone, details and
color are not clear. The cone for peripheral vision could be one subtending up to
160 degrees; this value is affected by the speed of the vehicle. Age also influences
peripheral vision. For instance, at about age 60, a significant change occurs in a
person’s peripheral vision.

Color Vision. Color vision is the ability to differentiate one color from another, but
deficiency in this ability, usually referred to as color blindness, is not of great
significance in highway driving because other ways of recognizing traffic information
devices (e.g., shape) can compensate for it. Combinations of black and white and
black and yellow have been shown to be those to which the eye is most sensitive.

Glare Vision and Recovery. There are two types of glare vision: direct and specular.
Rowland and others have indicated that direct glare occurs when relatively bright light
appears in the individual’s field of vision and specular glare occurs when the image
reflected by the relatively bright light appears in the field of vision. Both types of glare
result in a decrease of visibility and cause discomfort to the eyes. It is also known that
age has a significant effect on the sensitivity to glare, and that at about age 40,
a significant change occurs in a person’s sensitivity to glare.

The time required by a person to recover from the effects of glare after passing
the light source is known as glare recovery. Studies have shown that this time is about
3 seconds when moving from dark to light and can be 6 seconds or more when moving
from light to dark. Glare vision is of great importance during night driving; it con-
tributes to the problem of serving older people, who see much more poorly at night.
This phenomenon should be taken into account in the design and location of street
lighting so that glare effects are reduced to a minimum.

Glare effects can be minimized by reducing luminaire brightness and by
increasing the background brightness in a driver’s field of view. Specific actions taken
to achieve this in lighting design include using higher mounting heights, positioning
lighting supports farther away from the highway, and restricting the light from the
luminaire to obtain minimum interference with the visibility of the driver.

Depth Perception. Depth perception affects the ability of a person to estimate speed
and distance. It is particularly important on two-lane highways during passing maneu-
vers, when head-on crashes may result from a lack of proper judgment of speed and
distance.
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The ability of the human eye to differentiate between objects is fundamental to
this phenomenon. It should be noted, however, that the human eye is not very good at
estimating absolute values of speed, distance, size, and acceleration. This is why traffic
control devices are standard in size, shape, and color. Standardization not only aids in
distance estimation but also helps the color-blind driver to identify signs.

Hearing Perception

The ear receives sound stimuli, which is important to drivers only when warning
sounds, usually given out by emergency vehicles, are to be detected. Loss of some
hearing ability is not a serious problem, since it normally can be corrected by a
hearing aid.

3.2 PERCEPTION-REACTION PROCESS

The process through which a driver, cyclist, or pedestrian evaluates and reacts to a
stimulus can be divided into four subprocesses:

1. Perception: the driver sees a control device, warning sign, or object on the road

2. Identification: the driver identifies the object or control device and thus under-
stands the stimulus

3. Emotion: the driver decides what action to take in response to the stimulus; for
example, to step on the brake pedal, to pass, to swerve, or to change lanes

4. Reaction or volition: the driver actually executes the action decided on during the
emotion sub-process

Time elapses during each of these subprocesses. The time that elapses from the
start of perception to the end of reaction is the total time required for perception,
identification, emotion, and volition, sometimes referred to as PIEV time or (more
commonly) as perception-reaction time.

Perception-reaction time is an important factor in the determination of braking
distances, which in turn dictates the minimum sight distance required on a highway
and the length of the yellow phase at a signalized intersection. Perception-reaction
time varies among individuals and may, in fact, vary for the same person as the occa-
sion changes. These changes in perception-reaction time depend on how complicated
the situation is, the existing environmental conditions, age, whether the person is tired
or under the influence of drugs and/or alcohol, and whether the stimulus is expected
or unexpected.

Triggs and Harris described this phenomenon in detail. They noted that the
85th-percentile time to brake, obtained from several situations, varied from 1.26 to
over 3 seconds. The reaction time selected for design purposes should, however,
be large enough to include reaction times for most drivers using the highways. Rec-
ommendations made by the American Association of State Highway and Trans-
portation Officials (AASHTO) stipulate 2.5 seconds for stopping-sight distances. This
encompasses the decision times for about 90 percent of drivers under most highway
conditions. Note, however, that a reaction time of 2.5 second may not be adequate for
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unexpected conditions or for some very complex conditions, such as those at multi-
phase at-grade intersections and ramp terminals. For example, when signals are unex-
pected, reaction times can increase by 35 percent.

Example 3.1 Distance Traveled During Perception-Reaction Time

A driver with a perception-reaction time of 2.5 sec is driving at 65 mi/h when she
observes that an accident has blocked the road ahead. Determine the distance the
vehicle would move before the driver could activate the brakes. The vehicle will con-
tinue to move at 65 mi/h during the perception-reaction time of 2.5 sec.

Solution:

e Convert mi/h to ft/sec:

5280
65 mi/h = (65 X 3600) ft/sec = 65 X 1.47 = 95.55ft/sec

¢ Find the distance traveled:

D = vt
= 0555 X 2.5
= 238.9 ft

where v = velocity and ¢ = time.

3.3 OLDER DRIVERS' CHARACTERISTICS

Growth progression of the United States population as published by the Administra-
tion on Aging, indicates that by 2030, 20 percent of U.S. drivers will be older drivers
(65 years or older). Also as noted above, as one grows older, his or her sensory, cogni-
tive, and physical functioning ability declines, which can result in older drivers being
less safe than their younger counterparts, and with a higher probability of being injured
when involved in a crash. As older drivers seem to be depending more on the automo-
bile for meeting their transportation needs, itis very important that trafficand highway
engineers consider these diminished characteristics of older drivers in making deci-
sions on highway design and operational characteristics that are influenced by human
characteristics. Specific declining abilities of older drivers include reduced visual
acuity, ability to see at night, and flexibility and motion range. This group also suffers
from narrower visual fields, greater sensitivity to glare, higher reaction times, and
reduced muscle strength, which may result in the older driver having a higher crash
risk. For example, reduction in visual acuity results in older drivers being less capable
to discern letters on road signs, while greater sensitivity to glare results in older drivers
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taking a much longer time in recovering from the disabling effect of glare and may
therefore fail to respond to roadway signs or roadway obstacles, particularly at work
zones.

3.4 PEDESTRIAN CHARACTERISTICS

Pedestrian characteristics relevant to traffic and highway engineering practice include
those of the driver, discussed in the preceding sections. In addition, other pedestrian
characteristics may influence the design and location of pedestrian control devices.
Such control devices include special pedestrian signals, safety zones and islands
at intersections, pedestrian underpasses, elevated walkways, and crosswalks. Apart
from visual and hearing characteristics, walking characteristics play a major part in
the design of some of these controls. For example, the design of an all-red phase,
which permits pedestrians to cross an intersection with heavy traffic, requires knowl-
edge of the walking speeds of pedestrians. Observations of pedestrian movements
have indicated that walking speeds vary between 3.0 and 8.0 ft/sec. Significant differ-
ences have also been observed between male and female walking speeds. At intersec-
tions, the mean male walking speed has been determined to be 4.93 ft/sec, and for
females, 4.63 ft/sec. A more conservative value of 4.0 ft /sec is normally used for design
purposes. However, Rouphail and others have shown that the average walking speed
depends on the population of elderly pedestrians. For example, the average walking
speed is 4.0 ft/sec when the percentage of elderly pedestrians is 20 percent or lower,
but reduces to 3.0 ft/sec when the percentage of elderly pedestrians is higher than
20 percent. This factor therefore should be taken into consideration for the design of
intersection pedestrian signals at locations where a high number of older pedestrians
is expected. Consideration also should be given to the characteristics of handicapped
pedestrians, such as the blind. Studies have shown that accidents involving blind
pedestrians can be reduced by installing special signals. The blind pedestrian can turn
the signal to a red phase by using a special key, which also rings a bell, indicating to
the pedestrian that it is safe to cross. Ramps are also now being provided at intersec-
tion curbs to facilitate the crossing of the intersection by the occupant of a wheelchair.
Also, consideration should be given to the relatively lower average walking speed of
the handicapped pedestrian, which can vary from a low of 1.97 ft/sec to 3.66 ft/sec.

3.5 BICYCLISTS AND BICYCLES CHARACTERISTICS

As noted earlier, bicycles are now an important component of the highway mode,
especially for highways located in urban areas. It is therefore essential that highway
and traffic engineers have an understanding of the characteristics of bicycles and bicy-
clists. The basic human factors discussed for the automobile driver also apply to
the bicyclist, particularly with respect to perception and reaction. It should, however,
be noted that unlike the automobile driver, the bicyclist is not only the driver of
the bicycle, but he/she also provides the power to move the bicycle. The bicycle and
the bicyclist therefore unite to form a system, thus requiring that both be considered
jointly.
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Three classes of bicyclists (A, B, and C) have been identified in the Guide for
the Development of Bicycle Facilities by AASHTO. Experienced or advanced bicy-
clists are within class A, while less experienced bicyclists are within class B, and chil-
dren riding on their own or with parents are classified as C. Class A bicyclists typically
consider the bicycle as a motor vehicle and can comfortably ride in traffic. Class B
bicyclists prefer to ride on neighborhood streets and are more comfortable on desig-
nated bicycle facilities, such as bicycle paths. Class C bicyclists use mainly residential
streets that provide access to schools, recreational facilities, and stores.

In designing urban roads and streets, it is useful to consider the feasibility of
incorporating bicycle facilities that will accommodate class B and class C bicyclists.

The bicycle, like the automobile, also has certain characteristics that are unique.
For example, based on the results of studies conducted in Florida, Pein suggested that
the minimum design speed for bicycles on level terrain is 20 mi/h, but downgrade
speeds can be as high as 31 mi/h, while upgrade speeds can be as low as 8 mi/h. Pein
also suggested that the mean speed of bicycles when crossing an intersection from
a stopped position is 8 mi/h and the mean acceleration rate is 3.5 ft /sec’.

3.6 VEHICLE CHARACTERISTICS

Criteria for the geometric design of highways are partly based on the static, kinematic,
and dynamic characteristics of vehicles. Static characteristics include the weight and
size of the vehicle, while kinematic characteristics involve the motion of the vehicle
without considering the forces that cause the motion. Dynamic characteristics involve
the forces that cause the motion of the vehicle. Since nearly all highways carry both
passenger-automobile and truck traffic, it is essential that design criteria take into
account the characteristics of different types of vehicles. A thorough knowledge of
these characteristics will aid the highway and/or traffic engineer in designing highways
and traffic-control systems that allow the safe and smooth operation of a moving
vehicle, particularly during the basic maneuvers of passing, stopping, and turning.
Therefore, designing a highway involves the selection of a design vehicle, whose char-
acteristics will encompass those of nearly all vehicles expected to use the highway. The
characteristics of the design vehicle are then used to determine criteria for geometric
design, intersection design, and sight-distance requirements.

3.6.1 Static Characteristics

The size of the design vehicle for a highway is an important factor in the determina-
tion of design standards for several physical components of the highway. These
include lane width, shoulder width, length and width of parking bays, and lengths of
vertical curves. The axle weights of the vehicles expected on the highway are impor-
tant when pavement depths and maximum grades are being determined.

For many years, each state prescribed by law the size and weight limits for trucks
using its highways, and in some cases local authorities also imposed more severe
restrictions on some roads. Table 3.1 shows some features of static characteristics for
which limits were prescribed. A range of maximum allowable values is given for each
feature.
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Table 3.1 Range of State Limits on Vehicle Lengths by Type and Maximum Weight of Vehicle

Type Allowable Lengths (ft)

Bus 35-60

Single truck 35-60

Trailer, semi/full 35-48

Semitrailer 55-85

Truck trailer 55-85

Tractor semitrailer trailer 55-85

Truck trailer trailer 65-80

Tractor semitrailer, trailer, trailer 60-105

Type Allowable Weights (Ib)

Single-axle 18,000-24,000

Tandem-axle 32,000-40,000
State maximum gross vehicle weight 73,280-164,000
Interstate maximum gross vehicle weight 73,280-164,000

SOURCE: Adapted from State Maximum Sizes and Weights for Motor Vehicles, Motor Vehicle Manufacturers’
Association of the United States, Detroit, MI, May 1982.

Since the passage of the Surface Transportation Assistance Act of 1982, the max-
imum allowable truck sizes and weights on Interstate and other qualifying federal-
aided highways are at most:

¢ 80,000 Ib gross weight, with axle loads of up to 20,000 Ib for single axles and
34,000 1b for tandem (double) axles

¢ 102 in. width for all trucks

¢ 48 ft length for semitrailers and trailers

e 28 ft length for each twin trailer

(Note: Those states that had higher weight limits before this law was enacted are
allowed to retain them for intrastate travel.)

The federal regulations also stipulate that the overall maximum gross weight for
a group of two or more consecutive axles should be determined from Eq. 3.2:

LN
W =500) 1 + 12N + 36 (3.2)

where

W = overall gross weight (calculated to the nearest 500 1b)
L = the extreme of any group of two or more consecutive axles (ft)
N = number of axles in the group under consideration

The regulations also stipulate that a gross load of 34,000 Ib may be carried by two
consecutive sets of tandem axles if the overall distance between the first and last axles
of the consecutive sets is 36 ft or more.
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Example 3.2 Estimating Allowable Gross Weight of a Truck

A 5-axle truck traveling on an interstate highway has the following axle character-
istics:
Distance between the front single axle and the first set of tandem axles = 20 ft

Distance between the first set of tandem axle and the back set of tandem
axles = 48 ft

If the overall gross weight of the truck is 79,500 1b, determine whether this truck
satisfies federal weight regulations.

Solution: Although the overall gross weight is less than the maximum allowable of
80,000 1b, the allowable gross weight based on the axle configuration should be
checked.

Use Eq. 3.2.
L
W = 500 ]_Vl+12N+36
X
W =500 48 4+12><4+36
4 -1
= 74,000 Ib

which is less than the allowable of 80,000 1b. The truck therefore satisfies the federal
truck weight regulations.

States are no longer allowed to set limits on overall truck length. As stated ear-
lier, the static characteristics of vehicles expected to use the highway are factors that
influence the selection of design criteria for the highway. It is therefore necessary that
all vehicles be classified so that representative static characteristics for all vehicles
within a particular class can be provided for design purposes. AASHTO has selected
four general classes of vehicles: passenger cars, buses, trucks, and recreational vehi-
cles. Included in the passenger-car class are sport/utility vehicles, minivans, vans, and
pick-up trucks. Included in the bus class are intercity motor coaches and city transit,
school, and articulated buses. Within the class of trucks are single-unit trucks, truck
tractor-semitrailer combinations, and trucks or truck tractors with semitrailers in
combination with full trailers. Within the class of recreational vehicles are motor
homes, cars with camper trailers, cars with boat trailers, and motor homes pulling
cars. A total of 19 different design vehicles have been selected to represent the dif-
ferent categories of vehicles within all four classes. Table 3.2 shows the physical
dimensions for each of these design vehicles, and Figure 3.1 shows examples of dif-
ferent types of trucks.
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Table 3.2 Design Vehicle Dimension

U.S. Customary

Dimensions (ft)

Overall Overhang Typical Kingpin
to Center of
Design Vehicle Type Symbol Height Width  Length  Front Rear WB; WB, N T WB; WB, Rear Axle
Passenger Car P 4.25 7 19 3 5 11 — — — — — —
Single-Unit Truck SU 11-13.5 8.0 30 4 6 20 — — — — — —
Buses
Intercity Bus BUS-40 12.0 8.5 40 6 6.3 24 3.7 — — — — —
(Motor Coaches) BUS-45 12.0 8.5 45 6 8.5 26.5 4.0 — — — — —
City Transit Bus CITY-BUS 10.5 8.5 40 7 8 25 — — — — — —
Conventional School Bus (65 pass.) S-BUS 36 10.5 8.0 35.8 2.5 12 21.3 — — — — — —
Large School Bus (84 pass.) S-BUS 40 10.5 8.0 40 7 13 20 — — — — — —
Articulated Bus A-BUS 11.0 8.5 60 8.6 10 22.0 19.4 6.2 132° — — —
Trucks
Intermediate Semitrailer WB-40 13.5 8.0 45.5 3 2.5¢ 12.5 27.5 — — — — 27.5
Intermediate Semitrailer WB-50 13.5 8.5 55 3 2¢ 14.6 354 — — — — 37.5
Interstate Semitrailer WB-62* 13.5 8.5 68.5 4 2.5¢ 21.6 40.4 — — — — 42.5
Interstate Semitrailer WB-65%* 13.5 8.5 735 4 45-25 21,6 434-454 — — — — 45.5-47.5
or WB-67
“Double-Bottom”-Semitrailer/ Trailer WB-67D 13.5 8.5 733 2.33 3 11.0 23.0 3.0° 7.0°¢ 23.0 — 23.0
Triple-Semitrailer/ Trailers WB-100T 13.5 8.5 104.8 2.33 3 11.0 225 3.00  7.0¢ 23.0 23.0 23.0
Turnpike Double-Semitrailer/ Trailer =~ WB-109D* 13.5 8.5 114 2.33 2.5¢ 14.3 39.9 2.5¢ 10.0° 445 — 4.5
Recreational Vehicles
Motor Home MH 12 8 30 4 6 20 — — — — — —
Car and Camper Trailer P/T 10 8 48.7 3 10 11 — 5 19 — — —
Car and Boat Trailer P/B — 8 42 3 8 11 — 5 15 — — —
Motor Home and Boat Trailer MH/B 12 8 53 4 8 20 — 6 15 — — —
Farm Tractor TR 10 8-10 168 — — 10 9 3 6.5 — — —

* = Design Vehicle with 48-ft trailer as adopted in 1982 Surface Transportation Assistance Act (STAA).
*#* = Design vehicle with 53-ft trailer as grandfathered in with 1982 Surface Transportation Assistance Act (STAA).
a = This is overhang from the back axle of the tandem axle assembly. » = Combined dimension is 19.4 ft and articulating section is 4ft wide. ¢ = Combined dimension is typically 10.0 ft.
d = Combined dimension is typically 10.0 ft. ¢ = Combined dimension is typically 12.5 ft. f = Dimensions are for a 150-200 hp tractor excluding any wagon length. g = To obtain the
total length of tractor and one wagon, add 18.5 ft to tractor length. Wagon length is measured from front of drawbar to rear of wagon, and drawbar is 6.5 ft long.

e WB,, WB,, WB;, and WB, are the effective vehicle wheelbases, or distances between axle groups, starting at the front and working towards the back of each unit.

e Sis the distance from the rear effective axle to the hitch point or point of articulation.

o T is the distance from the hitch point or point of articulation measured back to the center of the next axle or center of tandem axle assembly.
SOURCE: From A Policy on Geometric Design of Highways and Streets, 2004 by the American Association of State Highway and Transportation Officials, Washington, D.C., 2004.
Used by permission.
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Single Unit Trucks

Conventional Combination Vehicles

5-Axle Tractor Semi-Trailer 6Axle Tractor Semi-Trailer

STAA or “Western” Double

Longer Combination Vehicles (LCVs)

Rocky Mountain Double Turnpike Double

8-Axle B-Train Double Trailer Combination

Triple Trailer Combination

Figure 3.1 Examples of Different Types of Trucks

AASHTO also has suggested the following guidelines for selecting a design
vehicle:

¢ For a parking lot or series of parking lots, a passenger car may be used

¢ For intersections on residential streets and park roads, a single-unit truck could
be considered

e For the design of intersections of state highways and city streets that serve bus
traffic but with relatively few large trucks, a city transit bus may be used

¢ For the design of intersections of highways with low-volume county and township/
local roads with Average Annual Daily Traffic (AADT, see Chapter 4 for
definition) of 400 or less, a large school bus with a capacity of 84 passengers or a con-
ventional bus with a capacity of 65 passengers may be used. The selection of the bus
type depends on the expected frequency of each of the buses on the facility.
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¢ For intersections of freeway ramp terminals and arterial highways, and for inter-
sections of state highways and industrial streets with high traffic volumes, or with
large truck access to local streets, the WB-20 (WB-65 or 67) may be used.

