NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM
REPORT

RECEIVE]

MAR 181974
MAT. LAB.

141

CHANGES IN LEGAL VEHICLE
WEIGHTS AND DIMENSIONS

SOME ECONOMIC
EFFECTS ON HIGHWAYS

REFER TN: ACT i INF. | SIG,
MATFRIALS BN R / ‘
nEECE MANS | ‘ 4
suacmy o oy 7| ]
oy (o r
) I? i
e
0y '
e
[ IR LYNS
i
A
S T4
i ‘ i
! i ‘
i A
I
}

HIGHWAY RESEARCH BOARD

NATIONAL RESEARCH COUNCIL
NATIONAL ACADEMY OF SCIENCES—NATIONAL ACADEMY OF ENGINEERING



HIGHWAY RESEARCH BOARD 1973

Officers

WILLIAM L. GARRISON, Chairman

JAY W. BROWN, First Vice Chairman
MILTON PIKARSKY, Second Vice Chairman
W. N. CAREY, JR,, Executive Director

Executive Committee

HENRIK E. STAFSETH, Executive Director, American Association of State Highway Officials (ex officio)
NORBERT T. TIEMANN, Federal Highway Administrator, U.S. Department of Transportation (ex officio)

FRANK C. HERRINGER, Urban Mass Transportation Administrator, U.S. Department of Transportation (ex officio)
ERNST WEBER, Chairman, Division of Engineering, National Research Council (ex officio)

CHARLES E. SHUMATE, Executive Director-Chief Engineer, Colorado Department of Highways (ex officio, Past Chairman 1971)
ALAN M. VOORHEES, President, Alan M. Voorhees and Associates (ex officio, Past Chairman 1972)
HENDRIK W. BODE, Professor of Systems Engineering, Harvard University

JAY W. BROWN, Director of Road Operations, Florida Department of Transportation

W. J. BURMEISTER, Consultant

DOUGLAS B. FUGATE, Commissioner, Virginia Department of Highways

WILLIAM L. GARRISON, Director, Inst. of Transp. and Traffic Eng., University of California

ROGER H. GILMAN, Director of Planning and Development, The Port Authority of New York and New Jlersey
NEIL V. HAKALA, President, Esso Research and Engineering Company

ROBERT N. HUNTER, Chief Engineer, Missouri State Highway Commission

GEORGE KRAMBLES, Operating Manager, Chicago Transit Authority

A. SCHEFFER LANG, Office of the President, Association of American Railroads

HAROLD L. MICHAEL, School of Civil Engineering, Purdue University

D. GRANT MICKLE, President, Highway Users Federation for Safety and Mobility

JOHN T. MIDDLETON, Consultant

JAMES A. MOE, Director, California Department of Public Works

ELLIOTT W. MONTROLL, Professor of Physics, University of Rochester

MILTON PIKARSKY, Chairman, Chicago Transit Authority

DAVID H. STEVENS, Chairman, Maine Department of Transportation

B. R. STOKES, General Manager, San Francisco Bay Area Rapid Transit District

ROBERT N. YOUNG, Executive Director, Regional Planning Council, Baltimore, Maryland

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

Advisory Committee

WILLIAM L. GARRISON, University of California (Chairman)

JAY W. BROWN, Florida Department of Transportation

MILTON PIKARSKY, Chicago Transit Authority

HENRIK E. STAFSETH, American Association of State Highway Officials
NORBERT T. TIEMANN, U.S. Department of Transportation

ERNST WEBER, National Research Council

CHARLES E. SHUMATE, Colorado Department of Highways

ALAN M. VOORHEES, Alan M. Voorhees and Associates

W. N. CAREY, JR,, Highway Research Board

General Field of Administration
Area of Finance
Advisory Panel A 19-3

C. E. DOUGAN, Connecticut Department of Transportation (Chair- J. D. McNEAL, State Highway Commission of Kansas
man) C. H. OGLESBY, Stanford University
W. G. ADKINS, Texas A&M University GIDEON SCHWARZBART, U.S. Forest Service
MALCOLM D. ARMSTRONG, Ministry of Transport (Canada) J. J. THOMAS, New York State Department of Transportation
D. K. CHACEY, Retired JAMES V. BOOS, Federal Highway Administration
T. D. LARSON, The Pennsylvania State University L. F. SPAINE, Highway Research Board
R. A, LILL, American Trucking Associations K. E. COOK, Highway Research Board

Program Staff

K. W. HENDERSON, JR., Program Director HARRY A. SMITH, Projects Engineer
LOUIS M. MacGREGOR, Administrative Engineer DAVID K. WITHEFORD, Projects Engineer
JOHN E. BURKE, Projects Engineer HERBERT P. ORLAND, Editor

ROBERT J. REILLY, Projects Engineer ROSEMARY M. MALONEY, Editor



NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 141
REPORT

CHANGES IN LEGAL VEHICLE

WEIGHTS AND DIMENSIONS

SOME ECONOMIC
EFFECTS ON HIGHWAYS

ROBERT E. WHITESIDE, TING Y. CHU, JOHN C. COSBY,
RAYMOND L. WHITAKER, AND ROBLEY WINFREY
WILBUR SMITH AND ASSOCIATES

COLUMBIA, SOUTH CAROLINA

RESEARCH SPONSORED BY THE AMERICAN ASSOCIATION
OF STATE HIGHWAY OFFICIALS IN COOPERATION
WITH THE FEDERAL HIGHWAY ADMINISTRATION

AREAS OF INTEREST:
TRANSPORTATION ADMINISTRATION
TRANSPORTATION ECONOMICS
HIGHWAY DESIGN
PAVEMENT DESIGN
ROAD USER CHARACTERISTICS
TRAFFIC CONTROL AND OPERATIONS

HIGHWAY RESEARCH BOARD _
DIVISION OF ENGINEERING NATIONAL RESEARCH COUNCIL
NATIONAL ACADEMY OF SCIENCES—NATIONAL ACADEMY OF ENGINEERING 1973



NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

Systematic, well-designed research provides the most ef-
fective approach to the solution of many problems facing
highway administrators and engineers. Often, highway
problems are of local interest and can best be studied by
highway departments individually or in cooperation with
their state universities and others. However, the accelerat-
ing growth of highway transportation develops increasingly
complex problems of wide interest to highway authorities.
These problems are best studied through a coordinated
program of cooperative research.

In recognition of these needs, the highway administrators
of the American Association of State Highway Officials
initiated in 1962 an objective national highway research
program employing modern scientific techniques. This
program is supported on a continuing basis by funds from
participating member states of the Association and it re-
ceives the full cooperation and support of the Federal
Highway Administration, United States Department of
Transportation. ’

The Highway Research Board of the National Academy
of Sciences-National Research Council was requested by
the Association to administer the research program because
of the Board’s recognized objectivity and understanding of
modern research practices. The Board is uniquely suited
for this purpose as: it maintains an extensive committee
structure from which authorities on any highway transpor-
tation subject may be drawn; it possesses avenues of com-
munications and cooperation with federal, state, and local
governmental agencies, universities, and industry; its rela-
tionship to its parent organization, the National Academy
of Sciences, a private, nonprofit institution, is an insurance
of objectivity; it maintains a full-time research correlation
staff of specialists in highway transportation matters to
bring the findings of research directly to those who are in
a position to use them.

The program is developed on the basis of research needs
identified by chief administrators of the highway depart-
ments and by committees of AASHO. Each year, specific
areas of research needs to be included in the program are
proposed to the Academy and the Board by the American
Association of State Highway Officials. Research projects
to fulfill these needs are defined by the Board, and qualified
research agencies are selected from those that have sub-
mitted proposals. Administration and surveillance of re-
search contracts are responsibilities of the Academy and
its Highway Research Board.

The needs for highway research are many, and the
National Cooperative Highway Research Program can
make significant contributions to the solution of highway
transportation problems of mutual concern to many re-
sponsible groups. The program, however, is intended to
complement rather than to substitute for or duplicate other
highway research programs.
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FOREWORD
By Staff
Highway Research Board

This report is recommended to state highway officials responsible for planning and
implementation of highway programs, as well as federal and state legislators respon-
sible for policy decisions and actions on proposed legislation having an impact on
legal vehicle weights and dimensions. It contains information on the principal fac-
tors involved in the construction, operation, and maintenance of the highway system
that are related to vehicle weights and dimensions, as well as an analysis of these
factors for their impacts on benefits and dis-benefits to highway users and non-users.

The Congress and the state legislatures have the continuing responsibility for
considering legislation respecting legal maximum limits of motor vehicle weights and
dimensions. When laws are changed, highway designers must take into considera-
tion the effects of the new legal limits on such things as vehicle design, vehicle use
of the highways, axle configurations, road axle weight distribution and frequency,
and trucking practices. These factors, among others, affect management decisions
relative to pavement design, bridge design, highway geometric design, over-all high-
way maintenance policies and procedures, methods of upgrading existing highways
and bridges, and budgets for highway construction, betterments, and maintenance.
Also affected are road user tax incomes and highway cost allocations.

The objectives of this project were to review critically past and current research
and methodologies relating to the consequences of possible changes in legal vehicu-
lar weight and dimension limits and prepare a one-source document of information
useful to highway departments and others in estimating the effects of changes in
legislation relating to legal maximum weights and dimensions of vehicles. Based on
the assemblage of existing knowledge, a methodology was to be recommended that
identifies all decision points involved in reaching a conclusion regarding costs and
benefits associated with changes in legal weights and dimension limits for vehicles.

The research team from Wilbur Smith and Associates compiled and updated
data on truck configurations, truck transport economics, and state regulations on
truck sizes and weights. This resulted in step-by-step procedures applicable to esti-
mating truck traffic magnitudes should new limits on vehicle sizes be enacted, the
economic effects on the trucking industry, and the benefits and disbenefits to the
general public that included effects on capacity and efficiency of traffic flow and
safety.

Highway engineers will find this report of special value in helping to determine
the incremental cost impact on a state highway system of a proposed change in legal
limits on vehicle sizes and weights.
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SUMMARY

CHANGES IN LEGAL VEHICLE

WEIGHTS AND DIMENSIONS
SOME ECONOMIC

EFFECTS ON HIGHWAYS

State highway officials, state legislators, and others often are faced with policy deci-
sions and actions on proposed legislation regarding changes in the legal vehicle
weights and dimensions. The assembly of a procedure for determining the eco-
nomic impacts of these changes on highways and highway freight transport and the
identification of areas of further research were the principal objectives of this study.

This report has been prepared from a review of literature; it identifies prin-
cipal factors involved in the construction, operation, and maintenance of the high-
way system that appear to relate to vehicle weights and dimensions. These factors
have been analyzed for their impacts on benefits and disbenefits to highway users
and nonusers.

Methods have been assemhled from the state of the art that permit projection
of estimated use of highway facilities by various classes of commercial vehicles, the
division of motor freight among vehicle classes on principal types of highways, and
estimated payloads these vehicles will transport. _

In the assembled methodology, two separate estimates are proposed. One esti-
mate projects the foregoing factors on the assumption that no change is made in
present legal limits. Based on this assumption, the number of equivalent load appli-
cations by various classes of vehicles on the various highway systems required to
carry the projected motor freight over the 20-year planning period is computed.
The total load experience thus estimated is used to design new pavement construc-
tion and to determine the estimated remaining service life of existing pavements.
Cost estimates reflect the impact of these factors, assuming no change in legal limits.

The second estimate repeats the process, with the assumption that the proposed
limits are put into use. Reestimates of the total equivalent axle load applications
required to carry the same total projected motor freight are made and applied to
pavement design for new construction and to remaining service life of existing pave-
ments. Bridge design standards are analyzed for the effects of new axle configura-
tions permitted by the proposed change and likely to be used. An analysis is made
of the impacts of these loads on new bridge construction and on existing bridge struc-
tures and decks. Cost estimates are made of the impacts that a change in legal
limits would have on these elements. These computations then reflect the extent of
application of proposed new limits by the motor transport industry. By this means,
an incremental cost analysis, indicated by differences between the two cost esti-
mates, can be made.

Pavement structural weakening is estimated by using equivalent 18-kip single-
axle equivalence factors developed in the AASHO Road Test and modified to con-
form to local conditions where such correlations have been established. The total



anticipated equivalent 18-kip load applications are estimated. Methods of deter-
mining remaining service life from PSR or PSI pavement indices have been used to
determine pavement reconstruction requirements. Design and cost factors for new
pavements are analyzed in a similar fashion.

Two methods for estimating the cost impacts on existing and planned pave-
ment structures, varying in detail and scope, are recommended. A numerical ex-
ample of the application of each method is given.

A method was developed for estimating the cost impacts of changes in legal
limits on bridges and secondary structures. By determining the overstress ratio for
the anticipated new vehicle, a permissible overstress ratio criterion is assumed.
Using this criterion, existing bridges in the inventory are categorized as: (1) those
requiring replacement or strengthening, or (2) those that can be upgraded without
change. Cost estimates of reconstruction and-strengthening are based on a material
quantity ratio (the ratio of materials for structures required under present weight
limits and axle configurations to those required to meet new vehicular loads). The
effects of new limits on fatigue life of structures and on maintenance costs are
considered.

By application of these methods, an estimate can be made of impact on physi-
cal properties of the highway. By the incremental method, cost analyses can be
made of economic impacts of changes in legal limits on the physical components of
the highway system. Decisions can be based on the magnitude and character of
these differences. Numerical examples of application of these methods appear in
the appendices.

The impacts on highway geometric design of vehicle size, weight, and per-
formance characteristics are analyzed. The interactions of truck length, accelera-
tion capabilities, braking performance, offtracking characteristics, weight/horse-
power ratios, gradeability, and traction are related to geometric design items such
as: grades, truck passing lanes, lane widths, and curve widths on open highways
and at intersections. These relationships are used to evaluate existing design prac-
tices and to determine desirable modifications thereto. Economic impacts of these
modifications can then be projected after detailed analysis has been performed.

A method is presented for estimating the accident incidence rate for vehicles
whose speed distribution is different from average highway speed, originally applied
as warrants for truck climbing lanes. A numerical example of the application of this
method is included. _

Highway classification and needs studies and methods of highway cost alloca-
tion are reviewed to relate the sources of inputs to the assembled methods and to
identify possible application of their outputs when one is considering means of
minimizing physical cost impacts.

Oversize and overweight permit operations are reviewed. AASHO Policy rec-
ommendations for this type of regulation are summarized.

Benefits resulting from the changes in legal limits are identified. These include
transport cost reductions that the motor freight industry might realize because of
increased efficiencies resulting from liberalized limits. There is a general discussion
of the economic contributions of the motor freight mode of transport. Types of
commodities and cargo density are related to gross weights, axle weight limits, and
* vehicle cubic capacity.

Disbenefits, penalties that may be imposed on other users of the highway sys-
tem as a result of increases in legal limits, are discussed. These disbenefits include
changes in safety of the highway system, due primarily to possible widening of the
disparities between truck/bus and passenger-car performance. “Social costs” re-



lated to noise, air pollution, property values, and vibration are discussed, and the
current state of the art is summarized.

The study concludes that a cost/benefit analysis method can be applied as a
limited decision factor within the present state of the art. The method for this ap-
plication included here would scale the costs required to construct one mile of new
highway, including a pro rata share of bridge structures, to the benefits to the truck
operator in reducing the operating costs of moving motor freight over that hypothet-
ical mile. In this manner, a basic but limited cost/benefit ratio can be computed.

Methods of determining both benefits and costs resulting from a change in di-
mensions are not presently mature enough to be included. Cost impacts related to
social and environmental factors, safety, and geometric design are also not sensitive
to changes in legal limits. Some of these factors must rely on technical judgments
and some on subjective judgment, with little or no relationship to a technical base.
Research into these identified gaps in knowledge is suggested, as are activities that
might improve the applicability of current methods.

The study was not expected to make, nor did it arrive at, specific conclusions as
to the desirability of changes in legal vehicle weights and dimensions. The recom-
mended methods must first be applied by others to specific limit changes before
conclusions can be drawn.

CHAPTER ONE

INTRODUCTION AND RESEARCH APPROACH

The Congress and state legislatures have the continuing
responsibility for considering legislation regarding legal
maximum limits of motor vehicle weights and dimensions.
When laws are changed, highway designers must take into
consideration the effects of the new legal limits on such
things as vehicle design, vehicle use of the highways, axle
configurations, road axle weight distribution and frequency,
and trucking practices. These factors, among others, affect
management decisions relative to pavement design, bridge
design, highway geometric design, over-all highway main-
tenance policies and procedures, methods of upgrading
existing highway and bridges, and budgets for highway
construction, betterments, and maintenance. Also possibly
affected are road use tax income and highway cost alloca-
tions. However, absence of a clear definition of such things
as the interrelationship between changes in the law and
legal limits on the highway contributes to uncertainty and
makes legislation and management decisions difficult. A
further difficulty is that the knowledge helpful to making
decisions on the many factors involved is relatively scarce
and widely scattered throughout the literature and the dis-
ciplines. A synthesis of the knowledge and development
of guidelines for evaluating the effects of such legislative
changes could make this knowledge more usable by high-
way departments and others making decisions regarding

the consequences of changes in the legal limits of vehicle
weights and dimensions. Project 19-3 was formulated in
recognition of this need.

PROJECT OBJECTIVES

Four principal project objectives were cited. The first ob-
jective was a critical review of past and current research
and methods relating to the consequences of possible
changes in legal vehicle weight. Information sources in-
cluded legislative hearing records and published and un-
published material in highway departments, federal agen-
cies, and consulting and research agencies.

The second objective was to evaluate the reliability,
adequacy, ease of application, etc., of the methods and
procedures identified in the review.

As a result of this effort, the program called for the
assembly from existing knowledge of a recommended
method or methods identifying all decision points involved
in reaching a conclusion regarding costs and benefits as-
sociated with changes in legal limits of vehicle weights and
dimensions. These methods were to include step-by-step
procedures based on the review, evaluation, and synthesis
of this established state of the art. Illustration by numeri-
cal example of the application of the recommended method
was an essential part of this objective.



The fourth objective was the recommendation of addi-
tional research and development needed to fill gaps in
present knowledge.

The project was to include preparation of a single docu-
ment of information useful to highway departments and
others in estimating the effects of changes in legislation
relating to legal limits.

RESEARCH WORKING PLAN

The output of the 18-month study is this report, which
contains the essential information developed during the
study. This document describes the assembled step-by-step
method that will enable highway officials and others to
determine the economic effects of changes in legal vehicle
weights and dimensions on highways and the administra-
tion of their highway departments. This report contains
the results of application of this method to a numerical
example to illustrate its use.
The study was divided into nine topical phases:

1. Data Review. Existing state-of-the-art data were as-
sembled and a critical review of past and current research,
present policies, and methods was performed.

2. Data Assembly. As the data review was conducted,
summaries of the data weré maintained. In addition,
interviews with and questionnaires to selected state high-
way officials furnished data on their design and adminis-
trative procedures, problems, and other information related
.to the study.

3. Truck Operations. So that highway officials can
develop an understanding of the role of motor freight
operations within their states, traffic operations and truck
transport economics were combined. This resulted in step-
by-step procedures that can be applied to estimate the truck
traffic magnitude should the new limits be enacted, the
economic effects on the truck industry, and the benefits and
disbenefits to the general public, including effects on ca-
pacity and efficiency of traffic flow and safety.

4. Truck Configurations. A means-was developed of
evaluating the possible new configurations of trucks to be
used if new limits are enacted. Methods of estimating-axle
configurations, axle weights, gross weights, and other sig-
nificant truck parameters that could be affected by the new
limits were developed.

5. Physical Effects. A study was made of the effects of
incremental increases in loads, both magnitude and fre-
quency of application, on roadway pavements, subgrades,
and soils, and on bridge structures and decks. This phase
included the determination of changes in design practices
required to reconstruct or strengthen existing structures
and pavements, for new construction, and to maintain these
facilities.

6. Cost Impacts. Once the magnitude, frequency of
application, and nature of additional loads had been pro-
jected and the physical effects of these factors on the high-
way facilities had been determined between the former
costs and those resulting from a change in limits, an
incremental cost method was assembled.

7. Highway Administration. Cost impacts of changes
were compared with benefits derived by both the truck

industry and the general public. These comparisons were
then used to develop recommended financial policies and
other economic impacts on the highway departments.
Methods of funding the additional costs were studied and
compared for possible implementation.

8. Cost/Benefit Analysis. Methods were developed of
determining the costs of supplying highway facilities against
the general benefits from the new limits.

9. Numerical Example. The method was applied to
demonstrate the principles of method application to typical
assumed conditions.

BACKGROUND

Separately, each state has established laws and regulations
as the carrying capacity of motor vehicles and traffic vol-
ume have increased. Laws were adopted that limited axle
and gross weights, principally for safety and to protect
highway facilities from possible damage by heavy vehicles.
Numerous laws and regulations regarding limitations on
width, height, and length of trucks, tractor-trailer combina-
tions, and buses, together with limits on gross weights, axle
weights, tires, and axle spacings, were enacted by each state
to reflect its interpretations of needs, specific highway de-
sign practices, and widely varying soils, topography, and
climatic conditions. These limits are given in Table 1.

These limits had an impact on truck design; some trucks
would meet the legal requirements of one state but not of
others. These variations multiplied the varieties of trucks
that were produced to meet trucking needs and reduced the
efficiency of interstate truck transport.

To study the problem and formulate recommendations
as to policy that might be applied nationally, AASHO
organized the Committee on Highway Transport, with
charter to

. investigate and evaluate the various transporta-
tion needs that should be served by the highway system
in the United States; determine the degree to which these
needs are met by the highway system in its current state
of improvement, under existing regulatory laws; and
recommend such policies, regulations, laws, and prac-
tices as may contribute to improve the efficiency of high-
way transportation with due regard for the conservation
and cost of the highway plant.

Based on the efforts of this Committee, AASHO adopted
its first policy concerning maximum dimensions, weights,
and speeds of motor vehicles in November 1932.

To study the variations of these laws and regulations and
to investigate the need for federal legislation of motor
vehicle weights and dimensions, Congress, by the Motor
Carrier Act of 1935 and the Transportation Act of 1940,
directed the Interstate Commerce Commission (ICC) to
make such studies and reports. Although the resulting
report suggested that the ICC should be authorized to
remove unreasonable discriminations  against interstate
commerce, federal regulation did not come about for
almost 16 years.

An important and relevant program—the AASHO Road
Test—was instigated by AASHO and conducted by the
Highway Research Board with cooperation of many other
agencies and organizations. The research, started in 1955,



was “to furnish certain research information to aid in
establishing an optimum balance between the best use and
the best life of the highway,” in addition to developing
design practices of flexible and rigid pavements and eval-
uating certain bridge structural design practices. Among
other applications, AASHO was to use the results of the
tests to formulate recommended sizes and weights for high-
way vehicles. Test results were published in a series of
special reports in 1962. These data were first reflected in
the AASHO Dimensions and Weights Policy (I) of De-
cember 7, 1964 (revised January 15, 1968).

The first federal regulation of size and weight of motor
vehicles was provided in the Federal-Aid Highway Act of
1956 and was applicable to the Interstate System (2). A
section of this act specified a maximum single-axle weight
of 18,000 lb, or a maximum tandem-axle weight of
32,000 Ib and an over-all gross weight of 73,280 Ib. The
only dimensional limit, that of vehicle width, was specified
as 96 in. The statute contains a “grandfather” clause that
permits the use of individual state limits, in effect on July 1,
1956, which allow greater limits on public highways in a
state than those given.

Subsequent to the enactment of this legislation in 1956,
three Congresses have considered revisions to the size and
weight limits of motor vehicles using the Interstate System.
The second session of the 90th Congress, in Senate Bill
S. 2658 (3), considered changes to the statute that would
increase the width limit from 96 to 102 in., the single-axle
load limit from 18,000 to 20,000 Ib, and the tandem-axle
load limit to 34,000 1b, and a maximum gross weight as
determined by a “bridge formula.”

The Subcommittee on Roads of the Committee on Public
Works, U.S. Senate, conducted hearings in early 1968 on
this proposed legislation (3).

It would be impractical to summarize all viewpoints of
testimony heard; however, a few selected positions are cited
here. The U.S. Department of Transportation (DOT) sub-
mitted during the hearings an amended version of S. 2658
which principally modified the “bridge formula” of the
original bill, reducing a constant in that expression which,
in essence, would reduce by 2,000 1b the maximum over-
all gross weight permitted the critical design vehicle.
Representatives of the AASHO Transport Committee pre-
sented their current recommended policy on maximum
dimensions and weights of motor vehicles at these hear-
ings (7).

Representatives of American Trucking Associations testi-
fied generally in favor of S. 2658, although they entered
statements rebutting testimony of others regarding safety
of trucks and maintained that the results of the AASHO
Road Test were “invalid as predictors of true pavement
life.”

Representatives of the American Automobile Association
(AAA) opposed the bill, primarily on the question of
safety. Kachlein (3) maintained that S. 2658 “is really an
antisafety bill. Enactment of this legislation would increase
present hazards and create new ones.” AAA opposed a
dual set of truck standards——one for Interstates and an-
other for other routes. It also recommended: elimination
of the “grandfather” clause by stipulating a time interval

for all states to conform to the lower limits of existing
federal law; comprehensive study to determine the effects
of proposed increased sizes and weights on bridges and the
direct costs to upgrade structures to conform to standards
contained in the bill; that all costs occasioned by increases
in sizes and weight be charged exclusively to the user group
(heavy trucks) who occasioned such costs; and that a
weight/horsepower ratio of a maximum 400 to 1 be
required of all trucks.

The Association of American Railroads strongly op-
posed the bill, primarily for the following reasons: the
“present existing inequitable” situation between motor
carriers and railroads would be aggravated; proper assign-
ment of cost burden required for safe highway operation
was not identified in the bill; and need for further economic
study of vehicle sizes and weights made action on the bill
premature.

The Western Conference of the Council of State Govern-
ments introduced as testimony Council resolutions that
called for immediate retirement of the Federal Government
from the field of regulation of motor vehicle sizes and
weights and the restoration to the individual states of their
“rightful and traditional” authority in this field. The reso-
lution further called for the individual states to reexamine
their policies with respect to the size and weight of com-
mercial vehicles in order to achieve more efficient and
economic highway transportation services. If federal regu-
lation were to continue, the Council called for the estab-
lishment of standards that would be consistent with the
“geometrics and structural capacity of western highways
now being built and the future needs of the western
economy.”

This bill passed the Senate but not the House of Repre-
sentatives and therefore was not enacted by the 90th
Congress.

The 91st Congress considered two bills—H.R. 11870
and H.R. 11619, which proposed amendments to Section
127 of Title 23, U.S.C. The former related to vehicle
weight and width limitations on the Interstate System; the
latter referred to an increase in the width limit for motor
buses. '

H.R. 11870 proposed a limit for single axles of 20,000
Ib, a tandem-axle limit of 34,000 1b, and a maximum width
of 102 in. The over-all gross weight of any group of two
or more consecutive axles was established in the bill by the
“bridge formula” previously recommended in testimony by
DOT in hearings on S. 2658. A gross load limit of two
consecutive sets of tandem axles spaced 36 ft or more apart
was set at 68,000 Ib, notwithstanding the results of the
bridge formula.

H.R. 11619 proposed an amendment to the same Code
to permit a 102-in. width of motor buses (motor vehicles
designed to carry more than 10 persons).