In carrying out the design of any of the intersections referred to above, the min-
imum turning radius for the selected design vehicle traveling at a speed of 10 mph
should be provided. Minimum turning radii at low speeds (10 mi/h or less) are depen-
dent mainly on the size of the vehicle. The turning-radii requirements for single-unit
(SU) truck and the WB-20 (WB-65 and WB-67) design vehicles are given in
Figures 3.2 and 3.3 respectively. The turning-radii requirements for other vehicles can

e Path of front
Path of left

~ .~~~ overhang
front wheel B

}__&__E 0 5ft 101t
i

0 25m
scale

Path of right

H rear whee

w « Assumed steering angle is 31.7°
8t « CTR = Centerline turning

radius at front axle

Figure 3.2 Minimum Turning Path for Single-Unit (SU) Truck Design Vehicle

SOURCE: From Texas State Department of Highways and Public Transportation, reprinted in A Policy on
Geometric Design of Highways and Streets, American Association of State Highway and Transportation Officials,
Washington, D.C., 2004. Used by permission.
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Figure 3.3 Minimum Turning Path for Interstate Semitrailer (WB-20 [WB-65 and WB-67]) Design Value

SOURCE: From Texas State Department of Highways and Public Transportation, reprinted in A Policy on Geometric Design
of Highways and Streets, American Association of State Highway and Transportation Officials, Washington, D.C., 2004. Used by
permission.
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be found in AASHTO’s Policy on Geometric Design of Highways and Streets. These
turning paths were selected by conducting a study of the turning paths of scale models
of the representative vehicles of each class. It should be emphasized, however, that the
minimum turning radii shown in Figures 3.2 and 3.3 are for turns taken at speeds less
than 10 mi/h. When turns are made at higher speeds, the lengths of the transition
curves are increased, so radii greater than the specified minimum are required. These
requirements will be described later.

3.6.2 Kinematic Characteristics

The primary element among kinematic characteristics is the acceleration capability of
the vehicle. Acceleration capability is important in several traffic operations, such as
passing maneuvers and gap acceptance. Also, the dimensioning of highway features
such as freeway ramps and passing lanes is often governed by acceleration rates.
Acceleration is also important in determining the forces that cause motion. There-
fore, a study of the kinematic characteristics of the vehicle primarily involves a study
of how acceleration rates influence the elements of motion, such as velocity and dis-
tance. We therefore review in this section the mathematical relationships among
acceleration, velocity, distance, and time.

Let us consider a vehicle moving along a straight line from point o to point 1,
a distance x in a reference plane 7. The position vector of the vehicle after time ¢ may
be expressed as

where

T,m = positon vector for min T

= a unit vector parallel to line om
x = distance along the straight line

The velocity and acceleration for m may be simply expressed as
Up = Fop = X (3.4)
adm = Fom = jéf (35)
where

u,, = velocity of the vehicle at point m
a,, = acceleration of the vehicle at point m

. dx
YT
. dyx
e

Two cases are of interest: (1) acceleration is assumed constant; (2) acceleration is
a function of velocity.
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Acceleration Assumed Constant
When the acceleration of the vehicle is assumed to be constant,

..X:i =a
dx
— = 3.6
o (3.6)
1
X = Edtz + C]t + C2 (38)

The constants C; and C, are determined either by the initial conditions on velocity
and position or by using known positions of the vehicle at two different times.

Acceleration as a Function of Velocity

The assumption of constant acceleration has some limitations, because the acceler-
ating capability of a vehicle at any time ¢ is related to the speed of the vehicle at that
time (u,). The lower the speed, the higher the acceleration rate that can be obtained.
Figures 3.4a and 3.4b show maximum acceleration rates for passenger cars and
tractor-semitrailers at different speeds on level roads. One model that is used com-
monly in this case is

du,

F Bu, (3.9)

where « and B are constants.

In this model, the maximum acceleration rate that can be achieved is theoretically
«, which means that « has units of acceleration as its unit. The term Bu, also should
have units of acceleration as its unit, which means that 8 has the inverse of time (for
example, sec”!) as its unit.

Integrating Eq. 3.9 gives

1
——In(e — Bu,) =t + C
B
If the velocity is u,, at time zero,

C = —;ln(a - Bu,)

—[13 In(a — Bu,) = t_,(IB In(a — Buy)

(o = Bug) _
Mapu P
R L) (3.10)

B a — Bu,
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o = Bu, = (a — Pugle™®

U, = %(1 — e P + upe P (3.11)

The distance x(¢) traveled at any time ¢ may be determined by integrating
Eq.3.11.

o o (3.12)

Example 3.3 Distance Traveled and Velocity Attained for Variable Acceleration

The acceleration of a vehicle can be represented by the following equation.

U _ 33004
d[_ . U

where u is the vehicle speed in ft/sec. If the vehicle is traveling at 45 mi/h, determine
its velocity after 5 sec of acceleration and the distance traveled during that time.

Solution:

e Convert 45 mi/h to ft/sec:
e 45 X 1.47 = 66.15 ft/sec
e Use Eq. 3.11 to determine velocity u, after time .

u= g(1 —e P+ ue®
B

a=33
B = 0.04
u, = 2(1 — 00X 4 661500043
0.04
= 82.5(1 — 0.82) + 66.15 X 0.82
= 14.85 + 54.24
= 69.09 ft/sec

e Convert ft/sec to mi/h.

u, = 69.09/1.47
47.00 mi/h
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e Use Eq. 3.12 to determine distance traveled.

x = <;>z - %(1 —e P+ %(1 — e P
— 33 _ 33 _ ,—0.04x%x5 6615 _ ,—0.04x5
- (0.04>5 0oapt e gL

= 412.5 — 2062.5(1 — 0.82) + 1653.75(1 — 0.82)
= 412.5 — 371.25 + 297.68
= 338.93 ft

3.6.3 Dynamic Characteristics

Several forces act on a vehicle while it is in motion: air resistance, grade resistance,
rolling resistance, and curve resistance. The extents to which these forces affect the
operation of the vehicle are discussed in this section.

Air Resistance

A vehicle in motion has to overcome the resistance of the air in front of it as well as
the force due to the frictional action of the air around it. The force required to over-
come these is known as the air resistance and is related to the cross-sectional area of
the vehicle in a direction perpendicular to the direction of motion and to the square
of the speed of the vehicle. Claffey has shown that this force can be estimated from the
formula

2.15pC p A
R, = 05 (’igl’u) (3.13)

where

R, = air resistance force (1b)
p = density of air (0.0766 Ib/ft®) at sea level; less at higher elevations
Cp = aerodynamic drag coefficient (current average value for passenger cars is
0.4; for trucks, this value ranges from 0.5 to 0.8, but a typical value is 0.5)
A = frontal cross-sectional area (ft?)
u = vehicle speed (mi/h)
g = acceleration of gravity (32.2 ft/sec?)

Grade Resistance

When a vehicle moves up a grade, a component of the weight of the vehicle acts down-
ward, along the plane of the highway. This creates a force acting in a direction oppo-
site that of the motion. This force is the grade resistance. A vehicle traveling up a
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Figure 3.5 Speed-Distance Curves for Acceleration of a Typical Heavy Truck of 120 kg/kw
[200 Ib/np] on Upgrades and Downgrades

SOURCE: A Policy on Geometric Design of Highways and Streets, American Association of State Highway and
Transportation Officials, Washington, D.C., 2004. Used with permission.

grade will therefore tend to lose speed unless an accelerating force is applied. The
speed achieved at any point along the grade for a given rate of acceleration will
depend on the grade. Figure 3.5 shows the relationships between speed achieved and
distance traveled on different grades by a typical heavy truck of 200 Ib/hp during max-
imum acceleration. Note: grade resistance = weight X grade, in decimal.

Rolling Resistance
There are forces within the vehicle itself that offer resistance to motion. These forces
are due mainly to frictional effect on moving parts of the vehicle, but they also include
the frictional slip between the pavement surface and the tires. The sum effect of these
forces on motion is known as rolling resistance. The rolling resistance depends on the
speed of the vehicle and the type of pavement. Rolling forces are relatively lower on
smooth pavements than on rough pavements.

The rolling resistance force for passenger cars on a smooth pavement can be
determined from the relation

R, = (C, + 2.15C,, ui>)W (3.14)
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where

R = rolling resistance force (Ib)

C,, = constant (typically 0.012 for passenger cars)

C,, = constant (typically 0.65 X 10~ sec’/ft* for passenger cars)
u = vehicle speed (mi/h)

W = gross vehicle weight (Ib)

For trucks, the rolling resistance can be obtained from
R, = (C, + 1L47C,u)W (3.15)
where

R, = rolling resistance force (1b)

C, = constant (typically 0.02445 for trucks)

C, = constant (typically 0.00044 sec/ft for trucks)
u = vehicle speed (mi/h)

W = gross vehicle weight (Ib)

The surface condition of the pavement has a significant effect on the rolling resist-
ance. For example, at a speed of 50 mi/h on a badly broken and patched asphalt sur-
face, the rolling resistance is 51 Ib/ton of weight, whereas at the same speed on a loose
sand surface, the rolling resistance is 76 Ib/ton of weight.

Curve Resistance

When a passenger car is maneuvered to take a curve, external forces act on the front
wheels of the vehicle. These forces have components that have a retarding effect on
the forward motion of the vehicle. The sum effect of these components constitutes the
curve resistance. This resistance depends on the radius of the curve, the gross weight
of the vehicle, and the velocity at which the vehicle is moving. It can be determined as

(215u°W)
Ro= 057 0 (3.16)

where

R, = curve resistance (1b)

= vehicle speed (mi/h)

= gross vehicle weight (Ib)

g = acceleration of gravity (32.2 ft/sec?)
R = radius of curvature (ft)

S

Power Requirements

Power is the rate at which work is done. It is usually expressed in horsepower (a U.S.
unit of measure), where 1 horsepower is 550 1b-ft/sec. The performance capability
of a vehicle is measured in terms of the horsepower the engine can produce to
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Rolling resistance

Air resistance

Tractive force

delivered from engine>/

Weight of vehicle

Friction between
tires and roadway

Grade resistance

Figure 3.6 Forces Acting on a Moving Vehicle

overcome air, grade, curve, and friction resistance forces and put the vehicle in
motion. Figure 3.6 shows how these forces act on the moving vehicle. The power deliv-
ered by the engine is

147 Ru

P 550

(3.17)

where

P = horsepower delivered (hp)
R = sum of resistance to motion (Ib)
u = speed of vehicle (mi/h)

Example 3.4 \Vehicle Horsepower Required to Overcome Resistance Forces

Determine the horsepower produced by a passenger car traveling at a speed of
65 mi/h on a straight road of 5% grade with a smooth pavement. Assume the weight
of the car is 4000 Ib and the cross-sectional area of the car is 40 ft*.

Solution: The force produced by the car should be at least equal to the sum of the
acting resistance forces.

R = (air resistance) + (rolling resistance) + (upgrade resistance)
Note: There is no curve resistance since the road is straight.

* Use Eq. 3.13 to determine air resistance.

2.15pCDAu2>
8

2.15 X 0.0766 X 0.4 X 40 X 65 X 65
32.2

R, = 0.5(

=05
=17291b
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e Use Eq. 3.14 to determine rolling resistance.

R, = (C,, + 2.15C,,u?)(4000)

(0.012 + 2.15 X 0.65 X 107° X 65 X 65)(4000)
= (0.012 + 0.006)(4000)

= 0.018 X 4000

= 721b

5
Grade resistance = 4000 X 100 =2001b

¢ Determine total resistance.
R = R, + R, + grade resistance = 172.9 + 72 + 200 = 4449 1b
e Use Eq. 3.17 to determine horsepower produced.

1.47Ru
P =
550
147 X 444.9 X 65
a 550
= 77.3hp

Braking Distance

The action of the forces (shown in Figure 3.6) on the moving vehicle and the effect of
perception-reaction time are used to determine important parameters related to the
dynamic characteristics of the vehicles. These include the braking distance of a vehicle
and the minimum radius of a circular curve required for a vehicle traveling around a
curve with speed u where u > 10 mi/h. Also, relationships among elements, such as
the acceleration, the coefficient of friction between the tire and the pavement, the dis-
tance above ground of the center of gravity of the vehicle, and the track width of the
vehicle, could be developed by analyzing the action of these forces.

Braking. Consider a vehicle traveling downhill with an initial velocity of u, in mi/h,
as shown in Figure 3.7.

Let

W = weight of the vehicle
f = coefficient of friction between the tires and the road pavement
v = angle between the grade and the horizontal
a = deceleration of the vehicle when the brakes are applied
D, = horizontal component of distance traveled during braking (that is, from
time brakes are applied to time the vehicle comes to rest)

Note that the distance referred to as the braking distance is the horizontal dis-
tance and not the inclined distance x. The reason is that measurements of distances in
surveying are horizontal and, therefore, distance measurements in highway design are
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W = weight of vehicle

f = coefficient of friction

g = acceleration of gravity

a = vehicle acceleration

u = speed when brakes applied
D, = braking distance

y = angle of incline
G = tan y (% grade/100)
x = distance traveled by the vehicle along the road during braking

Figure 3.7 Forces Acting on a Vehicle Braking on a Downgrade

always made with respect to the horizontal plane. Since the braking distance is an
input in the design of highway curves, the horizontal component of the distance x is
used.

Frictional force on the vehicle = Wf cos y

The force acting on the vehicle due to deceleration is Wa/g, where g is accelera-
tion due to gravity. The component of the weight of the vehicle is W sin vy. Substituting
into Xf = ma, we obtain

w
Wsiny — Wfcosy = ?a (3.18)

The deceleration that brings the vehicle to a stationary position can be found in
terms of the initial velocity u as a = —u?/2x (assuming uniform deceleration), where
x is the distance traveled in the plane of the grade during braking. Eq. 3.16 can then
be written as

Wu?
2gx

Wsiny — Wfcosy = — (3.19)

However, D, = x cos y, and we therefore obtain
2

2gD,

cosy = Wfcosy — Wsiny

giving

=f—t
24D, f any
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and

M2

" 2g(f — tany)

Note, however, that tan vy is the grade G of the incline (that is, percent of grade/100),
as shown in Figure 3.7.
Eq. 3.20 can therefore be written as

D, (3.20)

u2

If g is taken as 32.2 ft/sec*and u is expressed in mi/h, Eq. 3.19 becomes
MZ
D, = W (3.22)

and D, is given in feet.
A similar equation could be developed for a vehicle traveling uphill, in which case
the following equation is obtained.

Lt2

D, =—"7—"3- 3.23
* 7 30(f + G) (3.23)
A general equation for the braking distance can therefore be written as
2
D =——— 3.24
P30(f = G) (324)

where the plus sign is for vehicles traveling uphill, the minus sign is for vehicles trav-
eling downhill, and G is the absolute value of tan 7.

AASHTO represents the friction coefficient as a/g and noted that to ensure
the pavement will have and maintain these coefficients, it should be designed to meet
the criteria established in the AASHTO Guidelines for Skid Resistance Pavement
Design. These include guidelines on the selection, quality, and testing of aggregates.
AASHTO also recommends that a deceleration rate of 11.2 ft/sec’ be used, as this is
a comfortable deceleration rate for most drivers. This rate is further justified because
many studies have shown that when most drivers need to stop in an emergency, the
rate of deceleration is greater than 14.8 ft/sec’. Eq. 3.24 then becomes

MZ

30(a N G) (3.25)
8

Similarly, it can be shown that the horizontal distance traveled in reducing the
speed of a vehicle from u, to u, in mi/h during a braking maneuver is given by

Db:

ui — us

b, = 30(aiG> (3.26)
g
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The distance traveled by a vehicle between the time the driver observes an object
in the vehicle’s path and the time the vehicle actually comes to rest is longer than the
braking distance, since it includes the distance traveled during perception-reaction
time. This distance is referred to in this text as the stopping sight distance S and is
given as

30<zuiG> (3.27)

where the first term in Eq. 3.27 is the distance traveled during the perception-reaction
time ¢ (seconds) and u is the velocity in mi/h at which the vehicle was traveling when
the brakes were applied.

S(ft) = 1.47ut +

Example 3.5 Determining Braking Distance

A student trying to test the braking ability of her car determined that she needed
18.5 ft more to stop her car when driving downhill on a road segment of 5% grade
than when driving downhill at the same speed along another segment of 3% grade.
Determine the speed at which the student conducted her test and the braking
distance on the 5% grade if the student is traveling at the test speed in the uphill
direction.

Solution:

¢ Let x = downhill braking distance on 5% grade.
® (x — 18.5) ft = downhill braking distance on 3% grade.

e Use Eq. 3.25.
2
Db = u
30(” - G)
g
u2
x =
30(” - 0.05)
g
2
x — 185 = “
30(” - 0.03)
g
2 2
185 = “ _ “
30(” - 0.05) 30(“ - 0.o3>
g g
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e Determine u, the test velocity. Using a = 11.2 ft/sec’and g = 32.2 ft /sec’ yields

a 112
S =_2=035
g 323

u? u?

— =185
30(0.35 — 0.05)  30(0.35 — 0.03)

which gives

0.111u* — 0.104u* = 18.5

from which we obtain, u = 51.4 mi/h. The test velocity is therefore 51.4 mi/h.

e Determine braking distance on uphill grade (use Eq. 3.23).

B 51.42
30(0.35 + 0.05)

D, = 220.16 ft

Example 3.6 Exit Ramp Stopping Distance

A motorist traveling at 65 mi/h on an expressway intends to leave the expressway
using an exit ramp with a maximum speed of 35 mi/h. At what point on the
expressway should the motorist step on her brakes in order to reduce her speed to
the maximum allowable on the ramp just before entering the ramp, if this section of

the expressway has a downgrade of 3%?

Solution: Use Eq. 3.26.

ui — uj

30(“ - 0.03)
g

a/g = 11.2/322 = 035

6535
30(0.35 — 0.03)

Db:

D, = 312.5 ft

The brakes should be applied at least 312.5 ft from the ramp.

Example 3.7 Distance Required to Stop for an Obstacle on the Roadway

A motorist traveling at 55 mi/h down a grade of 5% on a highway observes a crash
ahead of him, involving an overturned truck that is completely blocking the road.
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If the motorist was able to stop his vehicle 30 ft from the overturned truck, what was
his distance from the truck when he first observed the crash? Assume perception-
reaction time = 2.5 sec.

Solution:

e Use Eq. 3.27 to obtain the stopping distance.

4035
g
S=147uz+“—2
: 30(0.35 — 0.05)
552
= 1. X X259+ ———
LAT X 55 X 2.5 + 55

= 202.13 + 336.11
= 538.2 ft

¢ Find the distance of the motorist when he first observed the crash.

S + 30 = 568.2 ft

Estimate of Velocities. 1t is sometimes necessary to estimate the speed of a vehicle
just before it is involved in a crash. This may be done by using the braking-distance
equations if skid marks can be seen on the pavement. The steps taken in making
the speed estimate are as follows:

Step 1.

Step 2.

Step 3.

Measure the length of the skid marks for each tire and determine the
average. The result is assumed to be the braking distance D, of the
vehicle.
Determine the coefficient of friction f by performing trial runs at the site
under similar weather conditions, using vehicles whose tires are in a
state similar to that of the tires of the vehicle involved in the accident.
This is done by driving the vehicle at a known speed u;, and measuring
the distance traveled D, while braking the vehicle to rest. The coefficient
of friction f; can then be estimated by using Eq. 3.24.

u
30D,

fi = ¥ G

Alternatively, a value of 0.35 for a/g can be used for f,.

Use the value of f; obtained in step 2 to estimate the unknown velo-
city u, just prior to impact; that is, the velocity at which the vehicle was
traveling just before observing the crash. This is done by using Eq. 3.26.
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If it can be assumed that the application of the brakes reduced the
velocity u, to zero, then u, may be obtained from

2
Uy

D= 3007 = 6)

or
u? u?
ko— . k
30<30Dk G = G)
giving
Db 1/2
u, = <D> Uy, (3.29)
(3

However, if the vehicle involved in the accident was traveling at speed u; when
the impact took place and the speed u; is known, then using Eq. 3.24, the unknown
speed u, just prior to the impact may be obtained from

W2 — 12 2= 12
Db: 2u 1 :( u . 1>Dk
30( e G) i
30D, B
giving
D, 1/2
u, = (D”ui + u%> (3.30)
[

Note that the unknown velocity just before the impact, obtained from either
Eq. 3.27 or Eq. 3.28, is only an estimate, but it always will be a conservative estimate
because it always will be less than the actual speed at which the vehicle was traveling
before impact. The reason is that some reduction of speed usually takes place before
skidding commences, and in using Eq. 3.20, the assumption that the initial velocity u«,
is reduced to zero is always incorrect. The lengths of the measured skid marks do not
reflect these factors.

Example 3.8 Estimating the Speed of a Vehicle from Skid Marks

In an attempt to estimate the speed of a vehicle just before it hit a traffic signal pole,
a traffic engineer measured the length of the skid marks made by the vehicle and
performed trial runs at the site to obtain an estimate of the coefficient of friction.
Determine the estimated unknown velocity if the following data were obtained.

Length of skid marks = 585 ft, 590 ft, 580 ft, and 595 ft
Speed of trial run =30 mi/h
Distance traveled during trial run = 300 ft
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Examination of the vehicle just after the crash indicated that the speed of impact
was 35 mi/h.

Solution:

585 + 590 + 580 + 595
4

Average length of skid marks =

= 587.5 ft

(This is assumed to be the braking distance D,,.)
Use Eq. 3.28 to determine the unknown velocity.

D, 1/2
u, = (Dbui + u%)
k

587.5. 12
= | ——-30" +
( 300 0 1225)

= (1762.5 + 1225)12
= 54.66 mi/h

Minimum Radius of a Circular Curve

When a vehicle is moving around a circular curve, there is an inward radial force
acting on the vehicle, usually referred to as the centrifugal force. There is also an out-
ward radial force acting toward the center of curvature as a result of the centripetal
acceleration. In order to balance the effect of the centripetal acceleration, the road is
inclined toward the center of the curve. The inclination of the roadway toward the
center of the curve is known as superelevation. The centripetal acceleration depends
on the component of the vehicle’s weight along the inclined surface of the road and
the side friction between the tires and the roadway. The action of these forces on a
vehicle moving around a circular curve is shown in Figure 3.8.

The minimum radius of a circular curve R for a vehicle traveling at # mi/h can be
determined by considering the equilibrium of the vehicle with respect to its moving
up or down the incline. If « is the angle of inclination of the highway, the component
of the weight down the incline is W sin «, and the frictional force also acting down the
incline is Wf cos a. The centrifugal force F_is

_ Wa,
R 4

F

where

a. = acceleration for curvilinear motion = u?/R (R = radius of the curve)
W = weight of the vehicle
g = acceleration of gravity
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L |

W = weight of vehicle
fs = coefficient of side friction

g = acceleration of gravity

u = speed when brakes applied
R = radius of curve

a = angle of incline

e = tan « (rate of superelevation)
T = track width

H = height of center of gravity

Figure 3.8 Forces Acting on a Vehicle Traveling on a Horizontal Curve Section of a Road

When the vehicle is in equilibrium with respect to the incline (that is, the vehicle
moves forward but neither up nor down the incline), we may equate the three relevant
forces and obtain

2

gIl; cosa = Wsina + Wf,cosa (3.31)

where f, = coefficient of side friction and (#*/g) = R(tan a + f,). This gives

Lt2

R=——"—" 332
g(tana + £, (3:32)
Tan ¢, the tangent of the angle of inclination of the roadway, is known as the rate of
superelevation e. Eq. 3.32 can therefore be written as

u2

R=———+ (3.33)
gle + £,)
Again, if g is taken as 32.2 ft/sec’ and u is measured in mi/h, the minimum radius R is
given in feet as

Lt2

R = m (334)

Eq. 3.34 shows that to reduce R for a given velocity, either e or f; or both should be
increased.
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Table 3.3 Coefficient of Side Friction for Different Design Speeds

Design Speed (mi/h) Coelfficients of Side Friction, f,
30 0.20
40 0.16
50 0.14
60 0.12
70 0.10

SOURCE: Adapted from A Policy on Geometric Design of Highways and Streets, American Association of State
Highway and Transportation Officials, Washington, D.C., 2004. Used by permission.

There are, however, stipulated maximum values that should be used for either e
or f;. Several factors control the maximum value for the rate of superelevation. These
include the location of the highway (that is, whether it is in an urban or rural area),
weather conditions (such as the occurrence of snow), and the distribution of slow-
moving traffic within the traffic stream. For highways located in rural areas with no
snow or ice, a maximum superelevation rate of 0.10 generally is used. For highways
located in areas with snow and ice, values ranging from 0.08 to 0.10 are used. For
expressways in urban areas, a maximum superelevation rate of 0.08 is used. Because
of the relatively low speeds on local urban roads, these roads are usually not superel-
evated.

The values used for side friction f; generally vary with the design speed and the
superelevation. Table 3.3 gives values recommended by AASHTO for use in design.

Example 3.9 Minimum Radius of a Highway Horizontal Curve

An existing horizontal curve on a highway has a radius of 465 ft, which restricts the
posted speed limit on this section of the road to only 61.5% of the design speed of
the highway. If the curve is to be improved so that its posted speed will be the design
speed of the highway, determine the minimum radius of the new curve. Assume that
the rate of superelevation is 0.08 for both the existing curve and the new curve to be
designed.

Solution:

e Use Eq. 3.34 to find the posted speed limit on the existing curve. Since the
posted speed limit is not known, assume f;is 0.16.

2

_ u
15(e + f;)
2
u
465 = ——
65 15(0.08 + 0.16)
u = 40.91 mi/h
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e The posted speed limit is 40 mi/h, as speed limits are usually posted at inter-
vals of 5 mi/h.
e Check assumed f; for 40 mi/h = 0.16.
e Determine the design speed of the highway.
40
—— = 65.04 mi/h
0,615 65.04 mi/
¢ Design speed = 65 mi/h.
¢ Find the radius of the new curve by using Eq. 3.34 with the value of f; for
65 mi/h from Table 3.3 (f, = 0.11, interpolating between 60 mi/h and
65 mi/h).
65°
15(0.08 + f;)
(65)

= 150008 + 0.11) 82T

R:

3.7 ROAD CHARACTERISTICS

The characteristics of the highway discussed in this section are related to stopping and
passing because these have a more direct relationship to the characteristics of the
driver and the vehicle discussed earlier. This material, together with other character-
istics of the highway, will be used in Chapter 15, where geometric design of the
highway is discussed.

3.7.1 Sight Distance

Sight distance is the length of the roadway a driver can see ahead at any particular
time. The sight distance available at each point of the highway must be such that, when
a driver is traveling at the highway’s design speed, adequate time is given after an
object is observed in the vehicle’s path to make the necessary evasive maneuvers
without colliding with the object. The two types of sight distance are (1) stopping sight
distance and (2) passing sight distance.

Stopping Sight Distance

The stopping sight distance (SSD), for design purposes, is usually taken as the min-
imum sight distance required for a driver to stop a vehicle after seeing an object in the
vehicle’s path without hitting that object. This distance is the sum of the distance trav-
eled during perception-reaction time and the distance traveled during braking. The
SSD for a vehicle traveling at u mi/h is therefore the same as the stopping distance
given in Eq. 3.27. The SSD is therefore

SSD = 147ut + — 4
335
30(2 + G) (3.35)
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Table 3.4 SSDs for Different Design Speeds
U.S. Customary

Stopping Sight Distance

Design Brake Reaction  Braking Distance
Speed (mi/h) Distance (ft) on Level (ft) Calculated (ft) Design
15 55.1 21.6 76.7 80
20 73.5 38.4 111.9 115
25 91.9 60.0 1519 155
30 110.3 86.4 196.7 200
35 128.6 117.6 246.2 250
40 147.0 153.6 300.6 305
45 165.4 194.4 359.8 360
50 183.8 240.0 423.8 425
55 202.1 290.3 492.4 495
60 220.5 3455 566.0 570
65 238.9 405.5 644.4 645
70 257.3 470.3 727.6 730
75 275.6 539.9 815.5 820
80 294.0 614.3 908.3 910

Note: Brake reaction distance predicated on a time of 2.5 s; deceleration rate of 11.2 ft /s* used to determine cal-
culated sight distance.

SOURCE: Adapted from A Policy on Geometric Design of Highways and Streets, American Association of State
Highway and Transportation Officials, Washington, D.C., 2004. Used by permission.

It is essential that highways be designed such that sight distance along the highway
is at least equal to the SSD. Table 3.4 shows SSDs for different design speeds. The SSD
requirements dictate the minimum lengths of vertical curves and minimum radii
for horizontal curves that should be designed for any given highway. It should be
noted that the values given for SSD in Table 3.4 are for horizontal alignment and the
grade is zero. On upgrades, the SSDs are shorter; on downgrades, they are longer
(see Eq. 3.35).

The SSDs given in Table 3.4 are usually adequate for ordinary conditions, when
the stimulus is expected by the driver. However, when the stimulus is unexpected or
when it is necessary for the driver to make unusual maneuvers, longer SSDs are usu-
ally required, since the perception-reaction time is much longer. This longer sight dis-
tance is the decision sight distance; it is defined by AASHTO as the “distance required
for a driver to detect an unexpected or otherwise difficult-to-perceive information
source or hazard in a roadway environment that may be visually cluttered, recognize
the hazard of its threat potential, select an appropriate speed and path, and initiate
and complete the required safety maneuvers safely and efficiently.”

The decision sight distances depend on the type of maneuver required to avoid
the hazard on the road, and also on whether the road is located in a rural or urban
area. Table 3.5 gives AASHTO’s recommended decision sight distance values for dif-
ferent avoidance maneuvers, which can be used for design.
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Table 3.5 Decision Sight Distances for Different Design Speeds and Avoidance Maneuvers

U.S. Customary

Decision Sight Distance (ft)

Avoidance Maneuver

Design Speed
(mi/h) A B C D E
30 220 490 450 535 620
35 275 590 525 625 720
40 330 690 600 715 825
45 395 800 675 800 930
50 465 910 750 890 1030
55 535 1030 865 980 1135
60 610 1150 990 1125 1280
65 695 1275 1050 1220 1365
70 780 1410 1105 1275 1445
75 875 1545 1180 1365 1545
80 970 1685 1260 1455 1650

Note: Brake reaction distance predicted on a time of 2.5 s; deceleration rate of 11.2 ft/s*> used to determine
calculated sight distance.

Avoidance Maneuver A: Stop on rural road—t = 3.0 s

Avoidance Maneuver B: Stop on urban road—t =9.1s

Avoidance Maneuver C: Speed/path/direction change on rural road—¢ varies between 10.2 and 11.2 s

Avoidance Maneuver D: Speed/path/direction change on suburban road—t varies between 12.1 and 12.9 s
Avoidance Maneuver E: Speed/path/direction change on urban road—¢ varies between 14.0 and 14.5 s
SOURCE: Adapted from A Policy on Geometric Design of Highways and Streets, American Association of State
Highway and Transportation Officials, Washington, D.C., 2004. Used by permission.

Passing Sight Distance
The passing sight distance is the minimum sight distance required on a two-lane, two-
way highway that will permit a driver to complete a passing maneuver without col-
liding with an opposing vehicle and without cutting off the passed vehicle. The passing
sight distance will also allow the driver to successfully abort the passing maneuver
(that is, return to the right lane behind the vehicle being passed) if he or she so desires.
In determining minimum passing sight distances for design purposes, only single
passes (that is, a single vehicle passing a single vehicle) are considered. Although it
is possible for multiple passing maneuvers to occur (that is, more than one vehicle pass
or are passed in one maneuver), it is not practical for minimum design criteria to be
based on them.

In order to determine the minimum passing sight distance, certain assumptions
have to be made regarding the movement of the passing vehicle during a passing
maneuver:

1. The vehicle being passed (impeder) is traveling at a uniform speed.
2. The speed of the passing vehicle is reduced and is behind the impeder as the
passing section is entered.
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3. On arrival at a passing section, some time elapses during which the driver decides
whether to undertake the passing maneuver.

4. If the decision is made to pass, the passing vehicle is accelerated during the
passing maneuver, and the average passing speed is about 10 mi/h more than the
speed of the impeder vehicle.

5. A suitable clearance exists between the passing vehicle and any opposing vehicle
when the passing vehicle reenters the right lane.

These assumptions have been used by AASHTO to develop a minimum passing sight
distance requirement for two-lane, two-way highways.

The minimum passing sight distance is the total of four components as shown in
Figure 3.9

where

d, = distance traversed during perception-reaction time and during initial
acceleration to the point where the passing vehicle just enters the left lane

d, = distance traveled during the time the passing vehicle is traveling in the left
lane

d; = distance between the passing vehicle and the opposing vehicle at the end
of the passing maneuver

d, = distance moved by the opposing vehicle during two thirds of the time the
passing vehicle is in the left lane (usually taken to be 2/3 d,)

The distance d, is obtained from the expression

at,
where
t; = time for initial maneuver (sec)
a = average acceleration rate (mi/h/sec)

u = average speed of passing vehicle (mi/h)
m = difference in speeds of passing and impeder vehicles

The distance d, is obtained from
d, = 1.47ut,

where

t, = time passing vehicle is traveling in left lane (sec)
u = average speed of passing vehicle (mi/h)

The clearance distance d; between the passing vehicle and the opposing vehicle at
the completion of the passing maneuver has been found to vary between 100 ft and
300 ft.

Table 3.6 shows these components calculated for different speeds. It should be
made clear that values given in Table 3.6 are for design purposes and cannot be used
for marking passing and no-passing zones on completed highways. The values used
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Figure 3.9 Elements of and Total Passing Sight Distance on Two-Lane Highways

SOURCE: Adapted from A Policy on Geometric Design of Highways and Streets, American Association of State

Highway and Transportation Officials, Washington, D.C., 2001. Used by permission.

for that purpose are obtained from different assumptions and are much shorter.
Table 3.7 shows values recommended for that purpose in the Manual of Uniform Con-
trol Devices. However, studies have shown that these values are inadequate. Table 3.7
also shows minimum sight distance requirements obtained from a study on two-lane,

two-way roads in mountainous areas of Virginia.




Chapter 3  Characteristics of the Driver, the Pedestrian, the Vehicle, and the Road 93

Table 3.6 Components of Safe Passing Sight Distance on Two-Lane Highways

Speed Range in mi/h
(Average Passing Speed in mi/h)

30—-40 40-50 50-60 60-70

Component (34.9) (43.8) (52.6) (62.0)

Initial maneuver:

a = average acceleration (mi/h/sec)” 1.40 1.43 1.47 1.50

t, = time (sec)” 3.6 4.0 43 4.5

d; = distance traveled (ft) 145 216 289 366
Occupation of left lane:

t, = time (sec)” 9.3 10.0 10.7 11.3

d, = distance traveled (ft) 477 643 827 1030
Clearance length:

d; = distance traveled (ft)” 100 180 250 300
Opposing vehicle:

d, = distance traveled (ft) 318 429 552 687
Total distance, d;, + d, + d; + d, (ft) 1040 1468 1918 2383

“ For consistent speed relation, observed values are adjusted slightly.
SOURCE: Adapted from A Policy on Geometric Design of Highways and Streets, American Association of State
Highway and Transportation Officials, Washington, D.C., 2004. Used by permission.