Hearings on both bills were conducted by the Sub-
committee on Roads of the Committee on Public Works,
House of Representatives, in mid-1969 (4). The 835-page
public record on these hearings almost tripled that of
S. 2658. The record covers the testimony of 39 individuals,
17 written statements, and 118 other materials submitted



TABLE 1 STATE LEGAL MAXIMUM DIMENSIONS AND WEIGHTS OF MOTOR VEHICLES
Length-feet? Number of towed units® Axle load-pounds
Operating
Single unit Semi Single Tandem tire
X . Truck emt- inflation
Line State Width | Height Semi- | tractor Other Semi- Full railer Including Including pressure
inches ') ft.-in. Truck | B trailer | semi- W",‘bi' trailer trailer and Statutory | statutory Statutory | statutory pounds
ruc us or trailer nation f\:'” limit enforce- limit enforce- per
trailer trailer ment ment sq. in.
tolerance tolerance
1 | Alabama 96 13-6 40 40 NS 55 NP 1 NP NP 18,000 19,800 36,000 39,600 NS
2 | Alaska 96 136 40 40 ’NR 60 65 1 1 2 20,000 34,000 NS
3 | Arizona 96 13-6 40 40 NS 65 65 1 1 2 18,000 32,000 NS
4 | Arkansas 96 136 40 40 NS 55 65 NR NR NR 218,000 32,000 NS
5 | California 96 136 40 40 | 740 60 65 NR NR NR 18,000 32,000 NS
6 | Colorado 1096 11113.4 35 40 NR 2245 2265 1 2 2. 18,000 36,000 NS
7 { Connecticut 102 13-6 55 55 NR 55 NP 1 NP NP 22,400 22,848 36,000 36,720 NS
8 | Delaware 96 136 40 42 40 55 65 1 ] NP 320,000 36,000 NS
9 | Floride 96 136 | 1440 40 NS 55 55 1 1 NP 20,000 22,000 40,000 44,000 NS
10 | Georgia 96 136 55 55 NR 55 55 NR NR NR 18,000 20,340 36,000 40,680 NS
11 | Hawaii 108 13-6 40 40 NR 55 65 1 1 2 24,000 32,000 NS
12 | tdaho 109¢ 14-0 | 1835 1835 NR 1960 6465 1 1 642 2018,000 2932,000 NS
13 | Ninois 9% 13-6 42 42 42 55 2460 1 1 2 2318,000 32,000 NS
14 | Indiana 9% 136 36 40 NR 55 65 1 1 2 18,000 19,000 32,000 33,000 NS
15 | lowa 96 13-6 35 540 NR 2655 2655 1 1 2 18,000 18,540 32,000 32,960 NS
16 | Konsas 96 13-6 142°6" |42° 6" | NS 55 65 1 1 2 18,000 32,000 NS
17 | Kentucky 96 [2M13-6 | %735 2735 NR 2955 8565 1 1 2 18,000 18,900 32,000 33,600 NS
18 [ Lovisiana 9% 136 35 %40 NR 60 65 ] NP 18,000 32,000 A NS
19 ine 28102 |3113-6 55 55 NR 55 55 1 1 39NP 22,000 536,000 NS
20 | Maryland 1094 136 55 55 NR 55 3065 NR NR NR 22,400 3540,000 NS
21 | Massachusetts 96 13-6 35 640 NR 55 NP t NP NP 22,400 36,000 NS
22 | Michigan % | 136 | 40 40 | MR s5 | 2%s 1 1 2 | 271,000 3832,000 NS
23 | Minnesota 96 13-6 40 40 6640 55 55 1 1 NP 18,000 32,000 NS
24 | Mississippi 96 136 | " 35 40 NR 55 55 1 1 NP 18,000 28,650 | 232,000 NS
25 | Missouri 96 136 40 40 NR 55 4155 NR NR NR 18,000 32,000 NS
26 | Montana 1096 136 35 40 NR 60 60 1 1 2 18,000 32,000 NS
27 | Nebraska 96 13-6 40 40 NR 60 65 1 1 2 20,000 34,000 ‘NS
28 | Nevada 96 NR 40 40 NR 70 70 NR NR NR - 18,000 18,900 32,000 33,600 NS
29 | New Hampshire 96 13-6 35 40 NR 55 55 1 1 NP 22,400 36,000 NS
30 { New Jersey 96 13-6 35 4235 40 55 55 1 ) NP 22,400 23,520 32,000 33,600 NS
31 | New Mexico 4396 13-6 40 40 NR 65 65 1 1 2 21,600 34,320 NS
32 | New York 1096 13-6 35 40 NR 55 55 1 1 NP 22,400 36,000 NS
33 | North Caroling 9% 13-6 35 540 NR 55 55 1 1 NP 18,000 19,000 36,000 38,000 NS
34 | North Dakota 1094 13-6 640 540 NR 2460 2460 1 1 2 18,000 32,000 NS
35 io 96 136 40 540 NR 55 65 1 NR NR 19,000 19,570 432,000 32,960 NS
36 | Oklahoma 96 13-6 40 45 NR 55 65 1 1 2 18,000 32,000 NS
37 | Oregon 96 [%%13-6 35 2240 2240 2150 2375 1 1 222 4620,000 34,000 NS
38 | Pennsylvania 96 13-6 35 40 40 55 3455 1 1 NP 22,400 23,072 36,000 37,080 NS
39 | Rhode Islond 102 136 40 40 40 55 55 1 1 NP 22,400 NS NS
40 | South Carolina 96 13-6 640 640 NR 55 5455 1 1 NP 20,000 $532,000 NS
41 | South Dakota 96 13-6 35 40 NR 65 65 1 1 2 18,000 2,000 NS
42 | Tennessee 96 13-6 40 40 NS 55 55 1 56y NP 18,000 32,000 NS
43 | Texas 96 13-6 40 40 NR 65 65 NR NR NR 18,000 32,000 NS
44 | Utoh 9% 14-0 45 45 45 60 60 NR NR NR 18,000 33,000 NS
45 | Vermont 9 13-6 50 50 NS 55 55 1 1 NP 22,400 23,520 $736,000 NS
46 | Virginia 96 13-6 35 40 NS 55 55 1 1 NP 18,000 $832,000 NS
47 | Washington 96 136 35 40 40 1960 65 1 1 2 18,000 32,000 NS
48 | West Virginia 9 [**12-6 35 640 35 50 50 1 1 NP 18,000 18,900 32,000 33,600 NS
49 | Wisconsin 9% 136 35 40 35 55 55 1 1 NP 18,000 }¢4°19,500 30,400 32,000 NS
50 | Wyoming 96 136 50 40 NR 65 3465 1 2 18,000 32,000 | %236,000 NS
51 | District of Columbia 9% 12:6 40 40 NS 55 55 1 1 NP 22,000 38,000 NS
52 | Puerto Rico 9% 136 35 40 NS 50 50 1 1 NP NS NS
AASHO Policy- 1946 96 126 | 35 40 50 60 1 1 NP 18,000 32,000 NS
Higher 4 50 kM 10 49 24 8 10 21 2
Number of States{ Same 48 2 21 39 3 4 44 39 31 28
Lower 0 0 0 3 0 24 0 3 0 2
I AASHO Policy- 1968 102 136 40 40 40 55 65 1 1 2 20,000 32,000 95
Higher | 1 3 9 16 | 4 16 2 8 10 10 14 2 15
Number of Statesy Same 3 47 22 39 7 33 19 44 39 19 6 28
Lower 48 2 21 3 2 3 31 0 3 23 32 2

NP—Not permitted, NR—Not restricted, NS—Not specified,

Warious exceptions for farm and construction equipment; public utility vehicles; house trailers; urban, suburban, and school
buses; hautage of agricultural and forest products; at wheels of vehicles for safety accessories, on designated highways, and as
administratively authorized.

2Various exceptions for utility vehicles and loads, house

3When not specified, limited to number possible in
for farm tractors, mobile homes, etc.

4Legally ifi i

5S¢

trailers, mobile homes and urban, suburban and school buses.
i inati within permit length limits; various exceptions

or
d under the fi

by admini

to permit comparison on a uniform basis between States with different types of
regulation:

A.  Front axle load of 8,000 pounds.

. Maxil practical within length limits:

(1) Minimum front overhang of 3 feet; minimum spacing from first to second axle of truck tractor 8 feet.

(2) In the case of a 4-axle truck-tractor semitrailer, rear overhang computed as necessary to distribute the
maximum possible uniform load on the maximum permitted length of semitrailer to the single drive-axle of the tractor and to the
tandem axles of the semi-trailer, within the permitted toad limits of each.

{3} In the case of a combination having 5 or more axles, minimum possible combined front and rear overhang
assumed to be 5 feet, with i ical load on il permitted length of semitrailer, subject to control of loading on axle
groups on total wheelbase as applicable.

C.  Including statutory enforcement tolerance as applicable.

SLess than three axles 35 feet.

7Trailer 35 feet in New Jersey, 40" in Nebraska, Alaska and Arizona.
8Steering axle 12,000 pounds.

9Load on vehicle may exceed 13’ 6” but not exceed 14’ 0",

108yses 102 inches on certain highways as administratively authorized.

110n class AA, or designated highways, 12 ft 6 in. on other highways.

12Qn Interstate system only. 79,900 ibs. on primary and secondary highways,

£3Not yet specified in any state law,

19Two-axle truck 35 feet; three-axle truck 40 feet.

15Formula W=500 (LN/N minus 1 plus 12N plus 36 where W=Gross Weight L=Wheelbase in feet and N=Number of Axles. The
formula provides for maximum gross weight allowed on any vehicle or combination.

1673,280 pounds maximum, except on roads under Rural Roads Authority 56,000 pounds maximum.

17800 (L plus 40) where L is distance between first and fast axle of vehicle except that 700 {L plus 40) governs for eny group of
11 or more consecutive axte whose L is 13 feet or less: Alternate Load Determination by table for vehicles of 3, 4 or 5 axles for L
between 19 feet and 51 feet provided single axle load limited to 18000 pounds or less: 800 {L plus 40) on highways which have no
structures with span of 20 feet or over.

T80n designated highways 40 feet.
19 Auto transports on designated highways 65 feet in Idaho, 70 feet in Wi

it equi as spacifi

30Special fimits for vehicles hauling
including livestock; single axie 18,900 pour
66,000 pounds maximum at 21-foot axle sp

:pacinq
160 tt, in special cases: Indiana, tr
trailers on designated major routes.
220n designated highways only.
230n designated highways; 16,000 pot
24Truck tractor semitrailer drawing o
highway or any other highway designated by
250n designated highways only. Auto
rear of vehicle. Auto or boat transporter exce
26 Auto and boat transports and three-t
270n state maintained highway's; on of
2800 Interstate System only maximun
290n state maintained highways; 30 fe
300n four lane highways only.
3including load 14 feet; various exceg
32But not less than 30 net brake horse,
33Auto transports 13 feet 8 inches; ot}
34Exception for poles, pilings, structur
35Less than 48-inch spacing, 36,000 pc
365ubject to axte and tabular limits.
37Single axle spaced less than 9 feet fre
380n designated highways onty and i
does not exceed 73,250 pounds; 2 tandem ax
39Drive away, towaway operations as
exceed 3 units in contact with the surface of «
. 400n Interstate System 47,500 pounds
4lAuto transports permitted 60 feet.
therefrom and other designated routes,
420r as prescribed by P.U.C.
430n designated highways 102 inches.
4432,000 pounds if over 4 feet but les
feet.
4598’ combinations required 1 net bhp
460n Interstate System logging vehicl
18,000 pound single axle and 32?0930 pound t




COMPARED WITH AASHO STANDARDS (Prepared by AASHO, December

31, 1970)