3.8 SUMMARY

The highway or traffic engineer needs to study and understand the fundamental ele-
ments that are important in the design of traffic control systems. This chapter has pre-
sented concisely the basic characteristics of the driver, pedestrian, bicyclist, vehicle,
and the road that should be known and understood by transportation and/or traffic
engineers.

The most important characteristic of the driver is the driver response process,
which consists of four subprocesses: perception, identification, emotion, and reaction
or volition. Each of these subprocesses requires time to complete, the sum of which is
known as the perception-reaction time of the driver. The actual distance a vehicle
travels before coming to rest is the sum of the distance traveled during the perception-
reaction time of the driver and the distance traveled during the actual braking
maneuver. Perception-reaction times vary from one person to another, but the rec-
ommended value for design is 2.5 sec. The static, kinematic, and dynamic characteris-
tics of the vehicle are also important because they are used to determine minimum
radii of horizontal curves for low speeds (# <10 mi/h), the acceleration and deceler-
ation capabilities of the vehicle (through which distance traveled and velocities
attained can be determined), and the resistance forces that act on the moving vehicle.
The characteristic of the road that has a direct relationship to the characteristics of the
driver is the sight distance on the road. Two types of sight distances are considered to
be part of the characteristics of the road: the stopping sight distance, which is normally
taken as the minimum sight distance required for a driver to stop a vehicle after seeing
an object in the vehicle’s path without hitting that object, and the passing sight
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Table 3.7 Suggested Minimum Passing Zone and Passing Sight Distance Requirements for
Two-Lane, Two-Way Highways in Mountainous Areas

Minimum Passing

8sth- Minimum Passing Zone Sight Distance
Percentile Available
Speed Sight Suggested ~ MUTCD* Suggested MUTCD*

(mi/h) Distance (ft) (ft) (ft) (1) (ft)
600-800 490 630
800-1000 530 690

30 1000-1200 580 400 750 500
1200-1400 620 810
600-800 520 700
800-1000 560 760

35 1000-1200 610 400 820 550
1200-1400 650 880
600-800 540 770
800-1000 590 830

40 1000-1200 630 400 890 600
1200-1400 680 950
600-800 570 840
800-1000 610 900

45 1000-1200 660 400 960 700
1200-1400 700 1020
600-800 590 910
800-1000 630 970

50 1000-1200 680 400 1030 800
1200-1400 730 1090

*Manual on Uniform Traffic Control Devices, published by FHWA.

SOURCE: Adapted from N.J. Garber and M. Saito, Centerline Pavement Markings on Two-Lane Mountainous
Highways, Research Report No. VHTRC 84-R8, Virginia Highway and Transportation Research Council, Char-
lottesville, VA, March 1983.

distance, which is the minimum sight distance required on a two-lane, two-way
highway that will permit a driver to complete a passing maneuver without colliding
with an opposing vehicle and without cutting off the passed vehicle.

Although these characteristics are presented in terms of the highway mode, sev-
eral of these are also used for other modes. For example, the driver and pedestrian
characteristics also apply to other modes in which vehicles are manually driven and
some possibility exists for interaction between the vehicle and pedestrians. It should
be emphasized again that because of the wide range of capabilities among drivers and
pedestrians, the use of average limitations of drivers and pedestrians in developing
guidelines for design may result in the design of facilities that will not satisfy a
significant percentage of the people using the facility. High-percentile values (such as
85th- or 95th-percentile values) are therefore normally used for design purposes.
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PROBLEMS

31
3-2

3-3

3-4

3-6

3-7

3-8

39

3-10

Briefly describe the two types of visual acuity.

(a) What color combinations are used for regulatory signs (e.g., speed limit signs) and
general warning signs (e.g., advance railroad crossing signs).

(b) Why are these combinations used?

Determine your average walking speed. Compare your results with that of the sug-

gested walking speed in the Manual of Uniform Traffic Control Devices. Is there a dif-

ference? Which value is more conservative and why?

Describe the three types of vehicle characteristics.

Determine the maximum allowable overall gross weight of WB-20 (WB-65 and

WB-67) Design Vehicle.

The design speed of a multilane highway is 60 mi/h. What is the minimum stopping

sight distance that should be provided on the road if (a) the road is level and (b) the

road has a maximum grade of 4%? Assume the perception-reaction time = 2.5 sec.

The acceleration of a vehicle takes the form

du
— =3.6 — 0.06
d "

where u is the vehicle speed in ft/sec. The vehicle is traveling at 45 ft/sec at time 7,

(a) Determine the distance traveled by the vehicle when accelerated to a speed of
55 ft/sec.

(b) Determine the time at which the vehicle attains a speed of 55 ft/sec.

(¢) Determine the acceleration of the vehicle after 3 sec.

The gap between two consecutive automobiles (distance between the back of a vehicle
and the front of the following vehicle) is 65 ft. At a certain time, the front vehicle is
traveling at 45 mi/h, and the following vehicle at 35 mi/h. If both vehicles start accel-
erating at the same time, determine the gap between the two vehicles after 15 sec if
the acceleration of the vehicles can be assumed to take the following forms:

du

i 3.4 — 0.07u, (leading vehicle)

d

CTL; = 33 — 00654, (following vehicle)
where u, is the vehicle speed in ft/sec.
The driver of a vehicle on a level road determined that she could increase her speed
from rest to 50 mi/h in 34.8 sec and from rest to 65 mi/h in 94.8 sec. If it can be
assumed that the acceleration of the vehicle takes the form

du 8

—=a — Bu

dt '
determine the maximum acceleration of the vehicle.
If the vehicle in Problem 3-9 is traveling at a speed of 40 mi/h, how long will it take
after the driver starts accelerating for the vehicle to achieve a speed of 45 mi/h?
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3-12

3-13

3-14

3-15

3-16

3-17

3-18

3-19

3-20

3-21

3-22
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Determine the horsepower developed by a passenger car traveling at a speed of
60 mph on an upgrade of 4% with a smooth pavement. The weight of the car is
4500 1b and the cross-sectional area of the car is 45 ft°.

Repeat Problem 3-11 for a 24,000-1b truck with a cross-sectional area of 100 ft* and
coefficient of drag of 0.5 traveling at 50 mi/h.

A 2500-1b passenger vehicle originally traveling on a straight and level road gets onto
a section of the road with a horizontal curve of radius = 850 ft. If the vehicle was orig-
inally traveling at 55 mi/h, determine (a) the additional horsepower on the curve the
vehicle must produce to maintain the original speed, (b) the total resistance force on
the vehicle as it traverses the horizontal curve, and (c) the total horsepower. Assume
that the vehicle is traveling at sea level and has a front cross-sectional area of 30 ft?.
A horizontal curve is to be designed for a section of a highway having a design speed
of 60 mi/h.

(a) If the physical conditions restrict the radius of the curve to 500 ft, what value is
required for the superelevation at this curve?
(b) Is this a good design?

Determine the minimum radius of a horizontal curve required for a highway if the
design speed is 70 mi/h and the superelevation rate is 0.08.

The existing posted speed limit on a section of highway is 55 mi/h and studies have
shown that that the current 85th percentile speed is 65 mi/h. If the posted speed limit
is to be increased to the current 85th percentile speed, what should be the increase in
the radius of a curve that is just adequate for the existing posted speed limit? Assume
superelevation rate of 0.08 for the existing curve and for the redesigned curve.

The radius of a horizontal curve on an existing highway is 750 ft. The superelevation
rate at the curve is 0.08, and the posted speed limit on the road is 65 mi/h. Is this a
hazardous location? If so, why? What action will you recommend to correct the
situation?

A section of highway has a superelevation of 0.05 and a curve with a radius of only
300 ft. What speed limit will you recommend at this section of the highway?

A curve of radius 250 ft and e = 0.08 is located at a section of an existing rural
highway, which restricts the safe speed at this section of the highway to 50% of the
design speed. This drastic reduction of safe speed resulted in a high crash rate at this
section. To reduce the crash rate, a new alignment is to be designed with a horizontal
curve. Determine the minimum radius of this curve if the safe speed should be
increased to the design speed of the highway. Assume f; = 0.17 for the existing curve,
and the new curve is to be designed with e = 0.08.

What is the distance required to stop an average passenger car when brakes are
applied on a 2% downgrade if that vehicle was originally traveling at 40 mi/h?

A driver on a level two-lane highway observes a truck completely blocking the
highway. The driver was able to stop her vehicle only 20 ft from the truck. If the driver
was driving at 60 mi/h, how far was she from the truck when she first observed it?

A temporary diversion has been constructed on a highway of +4% gradient due to
major repairs that are being undertaken on a bridge. The maximum speed allowed on
the diversion is 10 mi/h. Determine the minimum distance from the diversion that a
road sign should be located informing drivers of the temporary change on the highway.
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Maximum allowable speed on highway = 70 mi/h
Letter height of road sign = 4"
Perception-reaction time = 2.5 sec

Assume that a driver can read a road sign within his or her area of vision at a distance
of 40 ft for each inch of letter height.

Repeat Problem 3-22 for a highway with a down grade of —3.5% and the speed
allowed on the diversion is 15 mi/h.

Assume that a driver can read a road sign within his or her area of vision at a distance
of 40 ft for each inch of letter height.

An elevated expressway goes through an urban area and crosses a local street as
shown in Figure 3.10. The partial cloverleaf exit ramp is on a 2% downgrade, and all
vehicles leaving the expressway must stop at the intersection with the local street.
Determine (a) minimum ramp radius and (b) length of the ramp for the following
conditions:

Maximum speed on expressway = 60 mi/h
Distance between exit sign and exit ramp = 260 ft
Letter height of road sign = 3"
Perception-reaction time = 2.5 sec

Maximum superelevation = 0.08

Expressway grade = 0%

Assume that a driver can read a road sign within his or her area of vision at a distance
of 50 ft for each inch of letter height, and the driver sees the stop sign immediately on
entering the ramp.

Calculate the minimum passing sight distance required for a two-lane rural roadway
that has a posted speed limit of 45 mi/h. The local traffic engineer conducted a speed
study of the subject road and found the following: average speed of the passing vehicle
was 47 mi/h with an average acceleration of 1.43 mi/h/sec, and the average speed of
impeder vehicles was 40 mi/h.

Stop sign

Figure 3.10 Layout of Elevated Expressway Ramp, and Local Street for Problem 3-24
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CHAPTER 4

Traffic Engineering Studies

he availability of highway transportation has provided several advantages that

contribute to a high standard of living. However, several problems related to the

highway mode of transportation exist. These problems include highway-related
crashes, parking difficulties, congestion, and delay. To reduce the negative impact of
highways, it is necessary to adequately collect information that describes the extent of
the problems and identifies their locations. Such information is usually collected by
organizing and conducting traffic surveys and studies. This chapter introduces the
reader to the different traffic engineering studies that are conducted to collect traffic
data. Brief descriptions of the methods of collecting and analyzing the data are also
included.

Traffic studies may be grouped into three main categories: (1) inventories,
(2) administrative studies, and (3) dynamic studies. Inventories provide a list or
graphic display of existing information, such as street widths, parking spaces, transit
routes, traffic regulations, and so forth. Some inventories—for example, available
parking spaces and traffic regulations—change frequently and therefore require peri-
odic updating; others, such as street widths, do not.

Administrative studies use existing engineering records, available in government
agencies and departments. This information is used to prepare an inventory of the rel-
evant data. Inventories may be recorded in files but are usually recorded in automated
data processing (ADP) systems. Administrative studies include the results of surveys,
which may involve field measurements and/or aerial photography.

Dynamic traffic studies involve the collection of data under operational condi-
tions and include studies of speed, traffic volume, travel time and delay, parking, and
crashes. Since dynamic studies are carried out by the traffic engineer to evaluate cur-
rent conditions and develop solutions, they are described in detail in this chapter.

99
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4.1 SPOT SPEED STUDIES

Spot speed studies are conducted to estimate the distribution of speeds of vehicles in a
stream of traffic at a particular location on a highway. The speed of a vehicle is defined
as the rate of movement of the vehicle; it is usually expressed in miles per hour (mi/h)
or kilometers per hour (km/h). A spot speed study is carried out by recording the
speeds of a sample of vehicles at a specified location. Speed characteristics identified
by such a study will be valid only for the traffic and environmental conditions that
exist at the time of the study. Speed characteristics determined from a spot speed
study may be used to:

¢ Establish parameters for traffic operation and control, such as speed zones, speed
limits (85th-percentile speed is commonly used as the speed limit on a road), and
passing restrictions.

¢ Evaluate the effectiveness of traffic control devices, such as variable message signs
at work zones.

¢ Monitor the effect of speed enforcement programs, such as the use of drone radar
and the use of differential speed limits for passenger cars and trucks.

¢ Evaluate and or determine the adequacy of highway geometric characteristics,
such as radii of horizontal curves and lengths of vertical curves.

¢ Evaluate the effect of speed on highway safety through the analysis of crash data
for different speed characteristics.

¢ Determine speed trends.

¢ Determine whether complaints about speeding are valid.

4.1.1 Locations for Spot Speed Studies
The following locations generally are used for the different applications listed:

1. Locations that represent different traffic conditions on a highway or highways are
used for basic data collection.

2. Mid-blocks of urban highways and straight, level sections of rural highways are
sites for speed trend analyses.

3. Any location may be used for the solution of a specific traffic engineering problem.

When spot speed studies are being conducted, it is important that unbiased data be
obtained. This requires that drivers be unaware that such a study is being conducted.
Equipment used therefore, should be concealed from the driver, and observers con-
ducting the study should be inconspicuous. Since the speeds recorded eventually will be
subjected to statistical analysis, it is important that a statistically adequate number of
vehicle speeds be recorded.

4.1.2 Time of Day and Duration of Spot Speed Studies

The time of day for conducting a speed study depends on the purpose of the study. In
general, when the purpose of the study is to establish posted speed limits, to observe
speed trends, or to collect basic data, it is recommended that the study be conducted
when traffic is free-flowing, usually during off-peak hours. However, when a speed
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study is conducted in response to citizen complaints, it is useful if the time period
selected for the study reflects the nature of the complaints.

The duration of the study should be such that the minimum number of vehicle
speeds required for statistical analysis is recorded. Typically, the duration is at least
1 hour and the sample size is at least 30 vehicles.

4.1.3 Sample Size for Spot Speed Studies

The calculated mean (or average) speed is used to represent the true mean value of
all vehicle speeds at that location. The accuracy of this assumption depends on the
number of vehicles in the sample. The larger the sample size, the greater the proba-
bility that the estimated mean is not significantly different from the true mean. It is
therefore necessary to select a sample size that will give an estimated mean within
acceptable error limits. Statistical procedures are used to determine this minimum
sample size. Before discussing these procedures, it is first necessary to define certain
significant values that are needed to describe speed characteristics. They are:

1. Average Speed which is the arithmetic mean of all observed vehicle speeds
(which is the sum of all spot speeds divided by the number of recorded speeds). It

is given as
E f

> f;

u=

(4.1)

u = arithmetic mean
f; = number of observations in each speed group
; = midvalue for the ith speed group

u
N = number of observed values

The formula also can be written as

> u;

N

u=

where

u; = speed of the ith vehicle
N = number of observed values

2. Median Speed which is the speed at the middle value in a series of spot speeds that
are arranged in ascending order. 50 percent of the speed values will be greater
than the median; 50 percent will be less than the median.

3. Modal Speed which is the speed value that occurs most frequently in a sample of
spot speeds.

4. The ith-percentile Spot Speed which is the spot speed value below which i per-
cent of the vehicles travel; for example, 85th-percentile spot speed is the speed
below which 85 percent of the vehicles travel and above which 15 percent of the
vehicles travel.
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5. Pace which is the range of speed—usually taken at 10-mi/h intervals—that has
the greatest number of observations. For example, if a set of speed data includes
speeds between 30 and 60 mi/h, the speed intervals will be 30 to 40 mi/h, 40 to
50 mi/h, and 50 to 60 mi/h, assuming a range of 10 mi/h. The pace is 40 to 50 mi/h
if this range of speed has the highest number of observations.

6. Standard Deviation of Speeds which is a measure of the spread of the individual
speeds. It is estimated as

5o |2l (42)

where

§ = standard deviation

u = arithmetic mean

u; = jth observation

N = number of observations

However, speed data are frequently presented in classes where each class consists
of a range of speeds. The standard deviation is computed for such cases as

S = / Efi(ui - ﬁ)z (43)
N -1

u; = midvalue of speed class i
fi = frequency of speed class i

where

Probability theory is used to determine the sample sizes for traffic engineering
studies. Although a detailed discussion of these procedures is beyond the scope of this
book, the simplest and most commonly used procedures are presented. Interested
readers can find an in-depth treatment of the topic in publications listed in the Refer-
ences at the end of this chapter.

The minimum sample size depends on the precision level desired. The precision
level is defined as the degree of confidence that the sampling error of a produced esti-
mate will fall within a desired fixed range. Thus, for a precision level of 90-10, there
is a 90 percent probability (confidence level) that the error of an estimate will not be
greater than 10 percent of its true value. The confidence level is commonly given
in terms of the level of significance («), where a« = (100 — confidence level). The
commonly used confidence level for speed counts is 95 percent.

The basic assumption made in determining the minimum sample size for speed
studies is that the normal distribution describes the speed distribution over a given
section of highway. The normal distribution is given as

1 2 2
flx) = e (T2 for —o0 < x < o0 (4.4)
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where

= true mean of the population
o = true standard deviation
o? = true variance

The properties of the normal distribution are then used to determine the minimum
sample size for an acceptable error d of the estimated speed. The following basic
properties are used (see Figure 4.1):

1. The normal distribution is symmetrical about the mean.

The total area under the normal distribution curve is equal to 1 or 100%.
The area under the curve between u + o and u — o is 0.6827.

The area under the curve between u + 1.960 and . — 1.96¢ is 0.9500.
The area under the curve between u + 20 and p — 20 is 0.9545.

The area under the curve between u + 30 and w — 30 is 0.9971.

The area under the curve between u + % and p — % is 1.0000.

N A WD

The last five properties are used to draw specific conclusions about speed data.
For example, if it can be assumed that the true mean of the speeds in a section of
highway is 50 mi/h and the true standard deviation is 4.5 mi/h, it can be concluded that
95 percent of all vehicle speeds will be between (50 — 1.96 X 4.5) = 41.2 mi/h and
(50 + 1.96 X 4.5) = 58.8 mi/h. Similarly, if a vehicle is selected at random, there is a
95 percent chance that its speed is between 41.2 and 58.8 mi/h. The properties of the
normal distribution have been used to develop an equation relating the sample size to
the number of standard variations corresponding to a particular confidence level, the
limits of tolerable error, and the standard deviation.

The formula is

Ve (Z) w

Frequency

T ———————

|
|
|
|
|
|
|
|
1

u—30 pu—20 p—o g u+20 pu+30

Figure 4.1 Shape of the Normal Distribution
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Table 4.1 Constant Corresponding to Level of Confidence

Confidence Level (%) Constant Z
68.3 1.00
86.6 1.50
90.0 1.64
95.0 1.96
95.5 2.00
98.8 2.50
99.0 2.58
99.7 3.00

where

N = minimum sample size

Z = number of standard deviations corresponding to the required confidence
= level 1.96 for 95 percent confidence level (Table 4.1)

o = standard deviation (mi/h)

d = limit of acceptable error in the average speed estimate (mi/h)

The standard deviation can be estimated from previous data, or a small sample size
can first be used.

Example 4.1 Determining Spot Speed Sample Size

As part of a class project, a group of students collected a total of 120 spot speed sam-
ples at a location and determined from this data that the standard variation of the
speeds was = 6 mi/h. If the project required that the confidence level be 95% and
the limit of acceptable error was = 1.5 mi/h, determine whether these students
satisfied the project requirement.

Solution: Use Eq. 4.5 to determine the minimum sample size to satisfy the project

requirements.
Zo\?
N=|——
(%)
where
Z = 1.96 (from Table 4.1)
o= *6
d=15

1.96 X 6\
N_< 1.5 )

= 61.45
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Therefore, the minimum number of spot speeds collected to satisfy the project
requirement is 62. Since the students collected 120 samples, they satisfied the project
requirements.

4.1.4 Methods for Conducting Spot Speed Studies

The methods used for conducting spot speed studies can generally be divided into two
main categories: manual and automatic. Since the manual method is seldom used,
automatic methods will be described.

Several automatic devices that can be used to obtain the instantaneous speeds of
vehicles at a location on a highway are now available on the market. These automatic
devices can be grouped into three main categories: (1) those that use road detectors,
(2) those that are radar-based, and (3) those that use the principles of electronics.

Road Detectors

Road detectors can be classified into two general categories: pneumatic road tubes
and induction loops. These devices can be used to collect data on speeds at the same
time as volume data are being collected. When road detectors are used to measure
speed, they should be laid such that the probability of a passing vehicle closing
the connection of the meter during a speed measurement is reduced to a minimum.
This is achieved by separating the road detectors by a distance of 3 to 15 ft.

The advantage of the detector meters is that human errors are considerably
reduced. The disadvantages are that (1) these devices tend to be rather expensive and
(2) when pneumatic tubes are used, they are rather conspicuous and may, therefore,
affect driver behavior, resulting in a distortion of the speed distribution.

Pneumatic road tubes are laid across the lane in which data are to be collected.
When a moving vehicle passes over the tube, an air impulse is transmitted through the
tube to the counter. When used for speed measurements, two tubes are placed across
the lane, usually about 6 ft apart. An impulse is recorded when the front wheels of a
moving vehicle pass over the first tube; shortly afterward a second impulse is recorded
when the front wheels pass over the second tube. The time elapsed between the two
impulses and the distance between the tubes are used to compute the speed of the
vehicle.

An inductive loop is a rectangular wire loop buried under the roadway surface. It
usually serves as the detector of a resonant circuit. It operates on the principle that a
disturbance in the electrical field is created when a motor vehicle passes across it. This
causes a change in potential that is amplified, resulting in an impulse being sent to the
counter.

Radar-Based Traffic Sensors

Radar-based traffic sensors work on the principle that when a signal is transmitted
onto a moving vehicle, the change in frequency between the transmitted signal and the
reflected signal is proportional to the speed of the moving vehicle. The difference
between the frequency of the transmitted signal and that of the reflected signal is
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measured by the equipment and then converted to speed in mi/h. In setting up the
equipment, care must be taken to reduce the angle between the direction of the
moving vehicle and the line joining the center of the transmitter and the vehicle. The
value of the speed recorded depends on that angle. If the angle is not zero, an error
related to the cosine of that angle is introduced, resulting in a lower speed than that
which would have been recorded if the angle had been zero. However, this error is not
very large, because the cosines of small angles are not much less than one.

The advantage of this method is that because pneumatic tubes are not used, if the
equipment can be located at an inconspicuous position, the influence on driver
behavior is considerably reduced.

Figure 4.2 shows a RTMS radar-based traffic sensor manufactured by Elec-
tronic Integrated Systems (EIS). This sensor can be deployed either in the forward
looking mode as shown in Figure 4.2a or in the side-fire mode as illustrated in
Figure 4.2b. When deployed in the forward mode a speed trap or Doppler system is
used, and in the side mode a Frequency Modulated Continuous Wave (FMCW)
system is used.

Electronic-Principle Detectors

In this method, the presence of vehicles is detected through electronic means, and
information on these vehicles is obtained, from which traffic characteristics, such as
speed, volume, queues, and headways are computed. The great advantage of this
method over the use of road detectors is that it is not necessary to physically install
loops or any other type of detector on the road. A technology using electronics is
video image processing, sometimes referred to as a machine-vision system. This
system consists of an electronic camera overlooking a large section of the roadway
and a microprocessor. The electronic camera receives the images from the road; the
microprocessor determines the vehicle’s presence or passage. This information is
then used to determine the traffic characteristics in real time. One such system is the
autoscope.

Figure 4.3a schematically illustrates the configuration of the autoscope, which
was developed in the United States. It has a significant advantage over loops in that
it can detect traffic in many locations within the camera’ field of view. The locations
to be monitored are selected by the user through interactive graphics which normally
takes only a few minutes. This flexibility is achieved by placing electronic detector
lines along or across the roadway lanes on the monitor showing the traffic. The
detector lines are therefore, not fixed on the roadway because they are not physi-
cally located on the roadway but are placed on the monitor. A detection signal, which
is similar to that produced by loops, is generated whenever a vehicle crosses the
detector lines, indicating the presence or passage of the vehicle. The autoscope is
therefore, a wireless detector with a single camera that can replace many loops,
thereby providing a wide-area detection system. The device therefore can be installed
without disrupting traffic operations, as often occurs with loop installation, and the
detection configuration can be changed either manually or by using a software routine
that provides a function of the traffic conditions. The device is also capable of
extracting traffic parameters, such as volume and queue lengths. Figure 4.3b shows a
photograph of the autoscope deployed at a study site.



(a) RTMS Deployed in the Forward Looking Mode

(b) RTMS Deployed in the Side-fire Mode
Figure 4.2 The RTMS Radar-Based Traffic Sensor
SOURCE: From http://www.roadtraffic-technology.com/contractors/detection /eis/
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4.1.5 Presentation and Analysis of Spot Speed Data

The data collected in spot speed studies are usually taken only from a sample of vehi-
cles using the section of the highway on which the study is conducted, but these data
are used to determine the speed characteristics of the whole population of vehicles
traveling on the study site. It is therefore necessary to use statistical methods in ana-
lyzing these data. Several characteristics are usually determined from the analysis of
the data. Some of them can be calculated directly from the data; others can be deter-
mined from a graphical representation. Thus, the data must be presented in a form
suitable for specific analysis to be carried out.

The presentation format most commonly used is the frequency distribution table.
The first step in the preparation of a frequency distribution table is the selection of
the number of classes—that is, the number of velocity ranges—into which the data are
to be fitted. The number of classes chosen is usually between 8 and 20, depending on
the data collected. One technique that can be used to determine the number of classes
is to first determine the range for a class size of 8 and then for a class size of 20. Finding
the difference between the maximum and minimum speeds in the data and dividing
this number first by 8 and then by 20 gives the maximum and minimum ranges in each
class. A convenient range for each class is then selected and the number of classes
determined. Usually the midvalue of each class range is taken as the speed value for
that class. The data also can be presented in the form of a frequency histogram, or as
a cumulative frequency distribution curve. The frequency histogram is a chart
showing the midvalue for each class as the abscissa and the observed frequency for the
corresponding class as the ordinate. The frequency distribution curve shows a plot of
the frequency cumulative percentage against the upper limit of each corresponding
speed class.

Example 4.2 Determining Speed Characteristics from a Set of Speed Data

Table 4.2 shows the data collected on a rural highway in Virginia during a speed
study. Develop the frequency histogram and the frequency distribution of the data
and determine:

The arithmetic mean speed
The standard deviation
The median speed

The pace

The mode or modal speed
The 85th-percentile speed

S UL R W D=

Solution: The speeds range from 34.8 to 65.0 mi/h, giving a speed range of 30.2.
For eight classes, the range per class is 3.75 mi/h; for 20 classes, the range per class
is 1.51 mi/h. It is convenient to choose a range of 2 mi/h per class which will give
16 classes. A frequency distribution table can then be prepared, as shown in
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Table 4.2 Speed Data Obtained on a Rural Highway

Speed Speed Speed Speed
Car No. (mi/h) Car No. (mi/h) Car No. (mi/h) Car No. (mi/h)
1 35.1 23 46.1 45 47.8 67 56.0
2 44.0 24 54.2 46 471 68 49.1
3 45.8 25 52.3 47 34.8 69 49.2
4 443 26 57.3 48 52.4 70 56.4
5 36.3 27 46.8 49 49.1 71 48.5
6 54.0 28 57.8 50 37.1 72 454
7 42.1 29 36.8 51 65.0 73 48.6
8 50.1 30 55.8 52 49.5 74 52.0
9 51.8 31 433 53 52.2 75 49.8
10 50.8 32 553 54 48.4 76 63.4
11 38.3 33 39.0 55 42.8 77 60.1
12 44.6 34 53.7 56 49.5 78 48.8
13 452 35 40.8 57 48.6 79 52.1
14 41.1 36 54.5 58 41.2 80 48.7
15 55.1 37 51.6 59 48.0 81 61.8
16 50.2 38 51.7 60 58.0 82 56.6
17 54.3 39 50.3 61 49.0 83 48.2
18 454 40 59.8 62 41.8 84 62.1
19 552 41 40.3 63 483 85 53.3
20 45.7 42 55.1 64 459 86 53.4
21 54.1 43 45.0 65 44.7
22 54.0 44 48.3 66 49.5

Table 4.3, in which the speed classes are listed in column 1 and the midvalues are in
column 2. The number of observations for each class is listed in column 3; the
cumulative percentages of all observations are listed in column 6.

Figure 4.4 shows the frequency histogram for the data shown in Table 4.3. The
values in columns 2 and 3 of Table 4.3 are used to draw the frequency histogram,
where the abscissa represents the speeds and the ordinate the observed frequency in
each class.

Figure 4.5 shows the frequency distribution curve for the data given. In this case,
a curve showing percentage of observations against speed is drawn by plotting values
from column 5 of Table 4.3 against the corresponding values in column 2. The total
area under this curve is one or 100 percent.

Figure 4.6 shows the cumulative frequency distribution curve for the data given.
In this case, the cumulative percentages in column 6 of Table 4.3 are plotted against
the upper limit of each corresponding speed class. This curve, therefore, gives the
percentage of vehicles that are traveling at or below a given speed.

The characteristics of the data can now be given in terms of the formula defined
at the beginning of this section.
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Figure 4.4 Histogram of Observed Vehicles' Speeds

Table 4.3 Frequency Distribution Table for Set of Speed Data

1 2 3 4 5 6 7
Class
Frequency Percentage Cumulative

Speed (Number of of Percentage

Class Class Observations Observations of All
(mi/hr) Midvalue, u; in Class), f; fiu; in Class Observations flu; — u)?
34-35.9 35.0 2 70 2.3 2.30 420.5
36-37.9 37.0 3 111 3.5 5.80 468.75
38-39.9 39.0 2 78 2.3 8.10 220.50
40-41.9 41.0 5 205 5.8 13.90 361.25
42-43.9 43.0 3 129 3.5 17.40 126.75
44-459 45.0 11 495 12.8 30.20 222.75
46-47.9 47.0 4 188 4.7 34.90 25.00
48-49.9 49.0 18 882 21.0 55.90 9.0
50-51.9 51.0 7 357 8.1 64.0 15.75
52-53.9 53.0 8 424 9.3 73.3 98.00
54-55.9 55.0 11 605 12.8 86.1 332.75
56-57.9 57.0 5 285 5.8 91.9 281.25
58-59.9 59.0 2 118 2.3 94.2 180.50
60-61.9 61.0 2 122 2.3 96.5 264.50
62-63.9 63.0 2 126 2.3 98.8 364.50
64-65.9 65.0 1 65 1.2 100.0 240.25

Totals 86 4260 3632.00
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Solution:

e The arithmetic mean speed is computed from Eq. 4.1.

Efiui
> fi
Zfi = 86

ﬁ:

> fi; = 4260
_ 4260 .
U=—gc = 49.5 mi/h

¢ The standard deviation is computed from Eq. 4.2.

> filw; — u)* = 3632
(N-1) =D fi-1=85
3632
2= =4
S = 73
= 6.5 mi/h

e The median speed is obtained from the cumulative frequency distribution
curve (Figure 4.6) as 49 mi/h, the 50th-percentile speed.

e The pace is obtained from the frequency distribution curve (Figure 4.5) as
45 to 55 mi/h.

e The mode or modal speed is obtained from the frequency histogram as
49 mi/h (Figure 4.4). It also may be obtained from the frequency distribution
curve shown in Figure 4.5, where the speed corresponding to the highest
point on the curve is taken as an estimate of the modal speed.

e 85th-percentile speed is obtained from the cumulative frequency distribution
curve as 54 mi/h (Figure 4.6).

4.1.6 Other Forms of Presentation and Analysis of Speed Data

Certain applications of speed study data may require a more complicated presenta-
tion and analysis of the speed data. For example, if the speed data are to be used in
research on traffic flow theories, it may be necessary for the speed data to be fitted into
a suitable theoretical frequency distribution, such as the normal distribution or the
Gamma distribution. This is done first by assuming that the data fit a given distribu-
tion and then by testing this assumption using one of the methods of hypothesis
testing, such as chi-square analysis. If the test suggests that the assumption can be
accepted, specific parameters of the distribution can be found using the speed data.
The properties of this distribution are then used to describe the speed characteristics,
and any form of mathematical computation can be carried out using the distribution.
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Detailed discussion of hypothesis testing is beyond the scope of this book, but inter-
ested readers will find additional information in any book on statistical methods for
engineers.

4.1.7 Comparison of Mean Speeds

It is also sometimes necessary to determine whether there is a significant difference
between the mean speeds of two spot speed studies. This is done by comparing the
absolute difference between the sample mean speeds against the product of the stan-
dard deviation of the difference in means and the factor Z for a given confidence level.
If the absolute difference between the sample means is greater, it can then be con-
cluded that there is a significant difference in sample means at that specific confidence
level.
The standard deviation of the difference in means is given as

$ 8
=\/—+= :
Si=A (46)

where

n; = sample size for study 1

n, = sample size for study 2

square root of the variance of the difference in means
$% = variance about the mean for study 1

$% = variance about the mean for study 2

%]
IS%
Il

If u; = mean speed of study 1, u, = mean speed of study 2, and |u; — u,| > ZS,
where |u; — u,| is the absolute value of the difference in means, it can be concluded
that the mean speeds are significantly different at the confidence level corresponding
to Z. This analysis assumes that u; and u, are estimated means from the same distri-
bution. Since it is usual to use the 95 percent confidence level in traffic engineering
studies, the conclusion will, therefore, be based on whether |u; — u,| is greater than
1.96S,,.

Example 4.3 Significant Differences in Average Spot Speeds

Speed data were collected at a section of highway during and after utility mainte-
nance work. The speed characteristics are given as, u;, S; and u,, S, as shown below.
Determine whether there was any significant difference between the average speed
at the 95% confidence level.

#, = 355 mi/h i, = 38.7 mi/h
S, = 7.5 mi/h S, = 7.4 mi/h
n, = 250 n, = 280



Chapter 4 Traffic Engineering Studies 115

Solution:
e Use Eq. 4.6.

(757 (747
250 280

= 0.65

¢ Find the difference in means.

38.7 — 355 = 3.2 mi/h
3.2 > (1.96)(0.65)
32 > 1.3mi/h

It can be concluded that the difference in mean speeds is significant at the 95%
confidence level.

4.2 VOLUME STUDIES

Traffic volume studies are conducted to collect data on the number of vehicles and/or
pedestrians that pass a point on a highway facility during a specified time period. This
time period varies from as little as 15 minutes to as much as a year depending on the
anticipated use of the data. The data collected also may be put into subclasses which
may include directional movement, occupancy rates, vehicle classification, and pedes-
trian age. Traffic volume studies are usually conducted when certain volume charac-
teristics are needed, some of which follow:

1. Average Annual Daily Traffic (AADT) is the average of 24-hour counts collected
every day of the year. AADTs are used in several traffic and transportation
analyses for:

a. Estimation of highway user revenues
b. Computation of crash rates in terms of number of crashes per 100 million
vehicle miles

Establishment of traffic volume trends

Evaluation of the economic feasibility of highway projects

Development of freeway and major arterial street systems

Development of improvement and maintenance programs

2. Average Daily Traffic (ADT) is the average of 24-hour counts collected over a
number of days greater than one but less than a year. ADTs may be used for:

a. Planning of highway activities
b. Measurement of current demand
c. Evaluation of existing traffic flow

-
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3. Peak Hour Volume (PHV) is the maximum number of vehicles that pass a point
on a highway during a period of 60 consecutive minutes. PHVs are used for:
a. Functional classification of highways
b. Design of the geometric characteristics of a highway, for example, number of
lanes, intersection signalization, or channelization
c. Capacity analysis
d. Development of programs related to traffic operations, for example, one-way
street systems or traffic routing
e. Development of parking regulations
4. Vehicle Classification (VC) records volume with respect to the type of vehicles,
for example, passenger cars, two-axle trucks, or three-axle trucks. VCis used in:
a. Design of geometric characteristics, with particular reference to turning-radii
requirements, maximum grades, lane widths, and so forth
b. Capacity analyses, with respect to passenger-car equivalents of trucks
c. Adjustment of traffic counts obtained by machines
d. Structural design of highway pavements, bridges, and so forth
5. Vehicle Miles of Travel (VMT) is a measure of travel along a section of road. It
is the product of the traffic volume (that is, average weekday volume or ADT) and
the length of roadway in miles to which the volume is applicable. VMTs are used
mainly as a base for allocating resources for maintenance and improvement of
highways.