Gross weight limit Specified maximum gross weight-pounds* Practical moximum gross weight-pounds®
Pounds per Applicable to: Truck Teuck-tractor semitrailer Truck Truck-tractor semitrailer
engine net orh
1 .
e B T I o
° ";a:ah restriction group of wheelbase 2-oxle 3-oxle 3-oxle 4-axle 5-axle nation 2-axle 3-axle 3-axle 4-axle 5-axle nation
to clutc axles only
or
equivalant _ —
NS Table X 73,280 27,800 47,600 47,600 67,400 73,280 NP 1
NS Table-tire cap. X 40,000 54,000 60,000 74,000 88,000 | 100,000 28,000 42,000 48,000 62,000 76,000 90,000 2
NS Table Under 18° Over 18’ 26,000 40,000 44,000 58,000 | 772,000 X 3
NS Spec. maximum 30,000 44,000 48,000 | 62,000 73,280 73,280 26,000 40,000 44,000 58,000 72,000 73,280 4
NS Toble Under 18° Over 18’ 26,000 40,000 44,000 58,000 72,000 76,800 S
NS F 4 + lim, X 30,000 40,000 26,000 44,000 44,000 62,000 76,000 76,000 ]
NS S:e':‘.uliel‘ns.zei:e c':;. 32,000 , 53,800 67,400 73,000 NP 0,848 44,720 53,800 67,400 73,000 NP 7
NS Table-spec. lim. X 30,000 65,000 48,000 28,000 44,000 48,000 64,000 73,280 73,280 8
NS Toble X 30,000 52,000 52,000 73,271 73,21 73,21 9
NS Spec. max.'¢ 73,280 73,280 28,340 48,680 48,680 69,110 73,280 73,280 10
NS Formula'? X 32,000 40,000 56,000 64,000 72,000 80,000 1))
4SNS Table?® X 26,000 40,000 44,000 58,000 73,280 76,800 12
NS Spec. lim.-tire cap. 36,000 [*€50,000 | 450,000 | 3¢64,000 | 73,280 [*73,280 26,000 40,000 44,000 58,000 72,000 73,280 13
NS Spec. lim.-tire cop. 36,000 50,000 54,000 72,000 27,000 41,000 44,000 58,000 | 2973,000 |?2$73,000 14
NS Table X 26,540 40,960 45,080 59,500 73,280 73,280 15
NS Table X 3636,000 | 350,000 | 3°54,000 3672,000 373,280 {73,280 26,000 40,000 44,000 58,000 72,000 73,280 16
NS Spec. lim.-tire cop. 30,000 44,000 44,000 62,000 73,280 73,280 26,900 41,600 42,000 59,640 73,280 3,280 17
NS Axle lim.-tire cap. . 26,000 40,000 44,000 58,000 72,000 76,000 18
NS Table-tire cap. X 32,000 46,000 51,800 66,300 73,280 73,280 30,000 44,000 51,800 66,000 73,280 73,280 19
NS Table X 3655.000 | 2¢65,000 |2673,280 |°¢73,280 30,400 48,000 52,800 65,000 73,280 73,280 20
NS Table-spec. lim. X [2¢46,000 12960,000 | 2667,200 | *¢73,000 3673,000 NP 30,400 44,000 52,800 66,400 73,000 NP 23
400 Axle lim.-tire cop. 73,280 26,000 40,000 44,000 58,000 72,000 138,000 2
NS Table X 73,280 73,280 26,000 40,000 44,000 58,000 2,000 73,280 23
NS Table-tire cop. X 26,000 | 2240,000 44,000 58,000 |2272,000 |2273,280 24
NS Table X 26, 40,000 44,000 58,000 | 2272,000 |2273,280 25
NS Table~formula'$ Under 18' | Over 18’ 40,000 | 60,000 | 60,000 | 80,000 | 85500 ['°105500 | 26,000 | 40,000 44,000 58,000 73,280 76,800 2
NS Table 40,000 60,000 60,000 80,000 85,500 95,000 28,000 42,000 48,000 62,000 77,500 80,500 27
NS Table Under 18’ Over 18° 26,900 41,600 45,800 60,500 75,200 76,800 28
NS Table-spec. lim. X 33,400 |4°55,000 52,800 66,400 73,280 73,280 0,400 44,000 52,800 66,400 73,280 73,280 29
NS Axle lim.-tire cap. 31,520 41,600 55,040 65,120 73,280 73,280 30
NS Table Under 18" Over 18' 29,600 42,320 51,200 63,920 76,640 86,400 3
NS Formula X 71,000 71,000 30,400 44,000 52,800 66,400 71,000 71,000 32
NS Spec. lim. 31,500 49,875 49,875 67,200 73,280 73,280 27,000 46,000 46,000 65,000 73,280 73,280 33
NS Formula Under 18" Over 18’ 26,000 40,000 44,000 58,000 72,000 73,280 34
NS Formula’ X 27,570 40,960 46,000 58,500 71,000 78,000 35
NS Table X 6718,000 |6732,000 | 736,000 | 750,000 [6764,000 | 73,280 26,000 40,000 42,000 60,000 73,280 73,280 36
NS Toble*? 18’ or Under | Over 18’ 4776,000 [*776,000 | 928,000 | 242,000 | 948,000 | ©°62,000 | °°76,000 776,000 37
32450 Spec. lim.**? 44,000 56,000 50,000 | 60,000 73,280 | 73,280 31,072 45,080 51,500 61,800 73,280 73,280 38
NS Spec. lim. 936,000 |$'44,000 | 553,800 |5267,400 73,280 | 88,000 30,400 44,000 53,800 67,400 73,280 88,000 39
NS Spec. lim. 35,000 46,000 50,000 [ 65,000 73,280 | 73,280 28,000 40,000 48,000 60,000 72,000 73,280 40
NS Table X 6,000 40,000 44,000 8,000 72,000 3,280 41
NS Spec. lim. X 30,000 44,000 48,000 | 62,000 73,280 26,000 40,000 44,000 58,000 72,000 43,500 42
NS able X 26,000 40,000 44,000 58,000 72,000 2,000 43
NS Table X 36,000 51,000 54,000 | 69,000 79,900 | 79,900 26,000 41,000 44,000 59,000 74,000 79,900 44
NS Table-tire cap. X 73,280 | 73,280 31,520 44,000 55,000 66,400 73,280 73,280 45
NS . Table - X 36,000 50,000 54,000 | 68,000 70,000 1 70,000 26,000 40,000 44,000 60,000 70,000 70,000 46
NS$ Table, Under 18’ Over 18’ 28,000 36,000 46,000 | 60,000 68,000 | 72,000 26,000 36,000 44,000 60,000 68,000 2,000 47
NS Table X 36,000 54,000 54,000 |*°70,000 70,000 | 70,000 26,900 41,600 45,800 60,500 73,280 73,280 48
NS Tables! X 27,500 40,000 47,000 59,500 73,000 73,000 49
NS Table X 26,000 44,000 44,000 62,000 73,950 [1%73,950 50
NS Toble-tire cap. X 70,000 70,000 30,000 46,000 52,000 68,000 70,000 70,000 51
NS Spec. lim.-tire cap. . 52
NS Teble X 26,000 | 40,000 |- 44,000 55470 | 61,490 | 71,900
29 29 26 51 51 45
22 21 24 0 0 0
0 1 1 0 0 []
400 Table X 28,000 40,000 48,000 60,000 72,000 86,500
Formula 5 15 30 15 25 3
[ Table n 18 21] 5 20 5 ) % 0
Soec. lim. 14 3 1 3 2 5 48

timber and timber products, ores, ggreg: and agricultural products
\ds, tandem axle 37,800 pounds, gross weight table; vehicle with 3 or 4 axles permitted
-acing, vebicle with § or more axles permitted 78,000 pounds maximum at 43-foot axle

icks pulling housé traileFs aind saetishalizea builoings oniy; Oregon, truck tracror semls

inds on other highways.

ne trailer or tractor stinger-steered semitrailer ar auto transport 65 feet. {on any 4 lane
the Department in illinois; on hig \ i d by C issi in North Dakota)

. and boat transporters permitted 65’ plus an additional 3’ for load beyond the front or
eding 60’ may be operated on designated routes only. .

Jnit combinations permitted 60 feet.

her highways 11.5 feet high; trucks 26.5 feet and buses 30 feet long.

1 width 96 inches; tandem axle load 32,000 pounds,

ot on other highways.

\tions for vehicles hauling forest products and construction materials.
power.

rer vehicles 13 feet 8 inches on designated routes.

al units, rowing shells etc., permitted 70 feet.

inds.

>m nearest axle timited to 13,000 pounds.

mited to one tandem axle in combination; otherwise 26,000 pounds, When gross weight
le assemblies shall be permitted 16,000 pounds per axle.

defined by the State P.U.C. may include a combination of saddlemount vehciles not to
the highway.

'Double bottom units 65 feet on state primary and Interstate highways plus 5 miles
Body restricted to 96", additional 8" for tires only.

s than 8 feet apart; 24,000 pounds if less than 4 feet apart, 38,000 pounds if more than 8
per 400 Ibs.

les limited to 19,000 pound single axle, 34,000 tandem axle, other vehicles limited to
andem axle.

47Governs gross weight d on hig} Y il d by of State highway commission.

48Does not apply if overall length of truck-tractor plus semitrailer does not exceed 50 feet.

49Single unit truck with 4-axle permitted 68,000 pounds. X

50Axles spaced less than 6 feet 32,000 pounds; less than 12 feet 36,000 pounds; 12 feet or more gross weight governed by axle
limit,

$1Gingle vehicle with 3 or more axles spaced less than 16 feet 40,000 pounds; less than 20 feet 44,000 pounds; 20 feet or more
governed by axle limit.

$2Tractor semitrailer with 3 or more axles spaced less than 22 feet 46,000 pounds; not less than 27 feet 53,800 pounds.

53 egal limit 67,400 pounds, axle spacing 27 feet or more.

541 guse trailers, auto transports, and double saddle mounts in daylight hours, 60 feet.

550n Interstate System; 36,000 pounds on other roads. :

56| imited to 3,500 pounds.

57Three axle truck 55,000 pounds with no restriction on tandem. On Interstate 22,400 pounds single, 36,000 pounds tandem.

58yehicles registered before July 1, 1956, permitted limits in effect January 1, 1956, for life of vehicle.

$938,000 plus 900 L but not greater than 78,000 where L is the distance in feet from front to rear axle.

60Axle load 21,000 pounds on 2-axle trucks transporting milk and dairy supplies from farm to market but not over Interstate
System, 21,500 pounds on single axle, 35,000 pounds for groups of axles less than 7 feet apart, and for groups of 3 or more
consecutive axles more than 9 feet apart, 4000 pounds more than in Table for vehicles transporting peeted or unpeeled forest products
cut crosswise.

610n Class A highways. All axles of a vehicle or combination—73,000 pounds maximum, Wheel, axle, axle group and gross
vehicle weights on Class B Highways are 60% of weights including tolerance authorized for Class A highways.

62Based an ruling of Attorney General.

T fkanIe load 21,700 pounds on 3-axle trucks. Total not to exceed 65,000 pounds. Does not apply on any Interstate Route or
urnpike,

64Except three or four unit combinations may use up to 98 feet on certain highways designated by the Board of Highway
Directors. Combination must include on semitrailer.

6560 feet for specially designed transports for motor vehicles, 65 feet for other
permit.
6645 feet for traiters or semi-trailers constructred especially to haul livestock, boats or motor vehicles.
67Weight shown plus front steering axle not to exceed 18,000 pounds.

68 Ayto transports 14 feet by permit on designated highways.

690n Interstate System—26,000; 40,000; 44,000; 58,000 and 72,000 pounds respectively.

79Not permitted on Interstate System.

71Limitation does not apply to a semitrailer being towed by truck tractor providing the distance between the kingpin and the
rearmost axle does not exceed 38", The itrailer, lusive O h shall not extend forward of the rear of the truck cab.

4 327;g(iivlebaxla units having 42 to 51 feet of wheelbase may gross 73,280 Ibs. not to exceed the spacified axle loadings of 18,000
and 32, s.

on d hi by




for the record. Despite this volume, the following is an
attempt to provide a general scope of testimony.

AAA and the American Association of Railroads found
nothing in these proposed bills to alter their opposition to
S. 2658. Spokesmen for the National Association of Motor
Bus Owners were in favor of both bills; they especially
supported the increase in bus width to 102 in., pointing out
that this change would permit wider seats that would sub-
stantially increase passenger comfort. They stated that
102-in. buses are in use in many urban and suburban
transit systems and presently are permitted on the Inter-
state System and other federal-aid highways in eight states,
on federal-aid highways other than Interstate System in
seven states, and would be authorized, if legislation passes
regarding the Interstate System, by present legislation in
eight additional states.

AASHO presented testimony repeating its recommended
policy, which was in general agreement with limits pro-
posed. However, it disagreed with the “grandfather” clause
included in H.R. 11870. AASHO had also added maxi-
mum tire-pressure limits to their recommendations for the
first time.

State highway officials also expressed opposition to two
separate sets of motor vehicle weights and size regulations.
Special truck lanes, and in certain cases truck roadways,
were recommended for policy consideration where special
limitations and high truck volumes are encountered.
AASHO policy retained the maximum tandem-axle load
of 32,000 Ib vs the proposed 34,000-1b limit by a margin
of one vote. The question of 102-in. width for vehicles is
left to the option of the individual state by current AASHO
policy; it depends on the ability of the state’s highway sys-
tem to handle such widths, and on the state’s prevailing
soils and meteorological conditions. It was recommended
that specific regulation of load on the steering axle at
10,000 1b be included. The question of fatigue stress on
a majority of bridge structures was cited in the testimony.
Research into bridge fatigue is required and was being
undertaken at the time of hearings.

In commenting on the bill, DOT pointed to safety as its
first concern, but its analysis of the record indicated that
“there does not appear to be any statistical basis for assum-
ing that vehicles of the size being proposed by these bills
would be any more likely to be directly involved in acci-
dents than the large vehicles presently on the roads.” How-
ever, evidence is scarce on whether the presence of the
larger vehicles might indirectly cause more accidents.
DOT’s work in establishing safety standards for trucks and
buses was cited. DOT “would find it acceptable to allow-
ing existing truck or other vehicle bodies to be widened to
the new limit, without revising the running gear itself to
the larger width.” Similarly, the proposed increases in
weights “should not be allowed except where they are
accompanied by improved braking, higher power-to-weight
ratios, wider vehicle tracks, and other beneficial features.”

DOT'’s position on proposed weight increases was that
the increase “would have relatively little significance in its
effect on relative structural life of the highway.” The
greatest concern was the effect on the many bridges on the
federal-aid system that are not built to Interstate standards,

and that it was not then possible “to determine the ability
of these bridges to carry either the present legal loads or
the weights contemplated in the proposed legislation.” As
a matter of practicality, it was pointed out that trucks
cannot operate exclusively on a limited highway system.

DOT held that the gross load limit of 68,000 Ib in dis-
regard of the bridge formula was objectionable, and recom-
mended no exception be made to that equation, In place
of the 70-ft limitation in length, DOT recommended a limit
of 65 ft for vehicle combinations. The width limit of 102 in.
was found to be acceptable, with certain safety features
incorporated into the truck designs and the elimination of
“tire bulge” in the specification. Deletion of the “grand-
father” clause was recommended.

The bills failed to pass the 91st Congress.

Hearings were conducted in March 1971 by the same
House Subcommittee on H.R. 4354, on a bill introduced
in the 92nd Congress that was identical to H.R. 11619
except for the effective date of the “grandfather” clause.

Safety aspects of wider buses were the principal con-
cern of DOT representatives: “Based on the extent of our
analysis to date with regard to the potential benefits and
safety hazards which would result from the proposed in-
creased bus width, the Department cannot support enact-
ment of H.R. 4354 at this time.” Further investigation and
report on the matter was promised.

The AAA representative appeared opposed to the ques-
tion also, principally because of safety hazards that might
be introduced and because wider buses would not be able
to function on the Interstate System solely but must use
other public roads that may not be built to Interstate
standards.

The National Association of Motor Bus Owners pointed
out the potential advantages to passengers of wider seats
and aisles made possible by the additional width. The
precedent of 102-in. buses in operation in many urban
areas and in some states was entered into the record.

At the time of this report, no final action had been taken
on this proposed legislation.

Table 2 summarizes these various proposed size and
weight regulations, and compares them with other recom-
mended laws and regulations shown in Figure 1 and given
in Table 3. '

In the Highway Revenue Act of 1956, Congress directed
the Secretary of Commerce (who at that time administered
the Bureau of Public Roads) to make a study and report
on highway cost allocation. Section 210 of that act defined,
in part, the purposes of this study which were:

. . to make available to the Congress information
on the basis of which it may determine what taxes should
be imposed by the United States, and in what amounts
in order to assure, insofar as practicable, an equitable
distribution of the tax burdens among the various classes
of persons using the Federal-Aid highways or otherwise
deriving benefits from such highways.

Reports resulting from this directive (sometimes referred
to as the “Section 210 Study” or the “210 Study”) provide
an insight into the size and weight of motor vehicles (3,
6,7,8).