4.2.1 Methods of Conducting Volume Counts

Traffic volume counts are conducted using two basic methods: manual and automatic.
A description of each counting method follows.

Manual Method

Manual counting involves one or more persons recording observed vehicles using a
counter. With this type of counter, both the turning movements at the intersection and
the types of vehicles can be recorded. Note that in general, the inclusion of pickups
and light trucks with four tires in the category of passenger cars does not create any
significant deficiencies in the data collected, since the performance characteristics of
these vehicles are similar to those of passenger cars. In some instances, however, a
more detailed breakdown of commercial vehicles may be required which would neces-
sitate the collection of data according to number of axles and/or weight. However,
the degree of truck classification usually depends on the anticipated use of the data
collected.

Figure 4.7 shows the TDC-12 electronic manual counter which may be used to
conduct manual traffic volume counts at an intersection. The TDC-12 electronic
manual counter, produced by Jamar Technologies, is powered by four AA batteries,
which can be supplemented by an external power supply to extend the life of the bat-
teries. Several buttons are provided, each of which can be used to record volume data
for different movements and different types of vehicles. The data for each movement
can be recorded in 1, 5, 15, 30, or 60 minute intervals, although the default value is
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Figure 4.7 Jamar Traffic Data Collector TDC-12 Hooked to a Computer

15 minutes. The recorded data can be viewed as data collection proceeds by using
either the status screen which indicates the current time and amount of time left in the
interval, or a TAB key which shows totals for each of the primary movements. The
stored data either can be extracted manually or transferred to a computer through a
serial port. An associated software (PETRAPro0) can be used to read, edit, store, or
print a variety of reports and graphs. Figure 4.7 shows the hook-up of the equipment
to a PC for data transmittal.

The main disadvantages of the manual count method are that (1) it is labor inten-
sive and therefore can be expensive, (2) it is subject to the limitations of human fac-
tors, and (3) it cannot be used for long periods of counting.

Automatic Method

Automatic counters can be classified into two general categories: those that require
the laying of detectors (surface or subsurface), and those that do not require the laying
of detectors. Automatic counters that require the laying of surface detectors (such
as pneumatic road tubes) or subsurface detectors (non invasive, such as magnetic
or electric contact devices) on the road, detect the passing vehicle and transmit the
information to a recorder, which is connected to the detector at the side of the road.
Figure 4.8 shows an example setup of a surface detector using pneumatic road tubes.
An example of counters using pneumatic road tubes as detectors is the Apollo
Counter/Classifier manufactured by Diamond Traffic Products. An example of coun-
ters using magnetic detectors is the 3M Canoga C800 Vehicle Detector System.
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Figure 4.8 An Example of a Sensor Setup of a Surface Detector Using Pneumatic Road Tubes

SOURCE: Photograph by Lewis Woodson, Virginia Transportation Research Council, Charlottesville, VA.

Apollo Counter/Classifier. Figure 4.9 shows the Apollo Counter/Classifier which is
particularly suitable for cities and counties. It is capable of obtaining per-vehicle or
volume data. The data collected can be downloaded to the Centurion-CC software for
Windows and a variety of reports obtained. Data collected can be verified in the field
using a four-line LCD display. It can collect data on up to four lanes. It has a standard
memory of 512k, but options of 4.5 MB and 8.5 MB are available. In addition to its
internal battery, an optional solar panel is available.

3M Canoga C900 Series Vehicle Detectors. These use an inductive loop to identify
the presence of individual vehicles and determine speed, length, occupancy, and
obtain vehicle counts. They are designed to use either standard inductive loops or
3M’s Non-Invasive Microloop Model 702 Probes. These probes are considered to be
non-invasive as they can be installed 18 to 24 in. below the road surface in 3 in. plastic
conduits. They convert changes in the vertical component of the earth’s magnetic
field due to vehicles moving over them to changes in inductance. The vehicle detector
then detects the change in inductance which signals the presence of a vehicle. Advan-
tages of these loops include that once installed, they leave the road surface intact,
they bypass the effect of poor surface conditions, and have lower life cycle costs.
Figure 4.10a shows the C900 Series Vehicle Detectors and Figure 4.10b shows the
Non-Invasive Microloop Model 702.

Automatic counters that do not require the laying of detectors use one of many
technologies including electronics: Doppler principles, laser scanning, and infrared.
The Autoscope and the RTMS meter described under speed data collection are exam-
ples of this category of equipment. The Autoscope uses electronic principles and the
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Figure 4.9 Apollo Traffic Counter/Classifier

SOURCE: Courtesy of Diamond Traffic Products (http://www.diamondtraffic.com/html/classifiers.html#
Apollo).

RTMS meter uses Doppler or FMCW principles and both are also capable of
obtaining vehicle counts while obtaining speed data. The general principle of the laser
technology in traffic count equipment uses laser beams to scan the roadway and the
vehicles that pass through the field of the laser beams. For example, the AutoSense
Traffic Detection Sensor, manufactured by OSI LaserScan, emits two scanning laser
beams to create a 3D image of each vehicle that passes through the field of the beams,
thereby classifying the vehicle. The speed of the vehicle is determined from the dif-
ference in times the vehicle breaks the first and second beams. Examples of the
AutoSense sense detectors include the Autosense 700 series which can obtain axle
count classification for each vehicle, and the Autosense 625 which can provide truck
classification. The AutoSense traffic detector can be augmented by Idris Technology
with patented algorithms to count and classify the vehicles identified. Idris Tech-
nology was developed by Diamond Consulting Services Ltd.

The Traffic Eye Universal shown in Figure 4.11 and manufactured by Siemens is
an autonomous system that does not require any cabling. Its power is supplied
through a solar panel with a battery back-up that can provide the necessary power for
up to four weeks. It transmits data through the Global System for Mobile Communi-
cations, which facilitates its installation at remote locations. An accompanying PC
program is available that can be used to stipulate the required parameters during
setup: locally or remotely. This equipment analyzes and processes all data internally
and the data collected can be displayed on the screen or stored in a PC. Depending on
the setup, it can obtain data on traffic density, speed, and number of vehicles.


http://www.diamondtraffic.com/html/classifiers.html#Apollo
http://www.diamondtraffic.com/html/classifiers.html#Apollo
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(a) Canoga™ C922 Vehicle Detector and Canoga™ C924 Vehicle Detector

(b) Canoga™ 701 Microloop™ Sensor (c) Canoga™ 702 Non-invasive Microloop™ Sensor
Figure 4.10 Example of Counters that Require the Laying of Subsurface Detectors

SOURCE: Courtesy of Global Traffic Technologies, LLC.



Chapter 4  Traffic Engineering Studies 121

Figure 4.11  Traffic Eye Universal System

SOURCE: Courtesy of Siemens AG (www.siemens.com.co./SiemensDotNetClient_Andina/media/PDFS/63.pdf).


www.siemens.com.co./SiemensDotNetClient_Andina/media/PDFS/63.pdf
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Figure 4.12 Example of Station Locations for a Cordon Count

4.2.2 Types of Volume Counts

Different types of traffic counts are carried out, depending on the anticipated use of
the data to be collected. These different types will now be briefly discussed.

Cordon Counts

When information is required on vehicle accumulation within an area such as the cen-
tral business district (CBD) of a city, particularly during a specific time, a cordon
count is undertaken. The area for which the data are required is cordoned off by an
imaginary closed loop; the area enclosed within this loop is defined as the cordon area.
Figure 4.12 shows such an area where the CBD of a city is enclosed by the imaginary
loop ABCDA. The intersection of each street crossing the cordon line is taken as a
count station; volume counts of vehicles and/or persons entering and leaving the
cordon area are taken. The information obtained from such a count is useful for plan-
ning parking facilities, updating and evaluating traffic operational techniques, and
making long-range plans for freeway and arterial street systems.

Screen Line Counts

In screen line counts, the study area is divided into large sections by running imagi-
nary lines, known as screen lines, across it. In some cases, natural and manmade bar-
riers, such as rivers or railway tracks, are used as screen lines. Traffic counts are then
taken at each point where a road crosses the screen line. It is usual for the screen lines
to be designed or chosen such that they are not crossed more than once by the same
street. Collection of data at these screen-line stations at regular intervals facilitates
the detection of variations in the traffic volume and traffic flow direction due to
changes in the land-use pattern of the area.
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Intersection Counts

Intersection counts are taken to determine vehicle classifications, through move-
ments, and turning movements at intersections. These data are used mainly in
determining phase lengths and cycle times for signalized intersections, in the design
of channelization at intersections, and in the general design of improvements to
intersections.

Pedestrian Volume Counts

Volume counts of pedestrians are made at locations such as subway stations, mid-
blocks, and crosswalks. The counts are usually taken at these locations when the eval-
uation of existing or proposed pedestrian facilities is to be undertaken. Such facilities
may include pedestrian overpasses or underpasses.

Pedestrian counts can be made using the TDC-12 electronic manual counter
described earlier and shown in Figure 4.7. The locations at which pedestrian counts
are taken also include intersections, along sidewalks, and mid-block crossings. These
counts can be used for crash analysis, capacity analysis, and determining minimum
signal timings at signalized intersections.

Periodic Volume Counts

In order to obtain certain traffic volume data, such as AADT, it is necessary to obtain
data continuously. However, it is not feasible to collect continuous data on all roads
because of the cost involved. To make reasonable estimates of annual traffic volume
characteristics on an area-wide basis, different types of periodic counts, with count
durations ranging from 15 minutes to continuous, are conducted; the data from these
different periodic counts are used to determine values that are then employed in the
estimation of annual traffic characteristics. The periodic counts usually conducted are
continuous, control, or coverage counts.

Continuous Counts. These counts are taken continuously using mechanical or elec-
tronic counters. Stations at which continuous counts are taken are known as perma-
nent count stations. In selecting permanent count stations, the highways within the
study area must first be properly classified. Each class should consist of highway links
with similar traffic patterns and characteristics. A highway link is defined for traffic
count purposes as a homogeneous section that has the same traffic characteristics,
such as AADT and daily, weekly, and seasonal variations in traffic volumes at each
point. Broad classification systems for major roads may include freeways, express-
ways, and major arterials. For minor roads, classifications may include residential,
commercial, and industrial streets.

Control Counts. These counts are taken at stations known as control-count stations,
which are strategically located so that representative samples of traffic volume can be
taken on each type of highway or street in an area-wide traffic counting program. The
data obtained from control counts are used to determine seasonal and monthly
variations of traffic characteristics so that expansion factors can be determined.
These expansion factors are used to determine year-round average values from short
counts.
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Control counts can be divided into major and minor control counts. Major con-
trol counts are taken monthly, with 24-hour directional counts taken on at least three
days during the week (Tuesday, Wednesday, and Thursday) and also on Saturday
and Sunday to obtain information on weekend volumes. It is usual to locate at least
one major control-count station on every major street. The data collected give
information regarding hourly, monthly, and seasonal variations of traffic characteris-
tics. Minor control counts are five-day weekday counts taken every other month on
minor roads.

Coverage Counts. These counts are used to estimate ADT, using expansion factors
developed from control counts. The study area is usually divided into zones that have
similar traffic characteristics. At least one coverage count station is located in each
zone. A 24-hour non-directional weekday count is taken at least once every four years
at each coverage station. The data indicate changes in area-wide traffic characteristics.

4.2.3 Traffic Volume Data Presentation

The data collected from traffic volume counts may be presented in one of several
ways, depending on the type of count conducted and the primary use of the data.
Descriptions of some of the conventional data presentation techniques follow.

Traffic Flow Maps

These maps show traffic volumes on individual routes. The volume of traffic on each
route is represented by the width of a band, which is drawn in proportion to the traffic
volume it represents, providing a graphic representation of the different volumes that
facilitates easy visualization of the relative volumes of traffic on different routes.
When flows are significantly different in opposite directions on a particular street or
highway, it is advisable to provide a separate band for each direction. In order to
increase the usefulness of such maps, the numerical value represented by each band
is listed near the band. Figure 4.13 shows a typical traffic flow map.

Intersection Summary Sheets

These sheets are graphic representations of the volume and directions of all traffic
movements through the intersection. These volumes can be either ADTs or PHVs,
depending on the use of the data. Figure 4.14 shows a typical intersection summary
sheet, displaying peak-hour traffic through the intersection.

Time-Based Distribution Charts

These charts show the hourly, daily, monthly, or annual variations in traffic volume
in an area or on a particular highway. Each volume is usually given as a percentage of
the average volume. Figure 4.15 shows typical charts for monthly, daily, and hourly
variations.

Summary Tables
These tables give a summary of traffic volume data such as PHV, Vehicle Classification
(VC), and ADT in tabular form. Table 4.4 is a typical summary table.
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Figure 4.13 Example of a Traffic Flow Map

SOURCE: Galax Traffic Study Report, Virginia Department of Transportation, Richmond, VA., 1965.
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Figure 4.14 Intersection Summary Sheet

4.2.4 Traffic Volume Characteristics

A continuous count of traffic at a section of a road will show that traffic volume varies
from hour to hour, from day to day, and from month to month. However, the regular
observation of traffic volumes over the years has identified certain characteristics
showing that although traffic volume at a section of a road varies from time to time,
this variation is repetitive and rhythmic. These characteristics of traffic volumes are
usually taken into consideration when traffic counts are being planned so that vol-
umes collected at a particular time or place can be related to volumes collected at
other times and places. Knowledge of these characteristics also can be used to esti-
mate the accuracy of traffic counts.

Monthly variations are shown in Figure 4.15a where very low volumes are
observed during January and February, mainly because of the winter weather, and the
peak volume is observed during August, mainly due to vacation traffic. This suggests
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Table 4.4 Summary of Traffic Volume Data for a Highway Section

PHV 430
ADT 5375
Vehicle Classification (VC)
Passenger cars 70%
Two-axle trucks 20%
Three-axle trucks 8%
Other trucks 2%

that traffic volumes taken either during the winter months of January and February or
during the summer months of July and August cannot be representative of the
average annual traffic. If this information is presented for a number of consecutive
years, the repetitive nature of the variation will be observed since the pattern of the
variation will be similar for all years, although the actual volumes may not necessarily
be the same.

Daily variations are shown in Figure 4.15b, where it is seen that traffic volumes on
Tuesday, Wednesday, and Thursday are similar, but a peak is observed on Friday. This
indicates that when short counts are being planned, it is useful to plan for the collec-
tion of weekday counts on Tuesday, Wednesday, and Thursday and, when necessary,
to plan for the collection of weekend counts separately on Friday and Saturday.

Hourly variations in traffic volume are shown in Figure 4.15¢ where the volume
for each hour of the day is represented as a percentage of the ADT. It can be seen that
there is hardly any traffic between 1 a.m. and 5 a.m., and that peak volumes occur
between 8 a.m. and 9 a.m., noon and 1 p.m., and 4 p.m. and 6 p.m. It can be inferred
that work trips are primarily responsible for the peaks. If such data are collected on
every weekday for one week, the hourly variations will be similar to each other,
although the actual volumes may not be the same from day to day.

4.2.5 Sample Size and Adjustment of Periodic Counts

The impracticality of collecting data continuously every day of the year at all counting
stations makes it necessary to collect sample data from each class of highway and to
estimate annual traffic volumes from periodic counts. This involves the determination
of the minimum sample size (number of count stations) for a required level of accu-
racy and the determination of daily, monthly, and/or seasonal expansion factors for
each class of highway.

Determination of Number of Count Stations

The minimum sample size depends on the precision level desired. The commonly used
precision level for volume counts is 95-5. When the sample size is less than 30 and
the selection of counting stations is random, a distribution known as the student’s
t distribution may be used to determine the sample size for each class of highway links.
The student’s ¢ distribution is unbounded (with a mean of zero) and has a variance that
depends on the scale parameter, commonly referred to as the degrees of freedom (v).
The degrees of freedom (v) is a function of the sample size; v = N — 1 for the student’s
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t distribution. The variance of the student’s ¢ distribution is v/(v — 2), which indicates
that as v approaches infinity, the variance approaches 1. The probabilities (confidence
levels) for the student’ ¢ distribution for different degrees of freedom are given in
Appendix A.

Assuming that the sampling locations are randomly selected, the minimum
sample number is given as

B fi/z,N—1 (8%/d%)
" (N NS ) “7)

where

n = minimum number of count locations required
t = value of the student’ ¢ distribution with (1 — «/2) confidence level (N — 1
degrees of freedom)
N = total number of links (population) from which a sample is to be selected
a = significance level
§ = estimate of the spatial standard deviation of the link volumes
d = allowable range of error

To use Eq. 4.7, estimates of the mean and standard deviation of the link volumes are
required. These estimates can be obtained by taking volume counts at a few links or
by using known values for other, similar highways.

Example 4.4 Minimum Number of Count Stations

To determine a representative value for the ADT on 100 highway links that have
similar volume characteristics, it was decided to collect 24-hour volume counts on
a sample of these links. Estimates of mean and standard deviation of the link
volumes for the type of highways in which these links are located are 32,500
and 5500, respectively. Determine the minimum number of stations at which
volume counts should be taken if a 95-5 precision level is required with a 10 percent
allowable error.

Solution:
e Establish the data.

a = (100—95) = 5 percent
S = 5500
m = 32,500
d = 0.1 X 32,500 = 3250 (allowable range of error)
v=100—-1=99
tyngo = 1.984 (from Appendix A)
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¢ Use Eq. 4.7 to solve for n.

ti/Z,Nfl (8%/d%)
1+ (1/N)(tapn-1)(S/d)
(1.984% X 55007)/3250° 11.27
T 1+ (1/100)(1.984 X 5500%)/3250°  L.11

= 10.1

Counts should be taken at a minimum of 11 stations. When sample sizes are
greater than 30, the normal distribution is used instead of the student’s ¢ distribution.

However, the Federal Highway Administration (FHWA) has suggested that
although it is feasible to develop a valid statistical sample for statewide traffic counts
independent of the Highway Performance Monitoring System (HPMS) sample design,
it is more realistic to use the HPMS sample design. This results in much less effort,
becauseitis available, is clearly defined, and has been implemented. The HPMS sample
has been implemented in each state, the District of Columbia, and Puerto Rico; it pro-
vides a statistically valid, reliable, and consistent database for analysis within states,
between states, and for any aggregation of states up to the national level.

The HPMS sample design is a stratified simple random sample based on AADT,
although about 100 data items are collected. The population from which the sample is
obtained includes all public highways or roads within a state but excludes local roads.
The sampling element is defined as a road section that includes all travel lanes and the
volumes in both directions. The data are stratified by (1) type of area (rural, small
urban, and individual or collective urbanized areas), and (2) functional class, which in
rural areas includes interstate highways, other principal arterials, minor arterials,
major collectors, and minor collectors, and in urban areas includes interstate high-
ways, other freeways or expressways, other principal arterials, minor arterials, and
collectors.

Adjustment of Periodic Counts
Expansion factors, used to adjust periodic counts, are determined either from contin-
uous count stations or from control count stations.

Expansion Factors from Continuous Count Stations. Hourly, daily, and monthly
expansion factors can be determined using data obtained at continuous count
stations.

Hourly expansion factors (HEFs) are determined by the formula

total volume for 24-hr period
HEF =

volume for particular hour

These factors are used to expand counts of durations shorter than 24 hour to
24-hour volumes by multiplying the hourly volume for each hour during the count
period by the HEF for that hour and finding the mean of these products.
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Daily expansion factors (DEFs) are computed as

average total volume for week

DEF = :
average volume for particular day

These factors are used to determine weekly volumes from counts of 24-hour duration
by multiplying the 24-hour volume by the DEF.
Monthly expansion factors (MEFs) are computed as
AADT
ADT for particular month

MEF =

The AADT for a given year may be obtained from the ADT for a given month by
multiplying this volume by the MEF.

Tables 4.5, 4.6, and 4.7 give expansion factors for a particular primary road in
Virginia. Such expansion factors should be determined for each class of road in the
classification system established for an area.

Table 4.5 Hourly Expansion Factors for a Rural Primary Road

Hour Volume  HEF Hour Volume HEF
6:00-7:00 a.m. 294 42.00 6:00-7:00 p.m. 743 16.62
7:00-8:00 a.m. 426 29.00 7:00-8:00 p.m. 706 17.49
8:00-9:00 a.m. 560 22.05 8:00-9:00 p.m. 606 20.38
9:00-10:00 a.m. 657 18.80 9:00-10:00 p.m. 489 25.26

10:00-11:00 a.m. 722 17.10 10:00-11:00 p.m. 396 31.19
11:00-12:00 p.m. 667 18.52 11:00-12:00 a.m. 360 34.31
12:00-1:00 p.m. 660 18.71 12:00-1:00 a.m. 241 51.24
1:00-2:00 p.m. 739 16.71 1:00-2:00 a.m. 150 82.33
2:00-3:00 p.m. 832 14.84 2:00-3:00 a.m. 100 123.50
3:00-4:00 p.m. 836 14.77 3:00-4:00 a.m. 90 137.22
4:00-5:00 p.m. 961 12.85 4:00-5:00 a.m. 86 143.60
5:00-6:00 p.m. 892 13.85 5:00-6:00 a.m. 137 90.14
Total daily volume = 12,350.

Table 4.6 Daily Expansion Factors for a Rural Primary Road

Day of Week Volume DEF
Sunday 7895 9.515
Monday 10,714 7.012
Tuesday 9722 7.727
Wednesday 11,413 6.582
Thursday 10,714 7.012
Friday 13,125 5.724
Saturday 11,539 6.510

Total weekly volume = 75,122.
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Table 4.7 Monthly Expansion Factors for a Rural Primary Road

Month ADT MEF
January 1350 1.756
February 1200 1.975
March 1450 1.635
April 1600 1.481
May 1700 1.394
June 2500 0.948
July 4100 0.578
August 4550 0.521
September 3750 0.632
October 2500 0.948
November 2000 1.185
December 1750 1.354

Total yearly volume = 28,450.
Mean average daily volume = 2370.

Example 4.5 Calculating AADT Using Expansion Factors

A traffic engineer urgently needs to determine the AADT on a rural primary road
that has the volume distribution characteristics shown in Tables 4.5, 4.6, and 4.7. She
collected the data shown below on a Tuesday during the month of May. Determine

the AADT of the road.
7:00-8:00 a.m.
8:00-9:00 a.m.
9:00-10:00 a.m.
10:00-11:00 a.m.
11:00-12 noon
Solution:

400
535
650
710
650

¢ Estimate the 24-hr volume for Tuesday using the factors given in Table 4.5.

(400 X 29.0 + 535 X 22.05 + 650 X 18.80 + 710 X 17.10 + 650 X 18.52)

5

~ 11,959

¢ Adjust the 24-hr volume for Tuesday to an average volume for the week using

the factors given in Table 4.6.

Total 7-day volume =

Average 24-hr volume =

11,959 X 7.727
11,959 X 7.727

7

= 13,201

¢ Since the data were collected in May, use the factor shown for May in

Table 4.7 to obtain the AADT.

AADT = 13,201 X 1.394 = 18,402
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4.3 TRAVEL TIME AND DELAY STUDIES

A travel time study determines the amount of time required to travel from one point
to another on a given route. In conducting such a study, information may also be col-
lected on the locations, durations, and causes of delays. When this is done, the study
is known as a travel time and delay study. Data obtained from travel time and delay
studies give a good indication of the level of service on the study section. These data
also aid the traffic engineer in identifying problem locations, which may require spe-
cial attention in order to improve the overall flow of traffic on the route.

4.3.1 Applications of Travel Time and Delay Data

The data obtained from travel time and delay studies may be used in any one of the
following traffic engineering tasks:

Determination of the efficiency of a route with respect to its ability to carry traffic
Identification of locations with relatively high delays and the causes for those
delays

Performance of before-and-after studies to evaluate the effectiveness of traffic
operation improvements

Determination of relative efficiency of a route by developing sufficiency ratings or
congestion indices

Determination of travel times on specific links for use in trip assignment models
Compilation of travel time data that may be used in trend studies to evaluate the
changes in efficiency and level of service with time

Performance of economic studies in the evaluation of traffic operation alterna-
tives that reduce travel time

4.3.2 Definition of Terms Related to Time and Delay Studies

Let us now define certain terms commonly used in travel time and delay studies:

1.
2.

3.

e

Travel time is the time taken by a vehicle to traverse a given section of a highway.
Running time is the time a vehicle is actually in motion while traversing a given
section of a highway.

Delay is the time lost by a vehicle due to causes beyond the control of the driver.
Operational delay is that part of the delay caused by the impedance of other
traffic. This impedance can occur either as side friction, where the stream flow is
interfered with by other traffic (for example, parking or unparking vehicles), or as
internal friction, where the interference is within the traffic stream (for example,
reduction in capacity of the highway).

Stopped-time delay is that part of the delay during which the vehicle is at rest.
Fixed delay is that part of the delay caused by control devices such as traffic signals.
This delay occurs regardless of the traffic volume or the impedance that may exist.
Travel-time delay is the difference between the actual travel time and the travel
time that will be obtained by assuming that a vehicle traverses the study section
at an average speed equal to that for an uncongested traffic flow on the section
being studied.
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4.3.3 Methods for Conducting Travel Time and Delay Studies

Several methods have been used to conduct travel time and delay studies. These
methods can be grouped into two general categories: (1) those using a test vehicle and
(2) those not requiring a test vehicle. The particular technique used for any specific
study depends on the reason for conducting the study and the available personnel and
equipment.

Methods Requiring a Test Vehicle
This category involves three possible techniques: floating-car, average-speed, and
moving-vehicle techniques.

Floating-Car Technique. In this method, the test car is driven by an observer along
the test section so that the test car “floats” with the traffic. The driver of the test
vehicle attempts to pass as many vehicles as those that pass his test vehicle. The time
taken to traverse the study section is recorded. This is repeated, and the average time
is recorded as the travel time. The minimum number of test runs can be determined
using an equation similar to Eq. 4.5, using values of the ¢ distribution rather than the
z values. The reason is that the sample size for this type of study is usually less than
30, which makes the ¢ distribution more appropriate. The equation is

N= (ta Zl( U)z (4.8)

N = sample size (minimum number of test runs)

o = standard deviation (mi/h)

d = limit of acceptable error in the speed estimate (mi/h)

t, = value of the student’ ¢ distribution with (1 — «/2) confidence level and
(N — 1) degrees of freedom

a = significance level

where

The limit of acceptable error used depends on the purpose of the study. The following
limits are commonly used:

¢ Before-and-after studies: +1.0 to =£3.0 mi/h
¢ Traffic operation, economic evaluations, and trend analyses: =2.0 to £4.0 mi/h
e Highway needs and transportation planning studies: =3.0 to =5.0 mi/h

Average-Speed Technique. This technique involves driving the test car along the
length of the test section at a speed that, in the opinion of the driver, is the average
speed of the traffic stream. The time required to traverse the test section is noted. The
test run is repeated for the minimum number of times, determined from Eq. 4.8, and
the average time is recorded as the travel time.

In each of these methods, it is first necessary to clearly identify the test section.
The way the travel time is usually obtained is that the observer starts a stopwatch at
the beginning point of the test section and stops at the end. Additional data also
may be obtained by recording the times at which the test vehicle arrives at specific
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Table 4.8 Speed and Delay Information

Street Name: 29 North Date: July 7, 1994
Weather: Clear Non-peak Time: 2:00-3:00 p.m.

Ideal
Travel Segment Stop Reason Speed Travel Segment Net

Cross Distance Time  Speed  Time for Limit  Time Delay  Speed
Streets (ft) (sec)  (mi/h) (sec) Stoppage (mi/h) (sec) (sec)  (mi/h)
Ivy Road 0 0.0 - 0.0 - 0.0 0.0 -
Massie Road 1584 42.6 254 20.1 Signal 40 27.0 15.6 17.2
Arlington Blvd. 1320 27.7 325 0.0 40 22.5 52 32.5
Wise Street 792 19.7 274 8.9 Signal 40 13.5 6.2 18.9
Barracks Road 1320 321 28.0 15.4 Signal 40 22.5 9.6 18.9
Angus Road 2244 49.8 30.7 9.2 Signal 40 383 11.5 259
Hydraulic Road 1584 24.4 443 0.0 45 24.0 0.4 443
Seminole Court 1584 42.6 254 19.5 Signal 45 24.0 18.6 17.4
Greenbrier Drive 1848 41.5 304 15.6 Signal 45 28.0 13.5 221
Premier Court 1320 37.4 24.1 11.8 Signal 45 20.0 17.4 18.3
Fashion Square I 1584 23.6 45.8 4.9 Signal 45 24.0 —-04 37.9
Fashion Square II 1056 19.7 36.5 0.0 45 16.0 3.7 36.5
Rio Road 1056  20.2 35.6 141 Signal 45 16.0 42 21.0

Totals 17292 381.3 30.9 119.5 275.8 105.5 23.5

Note: Segment delay is the difference between observed travel time and calculated ideal travel time.

SOURCE: Study conducted in Charlottesville, VA, by Justin Black and John Ponder.

locations which have been identified before the start of the test runs. A second stop-
watch also may be used to determine the time that passes each time the vehicle is
stopped. The sum of these times for any test run will give the stopped-time delay for
that run. Table 4.8 shows an example of a set of data obtained for such a study.

Alternatively, the driver alone can collect the data by using a laptop computer
with internal clock and distance functions. The predetermined locations (control
points) are first programmed into the computer. At the start of the run, the driver acti-
vates the clock and distance functions; then the driver presses the appropriate com-
puter key for each specified location. The data are then recorded automatically. The
causes of delay are then recorded by the driver on a tape recorder.

Moving-Vehicle Technique. In this technique, the observer makes a round trip on a
test section like the one shown in Figure 4.16, where it is assumed that the road runs
east to west. The observer starts collecting the relevant data at section X-X, drives
the car eastward to section Y-Y, then turns the vehicle around and drives westward to
section X-X again.

The following data are collected as the test vehicle makes the round trip:

e The time it takes to travel east from X-X to Y-Y (7,), in minutes

e The time it takes to travel west from Y-Y to X-X (7,,), in minutes

¢ The number of vehicles traveling west in the opposite lane while the test car is
traveling east (N,)
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Figure 4.16 Test Site for Moving-Vehicle Method

e The number of vehicles that overtake the test car while it is traveling west from
Y-Y to X-X, that is, traveling in the westbound direction (O,,)

e The number of vehicles that the test car passes while it is traveling west from Y-Y
to X-X, that is, traveling in the westbound direction (P,,)

The volume (V,,) in the westbound direction can then be obtained from the
expression:

(N, + 0, — P,)60

= 4.
Vi T,+T, (4.9)

where (N, + O,, — P,,) is the number of vehicles traveling westward that cross the line
X-X during the time (7, + T,,). Note that when the test vehicle starts at X-X, traveling
eastward, all vehicles traveling westward should get to X-X before the test vehicle,
except those that are passed by the test vehicle when it is traveling westward. Simi-
larly, all vehicles that pass the test vehicle when it is traveling westward will get to
X-X before the test vehicle. The test vehicle will also get to X-X before all vehicles it
passes while traveling westward. These vehicles have, however, been counted as part
of N, or O,, and therefore, should be subtracted from the sum of N, and O,, to deter-
mine the number of westbound vehicles that cross X-X during the time the test vehicle
travels from X-X to Y-Y and back to X-X. These considerations lead to Eq. 4.9.
Similarly, the average travel time T, in the westbound direction is obtained from

T,_T. O,—P,

60 60 v,

= 60(Ow - Pw)

T,=T,—— " (4.10)

If the test car is traveling at the average speed of all vehicles, it will most likely pass
the same number of vehicles as the number of vehicles that overtake it. Since it is
probable that the test car will not be traveling at the average speed, the second term
of Eq. 4.10 corrects for the difference between the number of vehicles that overtake
the test car and the number of vehicles that are overtaken by the test car.
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Example 4.6 Volume and Travel Time Using Moving-Vehicle Technique

The data in Table 4.9 were obtained in a travel time study on a section of highway
using the moving-vehicle technique. Determine the travel time and volume in each
direction at this section of the highway.

Mean time it takes to travel eastward (7,) = 2.85 min

Mean time it takes to travel westbound (7)) = 3.07 min

Average number of vehicles traveling westward when test vehicle is traveling
eastward (N,) = 79.50

Average number of vehicles traveling eastward when test vehicle is traveling
westward (N,,) = 82.25

Average number of vehicles that overtake test vehicle while it is traveling west-
ward (O,,) = 1.25

Table 4.9 Data from Travel Time Study Using the Moving-Vehicle Technique

No. of
No. of Vehicles No. of
Vehicles That Vehicles
Run Travel Traveling Overtook Overtaken
Direction/ Time in Opposite Test by
Number (min) Direction Vehicle Test Vehicle
Eastward
1 2.75 80 1 1
2 2.55 75 2 1
3 2.85 83 0 3
4 3.00 78 0 1
5 3.05 81 1 1
6 2.70 79 3 2
7 2.82 82 1 1
8 3.08 78 0 2
Average 2.85 79.50 1.00 1.50
Westward
1 2.95 78 2 0
2 3.15 83 1 1
3 3.20 89 1 1
4 2.83 86 1 0
5 3.30 80 2 1
6 3.00 79 1 2
7 322 82 2 1
8 291 81 0 1
Average 3.07 82.25 1.25 0.875
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Average number of vehicles that overtake test vehicle while it is traveling east-
ward (O,) = 1.00

Average number of vehicles the test vehicle passes while traveling westward

(P,) = 0.875
Average number of vehicles the test vehicle passes while traveling eastward
(P) =15

Solution:

¢ From Eq. 4.9, find the volume in the westbound direction.

(N, + 0, — P,)60

Y T,+T,
_ (1950 + 125 — 0875)60 _ S10 vel b
- 285 + 3.07 - o (ErEillveltyla)

¢ Similarly, calculate the volume in the eastbound direction.

[ (8225100~ 150)60 _ -
e~ 2.85 + 3.07 =@y (ke )

¢ Find the average travel time in the westbound direction.

_ (1.25 — 0.875)

T, =307 — 310 60 = 3.0 min

¢ Find the average travel time in the eastbound direction.

T_ZSS M60_29 g
. = 2. 29 = 2.9 min

Methods Not Requiring a Test Vehicle
This category includes the license-plate method and the interview method.

License-Plate Observations. The license-plate method requires that observers be
positioned at the beginning and end of the test section. Observers also can be posi-
tioned at other locations if elapsed times to those locations are required. Each
observer records the last three or four digits of the license plate of each car that passes,
together with the time at which the car passes. The reduction of the data is accom-
plished in the office by matching the times of arrival at the beginning and end of the
test section for each license plate recorded. The difference between these times is the
traveling time of each vehicle. The average of these is the average traveling time on
the test section. It has been suggested that a sample size of 50 matched license plates
will give reasonably accurate results.
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Interviews. The interviewing method is carried out by obtaining information from
people who drive on the study site regarding their travel times, their experience of
delays, and so forth. This method facilitates the collection of a large amount of data
in a relatively short time. However, it requires the cooperation of the people con-
tacted, since the result depends entirely on the information given by them.

ITS Advanced Technologies. 1TS, which is also referred to as Telematics, generally
can be described as the process through which data on the movement of people and
goods can be collected, stored, analyzed, and related information disseminated. The
process has been used in many areas of transportation engineering including the man-
agement of traffic, public transportation, traveler information, electronic toll pay-
ment, and safety. The onset of ITS has facilitated the development of advanced
technologies to support the system. The use of cell phones to collect travel times on
roadways is one such technology. The cell phone network is divided into several sec-
tors known as cells. The sizes of these cells range from a radius of a few hundred feet
in a city to several hundred feet in rural areas. Each cell has a base station through
which signals are received and transmitted from and/or to cell phones within it. A
switching center controls each base station and saves the information on the locations
and user identification of each cell phone as they change their service cells. The signal
to a given cell phone decreases with its distance from the base station. When the signal
strength is less than a predetermined level, the network checks for a nearer base sta-
tion and “hands off” to that cell. A commonly used technology for locating the posi-
tions of the cell phones is the GPS satellite system. This system can locate the position
of a cell phone with an accuracy of between 15 and 90 ft. By probing cell phones on
highways, the technology is used to determine average speeds and travel times along
highways. Another method used to obtain the locations of cell phones is triangulation,
which uses the computed distances of the cell phone from three nearby stations
to obtain its position. Detailed discussion of these methods for locating the positions
of cell phones is beyond the scope of this book. Interested readers may refer to
publications in the ITS area.