In cooperation with other federal offices and agencies,



TABLE 2

COMPARISONS OF SIZE AND WEIGHT LEGAL LIMITS WITH SELECTED RECOMMENDATIONS
OF AASHO POLICY

LENGTH (FT)

MAXIMUM

SINGLE PERMISSIBLE
SINGLE SINGLE COMB. OTHER \wpicor (1g)

2-AXLE SEMI- TRAC- COMB.

OR TRAILER TOR-  OR TWO ) i\ GROSS
WIDTH HEIGHT SINGLE 3-AXLE OR SEMI- OR MORESINGLE TANDEM  VEHICLE
LIMITS * (IN.) (FT-IN.) TRUCK BUS TRAILER TRAILER UNITS  AXLE AXLE WEIGHT °
AASHO Policy, 1968 (1) 102°® 13-6 40 40 40 55 65 20,000°  32,000° (A)
Industry Advisory Committee Cab or 13-6 40 45 45 60 70 20,000 36,000
(2) body=120
Over-all
width at
at tires—
106
Federal law (Interstate Sys- 96 18,000 32,000 73,200
tem) Section 127 of Title
23 US.C. (3)
Recent proposed federal legis-
lation:

S. 2658, 90th Con- 102°* 20,000 36,000 (B)
gress (1968) -
(amend Section 127
of Title 23,

Us.c)
H.R. 11870, 91st 102° 70 20,000 34,000 (C)

Congress (1969)
(amend Section 127
of Title 23,

U.S.C.) (trucks)

H.R. 11619, 91st 102 °®
Congress (1969)
(motor buses)
H.R. 4354, 92nd 102 18,000 23,000 (D)
Congress (1971)
Ontario, Canada, legal limits

“)

a References:
(1) AASHO ().
(2) “Recommendations for Commercial Vehicle Sizes and Weights.” Industry Advisory Committee, Automobile Manufacturers Association,
Motor Truck Committee.
(3) “Federal Laws, Regulations and Other Material Relating to Highways.” U.S. Bureau of Public Roads (1960).
(4) ARMSTRONG, M.D., ET AL. (91).
b Excluding tire bulge and approved safety devices.
e Local reductions permitted during periods of water saturation, frost, and other conditions.
4 Oniarlo has a legal maximum for triplc-axle weights of 40,000 1b on some combinations.
e As determined by bridge formula:
(A) W=500 (LN/N—1+12N-+32) See Table 3 for computations of gross load.
(B) W=500 (LN/N—1+412N-+40)
(C) W=500 (LN/N—L+12N+36)
(D) See Figure 1 for Ontario gross weight limits. Formula: W,=20+42.07 B, —0.0071 B2

and state highway departments, the Bureau of Public Roads Four different methods of allocating motor vehicle tax
(BPR) made a comprehensive study of responsibility were included in these studies:

(1) The effects in design, construction and mainte-

nance of Federal-Aid highways from the use of vehicles 1. Cost-Function Method. This separates highway costs

of different dimensions, weights and other specifications, or other expenditures into three functional categories:
and the fgquency of the occurrences of such vehicles (1) Weight Functions: costs that are affected by vehicle
in the traffic stream, (2) the proportionate share of de- : I : : .

sign, construction and maintenance costs of Federal-Aid Sl%e or weight; (.2) Mllea.ge Functions: ?osts that Yary
highways attributable to each class of user on such © with the use of highways, independent of size and weight;
highways, and (3) any direct or indirect benefits occur- and (3) Vehicle Functions: costs that are independent of

ring to any class, in addition to the benefits from the ac- . . . .
tual use of highways, which are attributable to highway both vehicle size/weight and traffic volume that are dis-

expenditures (3). tributed equally among all vehicles.



LEGAL AXLE AND GROSS WEIGHTS PERMITTED ON SINGLE UNITS

10 TWO AXLED TRUCK OR TRACTOR

()

Axle Weijght, 18,000 ! 18,000 lbs.
Gross Weight, 28,000 Ibs. -

TWO AXLED TRAILER

(®) (®)

Axle Weight, 18,000" ’1 8,000 Ibs.

Gross Weight, 28,000 Ibs.

THREE AXLED TRUCK OR TRACTOR
{Tandem)

(an)

QI

16,000 lbs.

Axle Weight, 16,000 16,000

Gross Weight, 42,000 Ibs..

THREE AXLED TRAILER

O O©

y
Axle Weight, 16,000 Y 16,000
Gross Weight, 42,000 lbs.

16,000 Ibs.

TWO AXLED SEMI-TRAILER

ONE AXLED SEMI-TRAILER

{Tandem) THREE AXLED SEMI-TRAILER

Gross Weight, 18,000 lbs.

‘Gross Weight, 32,000 Ibs.

Gross Weight, 32,000 Ibs.

LEGAL GROSS WEIGH;I'S PERMITTED ON FOLLOWING COMBINATIONS

28,000 18,000 28,000 32,000 za,ooo’ 4.0,000.
v 000
‘42,000 18,000 42,000 32,000 42,000 38,000
. or 40,000 40,000
el fololooo : 2
28,000 28,000 28,000 42,000 42,000 286,000 42.000 42,000
© 28,000 18,000 28,000 28,000 |ve,ooo 42,000 28,000 32,000 28,000 28,000 32,000 42,000
28,00C 40,000 - 26,000 28,000 40,000 42,000
& 55 —0lo-00
42,000 18,000 28,000 42,000 18,000 42,000 42,000 32,000 28,000 42,000 32,000 42,000
S lrzo0do o
42,000 38,000 28,000 42,000 38,000 42,000
or 40,000  40,00C. or 40,000 40,000

Figure 1. Permissible weights on motor vehicles in Ontario. Source: Ontario Department of Transport.



TABLE 3
PERMISSIBLE GROSS LOADS

BASED ON AASHO HI5(44) BRIDGES WITH OVERSTRESSES NOT TO EXCEED 30 bERCENT
EOR CERTAIN TYPICAL VEHICLES IN REGULAR OPERATION ILLUSTRATING WHEN TOTAL COMPUTED GROSS WEIGHT
i OR THE AXLE LOADINGS CONTROL THE PERMISSIBLE GROSS LOAD OF THE VEHICLE.
Weight Formula W = 500 ( -tTN-I + 12N + 32

(A}—Permissible Gross Load of Vehicle Limited by Axles (B}—Computed Gross Load Controls

Distance in feet

between the H H . .
exhromes ol "any Maximum foad in pounds cgrrned on any group of two or more consecutive axles

"q';g:p':l "cq‘:’. 2 Ades | 3 Axles ~_{4_4 i 4 Axles ] 5 Axles |
axles Type 2| Type 3 | Type 2-5! Type 22| Type 2-52 [ Tyee 3:Si [ Type 32 [ Type 3.-92 [ Al Types
4 A | ]
5 © e ©
/ o 9 @
6 32000 T £ b3
7 _ _| 32000 E £ E
8 } =1 32000 o S &
9 40500 [ 40500 . - -
10 | 41500 41500 2 S 2
n ] 42000 r »
12 43000 /48000 [ 48000
13 43500 48500 48500
14 44500 49500 49500
15 45000 50000 50000
16 46000 50500 50500
17 46500 51500 51500
18 47500 52000 52000 3 g} E
19 __ | 48000 52500 52500 ’é ‘g 2
20 < < 53500 53500 3 £ e
[=4 o (-9 (-9 a.
21 8 =3 54000 54000 - - -
n g ~ 54500 | 54500 &= 2 3 2
23 - 55500 55500
24 56000 55000
25 56500 56500
26 57500 " 57500
27 =| 58000 58000
28 | 58500 58500
29 59500 59500
30 60000 60000
31l 60500 60500
32 61500
33 62000 ] ]
34 62500
35 ! < 63500
3 ] I 2 64000
37 2 64500
38 w 65500
39 66000
40 _ 66500 L <
. 4l 67000 S 8 ¥ =
42 68000 & S /72000
43 68500 <© < 73000
44 _N 69500 73500
45 ] 74000
] o _‘
45 ] o 74500 —
47 £ £ 75500 = )
48 5 £ 76000 8 (81000
49 o e _| 16500 & 81500
50 s + ! — sl 77000 ™Y 82000
z z <
5| P 78000 * 82500
52 -8 78500 83000
53 3 S 3 79000 3 _| 83500
54 £ E| < | 19500 x &| 84500
55 E El T | sos00 E 85000
o &l 8 & :
56 a T «~ | 8tooo - 85500
57 ] o °°_La|soo 2 86000
58 z z N 0 87000
59 83R00 87500
60 w} A Y A Yy ‘ J g Y 88000

Note: The Ioads‘ are computed to the nearest 500 ibs.
The modifications consist In Ilimiting the maximum load on any single axle fo 20,000 Ibs. and the load on any two axles spaced 8 ft. or less on centers to 32,000 1bs.
Loaded vehicles of 7 or more axles regardiess of type and of wheelbase are not permitted. '
Table I Is applicable to gross loads of vehicles. "
The permissible load on anL group of 2 or more axles spaced 8 ft. or less between the centers of the extrame axles of the group is 32,000 Ibs.
For the purposss of this table the steering axle Is assumad fo be 10,000 Ibs. and 5 feet 1s subtracted from the maximum permlssible vehicle length to arrive ot the
-distance betwesn the centers of extreme axles. o )
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The procedure in the cost-function method is to allo-
cate weight-function costs on a ton-mile basis, mileage-
function costs on a vehicle-mile basis, and vehicle-function
costs in proportion to the number of vehicles in each class.

In the final report (7) of the application of the cost-
function method, the weight-function costs included: grad-
ing and drainage (intermediate and high-type roads),
surface and base (intermediate and high-type roads),
shoulders (high-type roads), and structures. All other
expenditures were classified as mileage-function costs. In
the distribution of costs, 77.2 percent were classified as
weight-function and only 22.8 percent were classified as
mileage-function. An allocation using this method approxi-
mated the gross-ton-mile method in imposing tax responsi-
bility on heavier vehicles.

2. Ton-Mile Method. The gross-ton-mile method allo-
cates cost responsibility among vehicles of different types,
sizes, and weights, in proportion to the product of miles
traveled times average operating gross weight. Although
this method often has been used as a basis of cost alloca-
tion, it has been attacked repeatedly on the grounds that
there is no proof or justification of the theory that either
costs occasioned or benefits derived by the use of motor
vehicles of different sizes are proportional to the product
of distance traveled and vehicle weight.

The most convincing evidence against the ton-mile
method was the results of the AASHO Road Test, where
the number of applications of loads of different magnitudes
did not appear to be linearly related to pavement deteriora-

“tion. Wear was found to be exponentially related to in-
creasing axle loads and their effects were related to “equiva-
lent axle loads” where equivalency factors of different axle
loads were related to that of a standard single-axle load of
18,000 1b. :

3. Incremental Method. The basic concept here is that
certain highway expenditures can be separated into incre-
ments of costs incurred in accommodating specific vehicles.
Based primarily on AASHO Road Test results, each ve-
hicle is assessed charges for those increments of expendi-
ture creditable to a specific class of vehicles, with the
heavier vehicle classes assessed for those increments of
the highway system costs needed above a basic minimum
system facility cost.

The incremental method is the most commonly recog-
nized by both federal and state highway agencies for cost
allocation. It is discussed in greater detail later.

4. Differential-Benefit Method. Here, each class of high-
way users should be taxed in proportion to the benefits
received from the use of the highway. It appears that
such benefits can be identified and at least approximately
measured in terms of reductions in transportation costs,
tangible and intangible, brought about by highway improve-
ments. Unless the value exceeds or equals the correspond-
ing costs, the improvement is not economically justified.

The major problem involved in the “210 Study” in
applying this method was in the computation of benefits
“differentiated according to weights and dimensions of
vehicles” (8).

As pointed out in the S. 2658 hearing by the chairman

of the AASHO Committee on Highway Transport (3):

No cost allocation method actually gives a final and
indisputable answer, for the problem has many ramifica-
tions, but the incremental method is so thoroughly
grounded in results of highway engineering research
and logic, that its findings command respect and con-
fidence.

Basically, the incremental method shows that the
larger trucks, even at their present sizes and weights
and not those that would be allowed under S. 2658, do
not pay their total share of the highway costs.

We do not raise this as a criticism, but point it out as
a fact,

It must be emphasized that responsibility for establishing
and enforcing appropriate vehicle size and weight limits
rests principally with the individual states. State legisla-
tures and agencies require a means of evaluating proposed
changes in legal limits: (1) on the basis of impact on the
economic and efficient use and appropriate financing of the
highway system on a physical basis, (2) to account for
total economic and social benefits and costs or disbenefits
that all classes of highway users may enjoy or suffer, and
(3), if possible, to account for these factors as related to
the nonuser.

Costs of various types of roadway pavements, bridges,
drainage and grading, and other physical properties are well
understood in establishing the highway plant. The impacts
of changes in axle weight and axle configurations occa-
sioned by changes in legal limits related to these elements
are relatively easily identified when compared to other
aspects of this broad evaluation objective. This is due
principally to the extensive research committed to the
design approaches of these facilities and the experience
gained in operating and maintaining them.

Transport economics and benefits of the motor freight
industry are also fairly well defined in the literature, al-
though their relationship to specific benefits to be passed
on to the shipper is not as clear. This is because a variety

-of tariff regulations are imposed on some classes of the

motor transport industry, yet other classes are not con-
trolled because either the trucks are owned by private inter-
ests or the operators come under the “for hire” or contract
category and therefore are not subject to regulation.

Other social costs—such as safety, travel-time costs,
vehicle operating costs, noise, pollution, vibration, effects
on property values, and rents of real estate along the high-
way—are not as well developed. These important issues
should be included in any evaluation of changes in legal
limits.

The methods assembled here should be useful in evaluat-
ing the economic impacts of either an increase or a de-
crease in legal limits. They should be applicable to all
classifications of roads in a highway system. The methods
should strike a balance between completeness and eco-
nomic application, recognizing that many value inputs are
based on projections or modeling techniques that always
contain some possibility for error.

The objective of the study was not to arrive at any con-
clusions, per se, regarding changes in legal limits or the
cost-benefits of any potential area of change. This can be
accomplished only after addressing the specific case.