4.4 PARKING STUDIES

Any vehicle traveling on a highway will at one time or another be parked for either a
relatively short time or a much longer time, depending on the reason for parking. The
provision of parking facilities is therefore an essential element of the highway mode
of transportation. The need for parking spaces is usually very great in areas where
land uses include business, residential, or commercial activities. The growing use
of the automobile as a personal feeder service to transit systems (“park-and-ride”)
has also increased the demand for parking spaces at transit stations. In areas of high
density, where space is very expensive, the space provided for automobiles usually has
to be divided between that allocated for their movement and that allocated for
parking them.

Providing adequate parking space to meet the demand for parking in the CBD
may necessitate the provision of parking bays along curbs which reduces the capacity
of the streets and may affect the level of service. This problem usually confronts a city
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traffic engineer. The solution is not simple, since the allocation of available space will
depend on the goals of the community which the traffic engineer must take into con-
sideration when trying to solve the problem. Parking studies are therefore used to
determine the demand for and the supply of parking facilities in an area, the projec-
tion of the demand, and the views of various interest groups on how best to solve the
problem. Before we discuss the details of parking studies, it is necessary to discuss the
different types of parking facilities.

4.4.1 Types of Parking Facilities

Parking facilities can be divided into two main groups: on-street and off-street.

On-Street Parking Facilities

These are also known as curb facilities. Parking bays are provided alongside the curb
on one or both sides of the street. These bays can be unrestricted parking facilities if
the duration of parking is unlimited and parking is free, or they can be restricted
parking facilities if parking is limited to specific times of the day for a maximum dura-
tion. Parking at restricted facilities may or may not be free. Restricted facilities also
may be provided for specific purposes, such as to provide handicapped parking or as
bus stops or loading bays.

Off-Street Parking Facilities

These facilities may be privately or publicly owned; they include surface lots and
garages. Self-parking garages require that drivers park their own automobiles;
attendant-parking garages maintain personnel to park the automobiles.

4.4.2 Definitions of Parking Terms

Before discussing the different methods for conducting a parking study, it is necessary
to define some terms commonly used in parking studies including space-hour, parking
volume, parking accumulation, parking load, parking duration, and parking turnover.

1. A space-hour is a unit of parking that defines the use of a single parking space for
a period of 1 hour.

2. Parking volume is the total number of vehicles that park in a study area during a
specific length of time, usually a day.

3. Parking accumulation is the number of parked vehicles in a study area at any
specified time. These data can be plotted as a curve of parking accumulation
against time, which shows the variation of the parking accumulation during the day.

4. The parking load is the area under the accumulation curve between two specific
times. It is usually given as the number of space-hours used during the specified
period of time.

5. Parking duration is the length of time a vehicle is parked at a parking bay. When
the parking duration is given as an average, it gives an indication of how fre-
quently a parking space becomes available.

6. Parking turnover is the rate of use of a parking space. It is obtained by dividing
the parking volume for a specified period by the number of parking spaces.
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4.4.3 Methodology of Parking Studies

A comprehensive parking study usually involves (1) inventory of existing parking
facilities, (2) collection of data on parking accumulation, parking turnover and
parking duration, (3) identification of parking generators, and (4) collection of
information on parking demand. Information on related factors, such as financial,
legal, and administrative matters, also may be collected.

Inventory of Existing Parking Facilities

An inventory of existing parking facilities is a detailed listing of the location and all
other relevant characteristics of each legal parking facility, private and public, in the
study area. The inventory includes both on- and off-street facilities. The relevant char-
acteristics usually listed include the following:

¢ Type and number of parking spaces at each parking facility

Times of operation and limit on duration of parking, if any

Type of ownership (private or public)

Parking fees, if any, and method of collection

Restrictions on use (open or closed to the public)

Other restrictions, if any (such as loading and unloading zones, bus stops, or taxi

ranks)

* Probable degree of permanency (can the facility be regarded as permanent or is
it just a temporary facility?)

The information obtained from an inventory of parking facilities is useful both to
the traffic engineer and to public agencies, such as zoning commissions and planning
departments. The inventory should be updated at regular intervals of about four to
five years.

Collection of Parking Data

Accumulation. Accumulation data are obtained by checking the amount of parking
during regular intervals on different days of the week. The checks are usually carried
out on an hourly or 2-hour basis between 6:00 a.m. and 12 midnight. The selection of
the times depends on the operation times of land-use activities that act as parking gen-
erators. For example, if a commercial zone is included, checks should be made during
the times when retail shops are open, which may include periods up to 9:30 p.m. on
some days. On the other hand, at truck stops, the highest accumulation may occur
around midnight which requires information to be collected at that time. The infor-
mation obtained is used to determine hourly variations of parking and peak periods
of parking demand. (See Figure 4.17.)

Turnover and Duration. Information on turnover and duration is usually obtained
by collecting data on a sample of parking spaces in a given block. This is done by
recording the license plate of the vehicle parked on each parking space in the sample
at the ends of fixed intervals during the study period. The length of the fixed intervals
depends on the maximum permissible duration. For example, if the maximum
permissible duration of parking at a curb face is 1 hour, a suitable interval is every
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Figure 4.17 Parking Accumulation at a Parking Lot

20 minutes. If the permissible duration is 2 hours, checking every 30 minutes would be
appropriate. Turnover is then obtained from the equation

T number of different vehicles parked @11)
B number of parking spaces '

Although the manual collection of parking data is still commonly used, it is now pos-
sible for all parking data to be collected electronically. Some of these electronic sys-
tems use wireless sensors to detect the arrival and departure of a vehicle at a parking
space and the information sent to a central location through the internet. An example
of this is the Spark Parking Inc. system. In addition to collecting data on parking, the
Spark Parking System can be used to collect parking fees. The system provides for
drivers to make calls soon after occupying a parking space from their mobile phones
to record their credit cards and other personal information. The credit cards are then
used for automatic payment of the parking fees. Figure 4.18 illustrates the general
principles of the system.

Identification of Parking Generators
This phase involves identifying parking generators (for example, shopping centers or
transit terminals) and locating these on a map of the study area.
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Figure 4.18 The Spark Service System

SOURCE: Courtesy of Spark Parking (www.sparkparking.com).

Parking Demand

Information on parking demand is obtained by interviewing drivers at the various
parking facilities listed during the inventory. An effort should be made to interview
all drivers using the parking facilities on a typical weekday between 8:00 a.m. and
10:00 p.m. Information sought should include (1) trip origin, (2) purpose of trip, and
(3) driver’s destination after parking. The interviewer must also note the location of
the parking facility, times of arrival and departure, and the vehicle type.

Parking interviews also can be carried out using the postcard technique, in which
stamped postcards bearing the appropriate questions and a return address are handed
to drivers or placed under windshield wipers. When this technique is used, usually
only about 30 to 50 percent of the cards distributed are returned. It is therefore nec-
essary to record the time and the number of cards distributed at each location,
because this information is required to develop expansion factors, which are later
used to expand the sample.
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4.4.4 Analysis of Parking Data

Analysis of parking data includes summarizing, coding, and interpreting the data so
that the relevant information required for decision making can be obtained. The rel-
evant information includes the following:

Number and duration for vehicles legally parked
Number and duration for vehicles illegally parked
Space-hours of demand for parking

Supply of parking facilities

The analysis required to obtain information on the first two items is straightforward;
it usually involves simple arithmetical and statistical calculations. Data obtained from
these items are then used to determine parking space-hours.

The space-hours of demand for parking are obtained from the expression

p=3S (nit,) (4.12)

i
where

D = space vehicle-hours demand for a specific period of time
N = number of classes of parking duration ranges

t; = midparking duration of the ith class

n; = number of vehicles parked for the ith duration range

The space-hours of supply are obtained from the expression

N

S=f>) (4.13)

i=1
where

S = practical number of space-hours of supply for a specific period of time
N = number of parking spaces available
t; = total length of time in hours when the ith space can be legally parked on
during the specific period
f = efficiency factor

The efficiency factor fis used to correct for time lost in each turnover. It is deter-
mined on the basis of the best performance a parking facility is expected to produce.
Efficiency factors therefore should be determined for different types of parking
facilities—for example, surface lots, curb parking, and garages. Efficiency factors for
curb parking, during highest demand, vary from 78 percent to 96 percent; for surface
lots and garages, from 75 percent to 92 percent. Average values of fare 90 percent for
curb parking, 80 percent for garages, and 85 percent for surface lots.
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Example 4.7 Space Requirements for a Parking Garage

The owner of a parking garage located in a CBD has observed that 20% of those
wishing to park are turned back every day during the open hours of 8 a.m. to 6 p.m.
because of lack of parking spaces. An analysis of data collected at the garage indi-
cates that 60% of those who park are commuters, with an average parking duration
of 9 hr, and the remaining are shoppers, whose average parking duration is 2 hr.
If 20% of those who cannot park are commuters and the rest are shoppers, and a
total of 200 vehicles currently park daily in the garage, determine the number of
additional spaces required to meet the excess demand. Assume parking efficiency
is 0.90.

Solution:

e Calculate the space-hours of demand using Eq. 4.12.

D= (nit;)

M-

—_

=

Commuters now being served = 0.6 X 200 X 9 = 1080 space-hr

Shoppers now being served = 0.4 X 200 X 2 = 160 space-hr
200

Total number of vehicles turned away = 08 200 = 50

Commuters not being served = 0.2 X 50 X 9 = 90 space-hr

Shoppers not being served = 0.8 X 50 X 2 = 80 space-hr

Total space-hours of demand = (1080 + 160 + 90 + 80) = 1410

Total space-hours served = 1080 + 160 = 1240

Number of space-hours required = 1410 — 1240 = 170

e Determine the number of parking spaces required from Eq. 4.13.
N
S = f D' t; = 170 space-hr
i=1

¢ Use the length of time each space can be legally parked on (8 a.m. through
6 p.m. = 10 hr) to determine the number of additional spaces.

0.9 X 10 X N =170
N = 18.89

At least 19 additional spaces will be required, since a fraction of a space cannot
be used.
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4.5 SUMMARY

Highway transportation has provided considerable opportunities for people, particu-
larly the freedom to move from place to place at one’s will and convenience. The pos-
itive aspects of the highway mode, however, go hand in hand with numerous negative
aspects, which include traffic congestion, crashes, pollution, and parking difficulties.
Traffic and transportation engineers are continually involved in determining ways to
reduce these negative effects. The effective reduction of the negative impact of the
highway mode of transportation at any location can be achieved only after adequate
information is obtained to define the problem and the extent to which the problem
has a negative impact on the highway system. This information is obtained by con-
ducting studies to collect and analyze the relevant data. These are generally referred
to as traffic engineering studies.

This chapter has presented the basic concepts of different traffic engineering
studies: speed studies, volume studies, travel time and delay studies, and parking
studies. Spot speed studies are conducted to estimate the distribution of speeds of
vehicles in a traffic stream at a particular location on a highway. This is done by
recording the speeds of a sample of vehicles at the specified location. Speeds of vehi-
cles along sections of highways also can be collected using advanced technologies like
the probing of cell phones. These data are used to obtain speed characteristics. These
characteristics are the average speed, the median speed, the modal speed, the 85th-
percentile speed, the pace, and the standard deviation of the speed. Important factors
that should be considered in planning a speed study include the location for the study,
time of day, duration of the study, and the minimum sample size necessary for the limit
of acceptable error. Traffic volume studies entail the collection of data on the number
of vehicles and/or pedestrians that pass a point on a highway during a specified
time period. The data on vehicular volume can be used to determine the average daily
traffic, average peak-hour volume, vehicle classification, and vehicle-miles of travel.
Volume data are usually collected manually or by using electronic or mechanical
counters; video imaging also can be used. It should be noted, however, that traffic
volume varies from hour to hour and from day to day. It is therefore necessary to
use expansion factors to adjust periodic counts to obtain representative 24-hour,
weekly, monthly, and annual volumes. A travel time study determines the amount of
time required to travel from one point to another on a given route. This information
is used to determine the delay, which gives a good indication of the level of service on
the study section. The methods used to conduct travel time and delay data can be
grouped into two general categories: (1) those that require a test vehicle and (2) those
that do not. Parking studies are used to determine the demand for and supply of
parking facilities in an area. A comprehensive parking study usually involves
(1) inventory of existing parking facilities, (2) collection of data on parking accumu-
lation, parking turnover and parking duration, (3) identification of parking genera-
tors, and (4) collection of information on parking demand.

Itshould be emphasized here that no attempt has been made to present an in-depth
discussion of any of these studies, as such a discussion is beyond the scope of this book.
However, enough material has been provided to introduce the reader to the subject so
that he or she will be able to understand the more advanced literature on the subject.
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PROBLEMS

4-1

4-2

4-4

4-5

4-6

4-7

What are the advantages and disadvantages of machine vision (video image
detection) when compared with other forms of detection?

Select and describe the method and equipment you will recommend for traffic
volume counts for each of the road sections given below. Give reasons for your
recommendations.

(a) A private road leading to an industrial development
(b) A residential street

(¢) A rural collector road

(d) A section of an interstate highway

Speed data collected on an urban roadway yielded a standard deviation in speeds
of =4.8 mi/h.

(a) If an engineer wishes to estimate the average speed on the roadway at a 95%
confidence level so that the estimate is within £2 mi/h of the true average, how
many spot speeds should be collected?

(b) If the estimate of the average must be within =1 mi/h, what should the sample
size be?

An engineer wishing to obtain the speed characteristics on a bypass around her city at
a confidence level of 95%, and an acceptable limit of = 1.0 mi/h collected a total of
130 spot speed samples and determined that the variance is 25 (mi/h)% Has the engi-
neer met with all of the requirements of the study?

An engineer wishing to determine whether there is a statistically significant difference
between the average speed of passenger cars and that of large trucks on a section of
highway, collected the data shown below. Determine whether the engineer can con-
clude that the average speed of large trucks is the same as that for passenger cars.

Trucks Passenger Cars

Average Speed (mi/h) 62 59
Standard deviation of speed = mi/h 5.5 6.3
Sample size 275 175

Assuming that the data shown in Table 4.2 were collected on a rural road in your state
and consideration is being made to set the speed limit on the road. Speed limits of 50,
55, 60, and 65 mi/h are being considered. Plot the expected non-compliance percent-
ages versus the associated speed limit on a graph and recommend the speed for the
road. Give reasons for your selection.

The accompanying data show spot speeds collected at a section of highway located in
a residential area. Using the student’s ¢ test, determine whether there was a statisti-
cally significant difference in the average speeds at the 95% confidence level.
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4-10

4-11

4-12

4-13

4-14

Part 2 Traffic Operations

Before After Before After
40 23 38 25
35 33 35 21
38 25 30 35
37 36 30 30
33 37 38 33
30 34 39 21
28 23 35 28
35 28 36 23
35 24 34 24
40 31 33 27
33 24 31 20
35 20 36 20
36 21 35 30
36 28 33 32
40 35 39 33

Using the data furnished in Problem 4-7, draw the histogram frequency distribution
and cumulative percentage distribution for each set of data and determine (a) average
speed, (b) 85th-percentile speed, (c) 15th-percentile speed, (d) mode, (¢) median, and

(f) pace.
Define the following terms and cite examples of how they are used.

Average annual daily traffic (AADT)
Average daily traffic (ADT)
Vehicle-miles of travel (VMT)

Peak hour volume (PHV)

Describe the different traffic-count programs carried out in your state. What data are
collected in each program?

A traffic engineer, wishing to determine a representative value of the ADT on 250
highway links having similar volume characteristics, conducted a preliminary study
from which the following estimates were made: Mean volume = 45,750 veh/day, Stan-
dard deviation = 3750 veh/day. Determine the minimum number of stations for which
the engineer should obtain 24-hr volume counts for a 95-5 precision level. Use an
allowable range of error of 10%.

Describe the following types of traffic volume counts and explain when they are used:
(a) screen-line counts, (b) cordon counts, (c) intersection counts, and (d) control
counts.

How are travel time and delay studies used? Describe one method for collecting travel
time and delay data at a section of a highway. Explain how to obtain the following
information from the data collected: (a) travel time, (b) operational delay, (c) stopped
time delay, (d) fixed delay, and (e) travel time delay.

Table 4.10 shows data obtained in a travel time study on a section of highway using the
moving-vehicle technique. Estimate (a) the travel time and (b) the volume in each
direction at this section of the highway.
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Table 4.10 Travel Time Data for Problem 4-14

No. of
No. of Vehicles No. of
Vehicles That Vehicles
Run Travel Travelingin  Overtook  Overtaken
Direction/ Time Opposite Test by Test
Number (min) Direction Vehicle Vehicle
Northward
1 5.25 100 2 2
2 5.08 105 2 1
3 5.30 103 3 1
4 5.15 110 1 0
5 5.00 101 0 0
6 5.51 98 2 2
7 5.38 97 1 1
8 5.41 112 2 3
9 5.12 109 3 1
10 5.31 107 0 0
Southward
1 4.95 85 1 0
2 4.85 88 0 1
3 5.00 95 0 1
4 491 100 2 1
5 4.63 102 1 2
6 5.11 90 1 1
7 4.83 95 2 0
8 491 96 3 1
9 4.95 98 1 2
10 4.83 90 0 1

An engineer, wishing to determine the travel time and average speed along a section
of an urban highway as part of an annual trend analysis on traffic operations, con-
ducted a travel time study using the floating-car technique. He carried out 10 runs and
obtained a standard deviation of +3 mi/h in the speeds obtained. If a 5% significance
level is assumed, is the number of test runs adequate?

Briefly describe the tasks you would include in a comprehensive parking study for
your college campus, indicating how you would perform each task and the way you
would present the data collected.

Select a parking lot on your campus. For several hours, conduct a study of the lot using
the methods described in this chapter. From the data collected, determine the
turnover and duration. Draw a parking accumulation curve for the lot.

Data collected at a parking lot indicate that a total of 300 cars park between 8 a.m. and
6 p.m. 10% of these cars are parked for an average of 2 hr, 30% for an average of 4 hr,
and the remaining cars are parked for an average of 10 hr. Determine the space-hours
of demand at the lot.
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4-19

4-20
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If 10% of the parking bays are vacant on average (between 8 a.m. and 6 p.m.) at the
parking lot of Problem 4-18, determine the number of parking bays in the parking lot.
Assume an efficiency factor of 0.85.

The owner of the parking lot of Problems 4-18 and 4-19 is planning an expansion of
her lot to provide adequate demand for the following 5 years. If she has estimated that
parking demand for all categories will increase by 5% a year, determine the number
of additional parking bays that will be required.
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