CHAPTER TWO

FINDINGS

INFLUENCES OF CHANGES IN LEGAL VEHICLE WEIGHTS
ON BENEFITS AND COSTS TO THE HIGHWAY SYSTEM,
THE HIGHWAY USER, AND SOCIETY

The fact that changes in legal vehicle weights and dimen-
sions result in a complex interaction among the highway
systems, transport economics, industry, and society un-
doubtedly explains the lack of published literature on the
total problem and, indeed, the objective of this study. De-
termination of the economic impacts of a proposed change
in legal limits involves a multitude of disciplines. One must
understand the intricacies of and interactions among the
influences and how they affect the economies of return to
the highway users, the highway system costs in providing
facilities responsive to highway use, and the costs and
benefits to society resulting from a change in legal limits.

A network diagram that relates these changes in legal
limits to the resulting benefit and cost elements is complex.
Many interactions occur as the process proceeds from the
input of the changes in legal limits to the quantification
of benefits and costs. To obtain a complete solution to the
problem, one must include in the analysis all possible
interactions.

Figure 2 shows a generalized flow diagram of influences
among the basic elements of the system that might be
identified with benefit and cost components resulting from
a change in legal limits (a more explicit identification of
factors associated with these influences is developed later
herein). One of the initial influences of a change in size
and weight limits is on the vehicle’s physical and perform-
ance characteristics. It is unlikely that new vehicles (using
the new limits) will immediately appear on the highway,
because of the time lapse in design, manufacture, and
deployment. However, new vehicles eventually will appear
that are responsive to transport demand of the various
commodities, and that offer economic advantages to the
transport factors and benefits to the motor freight industry
and society.

The characteristics of the new vehicles and their use will
influence pavements and bridges directly; the number of
these new vehicles required to meet the transport demand,
as well as their characteristics, will influence total traffic
and geometric design. These two factors influence the cost
of the physical elements of the roadway. Highway main-
tenance will be influenced by the same characteristics and
the extent of vehicle use.

Geometric design is influenced by traffic operations of
the new vehicles in the traffic mix and by traffic control and
regulatory measures. Geometric design also is influenced
by the vehicle performance characteristics.

Adverse geometric. design and traffic operation generate
noise, air pollution, and vibration, and unsafe congestion
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of the highway systems, if coupled with certain vehicle
characteristics. These consequences must be translated to
cost and benefit terms to permit a comprehensive analysis
of the economic impacts. :

Within this network, other economic, social, and com-
munity influences, not related directly to size and weight,
are inputs. These must be identified and integrated into the
problem solution.

If it is assumed that each of the many influences can be
quantified and their interactions can be determined, it is
possible to exercise the model on a “before” and “after”
change basis over a given planning period (say, 20 years)
to obtain the incremental cost and benefit impact of a
change in legal limits. These costs and benefits are the cost
differentials obtained by computations based on the as-
sumption that (1) there is no change in legal limits
(“before”), and (2) there is a change in legal limits
(“after”).

To accomplish this, the influences related to a change in
legal limits and those external to these changes must be
analyzed factorially. A method must be assembled that is
sensitive to small changes to produce meaningful model
responses which, in turn, permit synthesis of impacts of size
and weight changes on each element of the network. These
impacts must then be converted to costs or benefits to serve
as basic inputs to a cost/benefit analysis. The degree of
completeness of these analyses determines the degree of
reliance in the decision-making process that can be placed
on the cost/benefit analysis.

If the impact of a change is a decrease in costs, the
impact is termed a “benefit” to that cost element. An
increase in costs is interpreted as a “cost” to the element.

Intuitive Factorial Analysis of Influences of a Change in
Legal Limits on Transport Industry and Social Benefits

Figure 3 shows how size and weight limits affect vehicle
characteristics. Commodities to be carried as payload and
cargo density greatly influence body type, axle configura-
tion, and vehicle automotive design, engine type and size,
transmission, and other features.

The vehicle characteristics that influence its use include
cargo capacity, economy of size of the vehicle unit, and
operating cost. These and other factors that determine the
extent of vehicle use are shown in Figure 3. '

Vehicle characteristics and operating costs combine with
payload by vehicle class, freight tariffs, capital costs, and
union contracts to influence transport economics. At this
point, an example of major interaction is encountered.
Transport costs and quality of service react with value of
cargo, economic growth, accessibility of points of origin
and destination by transportation mode, and other inter-
modal factors such as tariff regulations and transportation
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policies. The total transport demand is fed back to deter-
mine the modal split moved within the state that can be
assigned to motor freight.

Transport operations should produce earnings for the
transport industry. Community, social net benefits are
influenced by the resulting transport costs in goods move-
ment and by the quality of service rendered. The economic
development resulting from the use of high levels of service
and from lower transport cost and fully accessible trans-
portation facilities also leads to social benefits,

On Roadway Construction Costs

The input factors to vehicle characteristics and vehicle use
are the same as those shown in Figure 3 when one is con-
sidering the impact on highway costs. These elements are
related to the elements of roadway construction cost, as
shown in Figure 4. The factors bearing on the determina-
tion of axle load applications on pavement structures are:
practical maximum gross weight and axle configurations
derived from the vehicle characteristics; number of ve-
hicles, by class; and axle and gross weight distribution re-
quired to carry the projected payload over the planning
period. These axle load applications are aggregated by
vehicle class and highway system and applied to pavement
design. In the design element, pavement type and soil sup-
port values influence the conversion of these load applica-
tions to equivalent 18-kip load applications or other design
factors that it is anticipated will be applied to the pavement
structure over the planning period. Allowances for en-
vironmental influences should be made in these designs.
The output of this element is pavement components such
as foundations, subbase, base, and wearing surfaces re-
quired to structurally support the anticipated loads on the
various types of highway systems.

The new equivalent axle load applications for the various
pavement designs permit identification of the impacts of
these new loads on existing pavements. The length, struc-
tural type, and present serviceability, nominally available
from a road inventory, together with pavement and geo-
metric design standards, are used to determine reconstruc-
tion, improvement, and overlay needs. Applying the princi-
ple of incremental analysis, the existing system needs should
be analyzed under “before” and “after” assumptions.

Highway geometric design is influenced by the factors
shown in Figure 4.

Traffic operations are influenced by the factors shown in
Figure 4.

There is a cause-and-effect interaction among geometric
design, traffic operations, and traffic control and regulation,
For simplicity, the major interactions are limited to the
extent shown. :

Factors of horizontal and vertical alignment influence
roadway construction costs (see Fig. 4). Guardrails, drain-
age, and right-of-way acquisition are not assigned any cost
differentials due to vehicle size and weight, although they
still influence construction costs. Culverts in some instances
may be influenced structurally by vehicle size and weight.
Small changes in vehicle weights are not likely to influence
their design, however. Unit costs and new construction
needs also influence construction costs.
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On Bridge Construction Costs

Bridge designs are traditionally analyzed using identified
critical vehicle loads. Figure 5 shows the input factors to
vehicle characteristics and vehicle use that would reflect a
change in legal limits. Each likely vehicle configuration is
analyzed for member stresses and moments produced by
the individual vehicle loads on various bridge types. Those
configurations producing critical design loads are then
designated as “critical design vehicles.” The influence of
a change in legal limits on bridge design is measured by
comparing the present critical design vehicles with the
proposed design vehicles under the new limits. The critical
loads are combined with current bridge design and the
inventory of bridges to permit the evaluation of existing
highway bridges. This analysis results in one of three
decisions: (1) reinforce existing bridges; (2) construct
new bridges to replace existing bridges; and (3) take no
action on existing bridge structures presently suitable to
carry the proposed new critical loads.

On Travel Cbsts, and User and Social Accident Costs

Figure 6 shows the factors influencing user, social, and
traffic accident cost elements. The relationships and inter-
actions of the regulation of vehicle weights and dimensions
on vehicle design, geometric design, traffic operations, and
traffic control and regulation are as discussed previously.

The theoretical traffic capacity of the roadway is com-
pared with the actual traffic demand to determine the
facility loading factor; this allows an estimate of travel
time. When this factor is combined with the value of time,
the travel cost on that facility could be estimated. Con-
gestion should be also determinable.

Factors that influence highway safety are shown in
Figure 6.

On Environmental Pollution

As Figure 7 shows, the generation of noise, air pollution,
and vibration by highway traffic is influenced by factors
related to vehicle characteristics and traffic operations, and,
through interactions, to geometric design, and traffic con-
trol and regulation. Noise generated by traffic is a function
of the vehicle’s transmission design, body design, tire tread
design, engine type, muffler design, and other noise counter-
measures. The mode of engine operation includes whether
the vehicle is accelerating, or pulling a grade. The vehicle’s
speed profile is determined by traffic operations. All are
related to noise level, spectrum, and duration. Environ-
ment, meteorology, and topography help determine the
level of noise at a given location with respect to the source
of noise. These factors combine with the ambient noise
level of the surroundings, the type of person-activity at that
site, and the vehicle mix of the traffic stream to determine
the magnitude and nature of the perceived disturbance.
When they are combined with a factor translating the cost
of noise impact, an estimate of the cost of noise pollution
theoretically would be possible.

In the area of air pollution, the factors shown in Figure 7
combine to determine the nature and level of pollution and
particulate emissions, and their dispersion and concentra-
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weight as opposed to present truck traffic is but one prob-
lem highway engineers have had to face in past years. A
change in highway facilities or legal-regulatory matters has
always resulted in change in the character of highway use
in the mix of traffic, including volumes and weights. Pre-
diction of the effects of such changes is a constant problem.
Transferred and induced travel often occur in much greater
quantities than predictors would lead one to anticipate.
Although no assured method has been uncovered in the
literature to permit high predictive accuracy, a general
understanding of the problem and suggested improvements
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of both descriptive and predictive elements. Also included
is a brief state-of-the-art review of the formal modeling
techniques that are or might be applicable to the measure-
ment of future intercity goods movement demands.

The economic phase of commercial motor vehicle freight
operation has several interlocking factors that affect
demand:

1. The anticipated growth of highway freight and bus
operation.

2. The number of vehicles that can take advantage of
any increase in legal limits.

3. Savings to the vehicle operator in more economical
operation through volumetric efficiency.

4. Economics resulting in line-haul operating costs.

As Jung (9) points out, economics may originate in one
part of the shipper-trucker-customer chain, but the benefits
accrue to other parts. For example, trucking companies
will save on equipment use, fuel, driver time, and other
inputs relative to output. But the benefits of these eco-
nomies will accrue to consumers, either directly or through
lower production costs of business firms. More indirectly,
businesses will have to keep less inventory on hand with
more flexible trucking service. They will be more certain
of when shipments will arrive, and their operations can be
conducted more smoothly.

Travel by Vehicle Category

The passenger car is the prime generator of miles of travel
on all categories of U.S. highways. As Table 4 indicates, in
1969 passenger vehicles (less buses) accounted for 858.9
billion vehicle-miles, or 80.4 percent of total vehicular
travel on the U.S. road system. The broad categories of
vehicles considered in this study are commercial buses,
single-unit trucks, and combination goods vehicles. Travel
by these vehicles on the rural (intercity) road system ac-
counted in 1969 for 0.2, 19.5, and 5.4 percent of total
travel, respectively. For buses and combination goods ve-
hicles, which are most directly affected by size and weight
change considerations, the ratio of commercial bus travel
to goods combination travel on the rural road system in
vehicle-miles was 1 to 25. Thus, it appears that goods
vehicles and their demands are the main subject for study.
Bus passenger demands and buses are not to be ignored,
bul allocaied analytical treatment in proportion to their
importance to the highway plant.

Existing Intercity Freight Traffic

Over the period 1960 to 1969, the railroad share of total
intercity ton-miles generated declined from 44.0 to
41.1 percent. Pipeline traffic increased from 17.4 to
21.7 percent of total traffic. The highway share of ton-
miles remained comparatively stable, at between 21.7 and
21.3 percent. Freight movements by airways, while grow-
ing rapidly, remained relatively insignificant, accounting in
1969 for less than 0.2 percent of total ton-mile activity
(Table 5).

Unfortunately, national transport statistics have certain
imperfections, and it is difficult to present information on
transportation activity without providing several qualifica-
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TABLE 4

ESTIMATED MILES OF TRAVEL,
BY VEHICLE CATEGORY AND ROAD TYPE, 1969

TRAVEL (MILLIONS OF VEHICLE-MILES)

ALL

PASS. SINGLE-  COMB.

ROAD VEHI- COMM. UNIT GOODS

TYPE CLES * BUSES” TRUCKS  VEHICLES TOTAL

Main rural 295,194 935 74,142 26,514 396,785
Local rural 97,649 193 28,172 1,580 127,594
All rural 392,843 1,128 102,314 28,094 524,379
Urban streets 446,015 1,879 64,927 11,345 544,166
Total 858,858 3,007 167,241 39,439 1,068,545

a Includes motorcycles, which accounted for 1.1 percent of total passen-
ger travel.

b Excludes travel by school buses and military vehicles.

Source: FHWA, Highway Statistics—1969, p. 73.

tions regarding data interpretation. The most important of
these, insofar as subsequent intermodal series are con-
cerned, relate to the statistical allocation of traffic to pipe-
lines and waterways. Owing to the practice of according to
pipelines and waterways the shipments that originate by
these modes, there is a tendency to overstate their
importance.

Both railroad and motor vehicle activity achieved sus-
tained growth over the period 1960 to 1969. The average
annual rate of increase was 3.3 percent in railroad ton-
miles, and 3.9 percent for highways. '

Table 6 gives revenue data for the transport modes,
1960 to 1969. The revenues include receipts from pas-
senger movements; therefore, a comparison with the modal
share of ton-mile allocation is not valid, Data in Table 6
are limited to revenues accruing to carriers subject to regu-
lIation. Of course, a substantial volume of transport output
is provided by unregulated or private carriers, particularly
in the highway sector (10).

Railroad (operating) revenues declined in total carrier
share, from 47.7 to 34.7 percent. However, airline reve-
nues increased from 9.9 to 18.7 percent of total revenues,
and revenues accruing to motor carriers of property in-
creased from 33.7 to 39.2 percent.

The aggregate revenue data reflect but do not explain
the complex relationships between transport costs, prices,
and modal use. Table 7 shows the wide disparity in trans-
port costs by the various transport modes, as adapted from
Meyer (11).

Despite various industry regulatory devices that cause
degrees of price rigidity, revenues do reflect to a certain
extent the “value of service” provided by the various
modes. That is, relative to the other transport activity
indicators such as “tons hauled” and “ton-miles produced,”
the revenue measure provides an insight into the important
aspect of intermodal service quality.

Recently, both railroad and trucking rates have increased
significantly, to the extent of being listed in a 1971 Infla-
tion Alert Statement prepared by the President’s Council
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TABLE 5

VOLUME OF INTERCITY FREIGHT TRAFFIC BY PUBLIC AND PRIVATE
TRANSPORT AGENCIES, BY TRANSPORT MODE, 1960-1969

INTERCITY FREIGHT TRAFFIC, BY TRANSPORT MODE

MOTOR INLAND PIPELINES

YEAR RAIL VEHICLES WATERWAYS  (OIL) AIRLINES TOTAL
(a) MILLIONS OF TON-MILES
1960 579,130 285,483 220,253 228,626 778 1,314,270
1962 599,977 209,407 223,089 237,723 1,289 1,371,485
1964 666,207 356,298 250,165 268,655 1,504 1,542,829
1966 750,762 380,917 265,000 332,916 2,252 1,831,847
1968 756,800 396,300 291,409 391,300 2,900 1,838,700
1969 780,000 404,000 300,000 411,000 3,200 1,898,200
(b) AS PERCENT OF ANNUAL TOTAL

1960 44.06 21.72 16.76 17.40 0.06 100
1962 43.75 22.56 16.27 17.33 0.09 100
1964 43.18 23.09 16.21 17.41 0.10 100
1966 43.35 21.99 15.30 19.22 0.13 100
1968 41.16 21.55 15.85 21.28 0.16 100
1969 41.10 21.28 15.80 21.65 0.17 100

Source: ICC, Transport Economics, Monthly Comment (various eds.).

TABLE 6

OPERATING REVENUES OF CARRIERS SUBJECT TO FEDERAL REGULATION
AND PERCENT SHARE, BY TRANSPORT MODE, 1960-1969

MOTOR CARRIERS

PIPE-
YEAR OF PAS-  OF PROP- WATER- LINES AIR-
AND ITEM RAIL SENGERS ERTY TOTAL  WAYS*® (OIL) LINES®  TOTAL
1960:
Revenue ® 10,226 667 7,214 7,881 427 770 2,129 21,433
Percent share 47.7 3.1 33.7 36.8 2.0 3.6 9.9 100.0
1964: :
Revenue ® 10,603 802 9,155 9,957 405 865 3,095 24,925
Percent share 42.6 32 36.7 39.9 1.6 3.5 12.4 100.0
1969: '
Revenue ® 11,955 1,007 13,500 14,507 450 1,103 6,438 34,453
Percent share 347 29 39.2 42.1 1.3 3.2 18.7 100.0

a Domestic.

b Millions of dollars.

Source: All modes except airlines, ICC, Transport Economics, Monthly Comments (various eds.). Air-
lines: 1960 and 1964, Federal Aviation Agency, FAA Statistical Handbook of Aviation, 1966. 1969, Civil
Aeronautics Board, Air Carrier Financial Statistics, 1969.

of Economic Advisors (12). It appears that since mid-
1967 the railroads have been allowed increases in freight
rates of 43 percent. Since 1970 alone, rate increases
cumulating 19 percent were granted.

Trucking rates generally have risen less than rail rates.
Although there are uncertainties owing to the unreporting
of unregulated carriers, average truck rates have risen by
about 25 percent since 1967, with more than one-half this
increase occurring since mid-1970.

With both rail and road, the rate increases were highly
selective and the actual rates of increase were somewhat
below the over-all values. Nonetheless, it is apparent that

transport output as measured by the revenue series has been
distorted by severe cost increases since 1967.

Also, it is apparent that road-rail competition is in a
state of flux. The extent to which the railroads are apply-
ing increased revenues to changing price-quality relation-
ships as a means to winning back traffic from the trucking
industry is not clear. It appears, however, that they may
be assisted in this objective by the intention of the Admin-
istration to give “attention to a number of proposals for
stimulating competition by gradual deregulation of the
transport industries” (12). :

A third point, arising from the sheer magnitude of the



price increases that will occur in the trucking industry, is
the implication for increases in productivity. It is an eco-
nomic truism that increases in prices should be offset by
improvements in productivity; that is, in the use of the
factors of production. Increasing the unit carrying capacity
of the road transport fleet through weight and size lib-
eralization would, other things being equal, appear to repre-
sent an increase in productivity. However, this point em-
phasizes that the scale or magnitude of the recent rate
increases are a cause for concern in the measurement and
subsequent attribution of the benefits that this research has
summarized.

The effect on other modes of a change in legal limits of
vehicles, however, is complex. Because the Federal High-
way Administration (FHWA) had initiated a comprehen-
sive research program to study these relationships, and
because of the other broad objectives of this study, no
further consideration of the modal competition aspects was
attempted or required by the project objective. The ap-
plicable conclusions of the FHWA study should be made
part of the methods used in judging the economic effects
of changes in legal vehicle limits, when those methods are
made available.

Importance of Truck Transport to the National Economy

The high and increasing dependence of the national
economy on truck transportation is convincingly indicated
by the statistics of national transportation. Much of the
U.S. depends solely on highway transportation to serve its
transport needs.

The most definitive information available on the charac-
ter of intercity trucking movements is provided by the
Census of Transportation for 1963 and for 1967. The data
related only to shipments generated by manufacturing es-
tablishments, which account for an estimated 47 percent of

TABLE 8
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TABLE 7

MINIMUM LONG-RUN MARGINAL COSTS
OF FREIGHT TRANSPORT, 1960 *

MINIMUM

MARGINAL
COST
(1960 miLLs/
TRANSPORT REVENUE
MODE TON-MILE)
Intercoastal tanker and lake bulk carrier 0.5
Pipeline 1.0
Barge (bulk commodities only) 3.0
Rail carload (bulk commodities) 7.0
Piggyback 9.0
Rail carload (manuf. commodities) 9.0
Truck 25.0
Airline 100.0

a The relationships between the costs are not the sole arbiters of shipper
choice.

Source: Adapted from Meyer et al. (I1), supplemented by information
provided by the carriers.

intercity goods movements (this value does not include
movements by pipeline).

There is a marked difference in the proportion of ship-
ments allocated to the various modes according to the type
of activity measure that is considered. On a tonnage basis,
40.4 percent of manufacturing freight was shipped by high-
way in 1967 (Table 8). On the basis of ton-miles, which
includes the important distance consideration, the propor-
tion by highway drops substantially to 18.8 percent. The
principal ton-mile generating mode is water. Large vol-
umes of high-bulk commodities such as ores, grains, and
fuels are shipped by water. A significant omission from the
freight distribution is pipeline movements. These were not
included in the shipper survey. The importance of pipeline
movements was inferred by Table 5, which showed that

CARRIER SHARES OF TOTAL INTERCITY SHIPMENTS
BY MANUFACTURERS, 1963 AND 1967

1967 VOLUME

RELATIVE SHARE (% )

1963 1967
TONS TON-

TRANSPORT (MIL- MILES TON- TON-
MODE LIONS) (BILLIONS) TONS MILES TONS MILES
Motor carrier 369 99 26.0 13.8 26.6 14.6
Private truck 191 29 147 4.3 13.8 4.2
Total highway 560 128 40.7 18.1 40.4 18.8
Rail 454 250 33.1 36.5 32.8 36.9
Water 365* 298* 25.6 447 264 43.9
Other 6 3 0.6 0.7 04 0.4
Total 1,385 679 100.0 100.0 100.0 100.0

* Of the 365 million tons, 324 million were petroleum and coal products; about 41 million were all other
products combined. Of the 298 billion ton-miles, 271 billion were petroleum and coal products; 27 billion ton-
miles were all other products. For technical reasons, data on shipments by pipelines were not obtained by the
survey and therefore are not included in the total. “Other” includes primarily air cargo, express, United Par-

Vcel, parcel post, and some “‘freight forwarded” that could not be allocated to the operating mode.

Source: Church (31, p. 6). Data are from Census of Transportation, 1963 and 1967.
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(for 1968) 21.3 percent of total goods are shipped by this
mode. This value, moreover, was for movements of oil and
oil products and did not include natural gas.

Length of Haul

The variation in the respective allocations of shipments to
highway largely reflects that road haulage use tends to be
highest for short distances and to decline as distance in-
creases. This is indicated by Table 9, which gives the
highway share and average length of haul of selected
commodities originated by manufacturers in 1963.

Both motor carrier and private trucking show a progres-
sive decline in traffic carried as haul length increases. This
inverse relationship tapers at a fairly consistent rate as
hauls increase to 1,000 miles. Thereafter, the reduction in
the proportion of traffic carried on highways is marked.
The railroads, on the other hand, show an expanding traffic
involvement as hauls increase, reaching a plateau at be-
tween 500 to 600 miles, after which traffic is essentially
long-haul, involving distances of 2,000 miles or more.
Water movements peak at haul lengths of between 1,000
and 1,500 miles. On many of the routes involving water,
a unique situation prevails, because frequently no com-
peting mode is available.

Size of Shipment

From the standpoint of road transport, three broad weight
bands are significant. Shipments of less than 50 1b move
principally by other means of transport—mostly express
and parcel post—although the highway share is large,
representing 42 percent of the total shipments in this size
class. The second weight band extends from about 50 to

TABLE 9

50,000 Ib. Highway carriers account for more than 80 per-
cent of the tonnage in all but one weight block in this
broad range. The third weight band covers the range of
50,000 to 89,999 1b or more. Over this range, highway
participation declines from 59 percent in the 50,000 to
59,999 block to 9 or 10 percent of tonnages in shipments
larger than 89,999 1b (Table 10).

Shipment size data at the higher weight level, particu-
larly in excess of 50,000 lb, are incompatible with prevail-
ing truck weight regulations. It is likely that this in-
consistency is related to the survey sampling procedure,
which included sales invoices. Unless invoices were cross-
checked with bills of lading, the shipment as listed probably
would reflect the quantity of goods dispatched, and per-
haps the mode. On this basis a shipment of 90,000 Ib or
more allocated to highway would not necessarily infer a
unit load of this weight magnitude.

Geographic Area

The highway share varies widely among states and large
industrial areas, ranging from 81.1 percent in Massachu-
setts to 14.4 percent in Texas. Variations in the “com-
modity mixes” appear to be a major cause of such dif-
ferences. Shipments by the petroleum group in Texas, for
instance, lowered the highway share from 43.8 to 14.4 per-
cent, largely because of water carrier movements from
Texas to the North“Atlantic coast.

The highway share in Washington is lower than typical
for most states, partly because of commodity mix, but also
because of the length of haul. The average haul by all
means of transport was 856 miles for shipments originating
in Washington, as compared with roughly 250 to 350 miles
in most other states.

DISTRIBUTION OF GOODS ORIGINATED BY MANUFACTURERS,

BY TRANSPORT MODE AND LENGTH OF HAUL, 1963

DISTRIBUTION BY TRANSPORT MODE (% ) ®

HIGHWAY

LENGTH
OF HAUL TOTAL MOTOR
(STRAIGHT-LINE TONS CAR-  PRIVATE
MI) (MILLIONS) TOTAL RIER  TRUCK  RAIL AIR WATER  OTHER
Under 50 215 69.1 320 37.1 16.9 — 13.1 0.9
50 to 99 185 63.3 346 287 213 — 15.1 0.3
100 to 199 209 543 338 205 33.6 —_ 11.7 04
200 to 299 148 457 328 129 39.8 — 13.9 0.6
300 to 399 96 37.8 294 8.4 44.1 —_ 17.5 0.6
400 to 499 59 36.6 28.5 8.1 559 — 6.3 1.2
500 to 599 47 33.6 276 6.0 573 0.1 8.2 0.8
600 to 799 80 247 208 39 50.8 0.1 23.5 0.9
800 to 999 59 17.3  15.0 23 47.4 0.1 34.2 1.0
1000 to 1199 63 6.8 5.7 1.1 217 — 70.9 0.6
1200 to 1499 106 29 2.5 0.4 12.2 — 84.8 0.1
1500 to 1999 47 6.7 5.9 0.8 41.8 — 50.6 0.9
2000 or more 21 8.0 7.3 0.7 69.5 0.3 20.5 1.7

All distances 1,335 421 259 16.2 32.8 — 245 0.6

2 Based on a probability sample of about one million shipping papers drawn from the files of about 10,000

manufacturing establishments, 1963 Census of Transportation.
Source: Church (14, p. 1).
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DISTRIBUTION OF TOTAL MANUFACTURING SHIPMENTS,
BY TRANSPORT MODE AND SHIPMENT SIZE, 1963

DISTRIBUTION BY TRANSPORT MODE (% )

HIGHWAY
SIZE OF
SHIPMENT MOTOR  PRIVATE
(L) * TOTAL  CARRIER TRUCK RAIL AIR WATER OTHER
Under 50 421 25.5 16.6 2.0 28 0.1 53.0
50 to 99 825 57.6 24.9 2.6 1.8 0.1 13.0
100 to 199 89.6 65.5 24.1 32 1.1 0.1 6.0
200 to 499 92.8 68.6 24.2 3.0 0.5 0.1 3.6
500 to 999 94.1 69.1 25.0 2.5 0.3 0.2 2.9
1,000 to 1,999 94.3 68.9 25.4 2.6 0.3 0.3 2.5
2,000 to 2,999 90.3 64.6 25.7 6.9 0.1 0.4 23
3,000 to 4,999 89.9 64.2 25.7 83 0.1 0.5 1.2
5,000 to 9,999 92.8 54.1 387 4.9 0.1 0.4 1.8
10,000 to 19,999 88.1 43.8 443 10.5 — 0.5 0.9
20,000 to 29,999 81.6 53.0 28.6 17.4 — 0.5 0.5
30,000 to 39,999 84.2 56.2 28.0 14.5 — 0.8 0.5
40,000 to 49,999 78.2 57.5 20.7 -20.0 — 1.6 0.2
50,000 to 59,999 53.8 35.0 18.8 44.8 — 1.2 0.2
60,000 to 69,999 13.0 8.9 4.1 84.1 — 2.5 0.4
70,000 to 79,999 10.3 7.7 2.6 88.3 — 1.1 0.3
80,000 to 89,999 8.9 6.6 23 90.1 — 0.9 0.1
90,000 and over 10.2 6.2 4.0 60.5 - 28.7 0.6

a Classifications by size of shipment were based only on weights shown on bills of lading and sales invoices.

Source: Church (14, p. 2).

Manufacturing Plant Size

Small manufacturing plants tend to depend primarily on
highway transportation for their shipments to customers or
redistribution points. Processing and analysis of the 7963
Census of Transportation data shows that the degree of
reliance on highway transport tends to -decline with an
increase in plant size (13).

Traffic Allocation to Highway by Commodity Class

On a commodity-by-commodity basis, the variations in
highway shares are extreme. Church notes that:
In the extensive list of commodities shown in the Census
Commodity Report the highway share ranged from

99.6 percent for ice cream and frozen desserts to about
3.1 percent of the tonnage for coke (14).

The highway share is almost invariably largest for dis-
tances of less than 200 miles, and declines as the distance
increases (Table 11).

An initial step to developing the value of shipment to
respective measures of highway involvement relationship
was to manipulate the Standard Industrial Classification
(SIC) for commodity groups, as used in the Census of
Manufacturers, to approximate closely the Transportation
Commodity Classification (TCC) used in the Census of
Transportation. These adjustments resulted in some anoma-
lies, in that in a few instances excessive decomposition of
the industrial groups occurred.

Examples are the derivation of separate categories for
“metal cans and miscellaneous metal products” and “in-
dustrial machinery except electrical.” Also, the Census of
Transportation made no direct reference to survey plants

)

involved in the “printing and publishing” and “ordnance”
industries. With these exceptions, the dislocation caused
by matching the two classification series was not great.
Table 12 gives the value of shipments from manufactur-
ing plants (1958 and 1968) that has been adopted as the
measure of industrial activity. Also given is the real-term
average annual rate of change in the value of shipments
for the 10-year period of industrial category. The relative
importance in terms of output of the industrial categories
(expressed by the value of shipments) has been weighted
by the respective highway ton-mile involvement to provide
an indicator of relative highway involvement by industry
group.
To ascertain the significance of rate of growth in output,
a test was made including as a factor the percentage change
in shipments, 1958 to 1968. It was found, however, that
the size or amount of output was more significant. Even
in those industries that exhibited very rapid growth, such
as “ordnance” and “communications products and parts,”
a “highway involvement” weight was derived for these
categories that was significantly below the much larger but
slow-growing industries such as the food products group.
Table 13 gives the groups exhibiting the ‘“highest road
transport involvement.” The “basic textiles and leather
products” group is ranked first in terms of tonnage shipped
by highway and highway ton-miles generated, and by ton-
miles weighted by shipment size. Demonstrating the sig-
nificance of shipment size, the “fabricated metal products”
group is ranked second by “highway involvement” in spite
of being seventh in highway ton and ton-mile rank order.
The ten industry groups given in Table 13 account in
aggregate for 45.0 percent of total shipments from manu-
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TABLE 11

HIGHWAY SHARE OF SELECTED COMMODITIES ORIGINATED BY
MANUFACTURERS, BY MILEAGE BLOCK AND COMMODITY, 1963

PERCENT OF TOTAL TONS ORIGINATED, BY MILES

UNDER  200- 400- 600 1,000

COMMODITY GROUP 200 399 599 999 AND OVER
Thread and yarn 99 99 87 96 42
Misc. plastic products 96 94 92 94 63
General indust. machinery and equip. 93 88 87 83 77
Electric transmission and equipment 97 86 88 80 67
Containers, boxes, and related products 92 83 64 50 28
Misc. fabricated metal products 81 80 74 88 52
Glass and glassware 91 72 68 45 14
Beverages and flavoring extracts 89 69 44 18 15
Measuring and controlling instruments 81 92 79 80 39
Soap, detergents, etc. 90 76 63 56 45
Bolts, screws, rivets, washers, etc. 89 51 47 81 32
Nonferrous metal basic shapes 93 88 74 62 27
Plumbing fixtures and heating apparatus 93 94 67 69 21
Electronic components or accessories 65 91 67 55 39
Meat and poultry (fresh or frozen) 81 81 57 52 37
Women’s and infants’ clothing 76 62 72 64 57
Radio and television receiving sets 94 86 66 47 37 <
Misc. primary metal products 64 66 67 36 29
Tires and inner tubes 60 72 61 53 31
Plastics materials and plasticizers 83 73 59 37 19
Misc, chemical products 84 52 31 29 22
Steel works and rolling mill products 58 42 31 7 3
Metalworking machinery and equipment 27 30 36 71 53
Household appliances 65 61 29 15 11
Paper (exc. building paper) 67 37 27 19 9
Grain mill products 58 12 7 6 14

Source: Church, (14, p. 4).

facturers. Between 1958 and 1968, the over-all rate of
increase in shipments for these categories with high levels
of demand for highway use was 4.2 percent per annum.
This rate is similar to that derived for the total spectrum
of manufacturing activities in Table 12.

Future Demand for Transport

Over the long term there is a close, positive relationship
between the rate of growth in gross national product
(GNP) and the output of total intercity ton-miles of goods
movement. This relationship was demonstrated by Kanwit.*
The correlation is particularly good between commodity
GNP and intercity ton-miles of activity. Figure 8 shows
the historic performance patterns in these indicators for the
period 1930 to 1960 and the anticipated growth of the
three indicators to 1990. Also shown is the historic secu-
lar trend in intercity ton-miles by trucks.

Review of GNP Performance

When future performance of the U.S. economy is con-
sidered, the time frame or planning period is a long one.
For highway planning purposes, time frames of 10 and
20 years are considered.

All forecasts are subject to varying types of uncertainty,
and long-term forecasts have to deal with many. Some of

* Unpublished working paper, BPR.

these changes are beneficial and arise from the continuing
process of social and economic evolvement.

The National Planning Association (NPA) has prepared
forecasts for the U.S. economy, recognizing the need for
public and private policymakers to address themselves to
planning goals (I5). As prerequisites, the NPA points to
the necessity of seeking, as a major objective, high em-
ployment combined with sustained economic growth. These
principal requirements are supported by associated assump-
tions relating to defense, world trade, and international
liquidity, changes in productivity, monetary inflation, etc.

According to NPA forecasts, real economic growth is
anticipated to average 4.4 percent per annum during the
1970’s. This rate, together with an expected average
annual increase in prices of 2.6 percent, indicates a mone-
tary average annual increase in GNP of 7.0 percent. The
NPA paper notes:

Roughly half the growth will stem from increases in
labor and capital, and the remainder from scientific and
technological advances, improved management tech-
niques, and other innovations which enhance produc-
tivity. The relative contributions of these various factors
to growth in the years ahead are not expected to be
significantly different than in the post World War II pe-
riod to date,

Short-term effects may not be discounted over the longer
time frame. This is dictated by the increasing influence of
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TABLE 12

RELATIONSHIP BETWEEN VALUE OF SHIPMENTS BY PRINCIPAL INDUSTRIAL
CATEGORY AND HIGHWAY SHARE OF SHIPMENTS, 1958-1968

Shipper RELATIVE SIZB ERIGHWAY SHARE RANK ORDER BY RANK ORDER, HIGHWAY AVERAGE ANNUAL
Code OF 1968 OF SHIPMENTS c?unm BIGHWAY TON MILES WEIGHTED RATE OF GROWTH
(rce) INDUSTRY GROUP VALUE OF SHIPMENTS SEIPMENTS ) x (&) . INVOLVEMENT BY RELATIVE IN SHIPMENTS
1958 - 1968 . Total Total (tons) (ton-miles) SHIPMENT SIZE 1958-1968 (1)
($billion) Tons Ton-Miles : (per cent)
Shipped Generated :
) (8) ) ) (z) [14] {G) (H) [33] (3)
0l Meat and Dairy Products 26008 36129 0.604 0.6%0 0.528 0.319 10 10 - 1.3
02 Canned and Prozen Poods
and other food products 26462 39059 0.653 0.409 0.251 0.151 22 19 17 1.9
03 Candy, beverage and
tobacco 11146 17872 0.299 0.688 0.406 0.1231 11 13 12 2.9
04 Basic Textiles and
leather products 16311 27305 0.456 0.896 0.793 0.361 1 1 1 3.2
05 Apparel and related
products 13113 22807 0.381 0.814 0.739 0,281 2 2 4 3.6
06 Paper and allied pro-
ducts 12897 22468 0.376 0.428 0.199 0.075 19 21 21 3.6
07 Basic chemicals, plastics
materials, synthetic res-
ins, rubber and fibers 11730 23275 0.389 0.358 0.197 0.077 23 22 23 5.0
[]:] Drugs, paints and other
chemical products 11399 23096 0.386 0.538 0.383 0.148 15 16 13 5.2
09 Petroleum and coal pro-
ducts 12935 17768 0.297 0.158 0.025 0.007 24 24 24 1.2
10 Rubber and plastics
products 6599 14553 0.243 0.727 0.625 0.152 9 8 9 6.1
11 Lumber and wood products |
-except furniture 595 12850 0.215 0.414 0.121 0.026 21 23 25 3.3
12 Purniture, fixtures and
miscellaneous manufactur- !
ers 9730 17512 0.293 0.766 0.61% 0.180 6 6 7 4.0
13 Stone, Clay and glass
products 9726 15918 0.266 0.622 0.406 0.180 14 15 15 2.9
14 Primary iron and steel
products 18704 31277 0.523 0.429 0.281 0.247 18 18 16 3.2
15 Primary non-ferrous metal
products 8103 16789 0.280 0.498 0.306 0,086 17 17 19 6.4
16 Fabricated metal pro- .
ducts 17066 a3 0.552 0.744 0.621 0.343 7 7 2 4.7
17 Metal cans and misc.
metal products 2164 4370 0.073 0.767 0.615 0.045 5 5 20 5.1
Py Industrial machinery
. except electrical 3427 6963 0.116 0.768 0.655 0.076, 4 4 18 5.2
19 Machinery except indus-
trial and electrical 19370 43410 0.726 0.662 0.526 0.382 12 11 3 6.3
20 Communications Products
and parts 4060 12485 0.209 0.732 0.992 0.12¢ 8 9 11 9.7
21 Blectrical Products and :
Supplies 15487 34248 0.572 0.629 0.498 0,288 13 12 6 6.1
22 Notor vehicles and
equipment 21472 49738 0.831 0.418 0.227 0.189 20 20 13 6.6
2) Transportation equip-
ment except motor vehic-
les 16817 30119 0.503 0.537 0.502 0.252 16 14 8 3.9
24 Instruments, photographic
equipment, watches and
clocks 4418 10705 0.179 0.804 0.656 0.117 3 3 10 7.1
25  Printing and Publishing 12589 23438 0.392 n.a. n.a. 0.074 n.a. n.a. 22(2) 4.3
26 ordnance 3686 11176 0.187 n.a. n.a. 0.035 n.a. n.a 24(2) 9.5
TOTAL 323014 598340 0.404 0.188 4.2
n.a. - not available .
(1) These are real term rates of increase. The G.N.P. price deflator was applied to the 1968 value of shipments
(2) The Census of Transportation excluded the printing and publishing and the ordnance industries. The"total
industry” ton-mile highway involvement has been applied to derive weights for these sectors.
value of Shipments; Bureau of Domestic Commerce; Industry Profiles 1958-1968 United States Department of

SOURCE:

Commerce, November, 1970.

Highway Share of Shipments; Bureau of the Census, 1967 Census of Transportation, Volume III, Part 1,

Commodity Transportation Survey.

the price-wage spiral on the spectrum of economic achieve-
ment during the last three years. The increase in inflation
requires a reassessment of the NPA projections. Using
alternative forecasting procedures, the following values
were developed to accommodate inflation:

INFLATION (ANN.

GPN AVG. INCREASE IN GNP
ANN. GROWTH  IMPLICIT PRICE

ITEM RATE (%) DEFLATOR; % )

Judgment model 4.4 2.6

Target model 5.0 2.0

These values are reasonable when it is considered that
between 1958 and 1968 the GNP price deflator rose at an
average rate of 2.0 percent per annum. In contrast, the

rate of inflation since 1968 has increased significantly,
averaging since 1958 about 5.0 percent per annum. The
Government recognizes that a continuation of such rates
of price increase will, if sustained, be both economically
and politically unacceptable.

However, a return to the relatively more euphoric price
regime of the early and middle 1960’s is unlikely. This may
be attributed in part to the worldwide inflationary phe-
nomenon, and perhaps more importantly to the need for
expanding the home economy with a view to providing
adequate employment opportunities. Unfortunately, high
employment and price stability are not concurrently
consistent objectives.

Recognizing this upward trend in prices, it is proposed
to incorporate a rate of inflation equivalent to 3.2 percent
per annum. Thus, under the auspices of a 7.0 percent
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average annual monetary increase in GNP, a real-term
increase of 3.8 percent per annum is indicated.

Accordingly, Table 14 compares the respective forecasts
of GNP as developed by Kanwit et al. (16), and as derived
using the modified NPA growth factor. Recognizing the
time scale and the uncertainties involved, the two series
do not differ greatly. In fact, they show a reassuringly
close relationship to each other. Although the BPR study
(16) did not anticipate the high rate of growth that pre-
vailed through the first half of the 1960, it did select a
rate that closely approximated actual performance during
the latter half-decade. Moreover, it anticipated the high
rate of monetary inflation that was to become a charac-
teristic of the late 1960’s and that continues as a dominant
feature of the economy in the 1970’s.

As Table 14 indicates, Kanwit et al. anticipated a real-
term GNP of $1,549 billion for 1990. Under the modified
NPA approach, a level of $1,570 billion is anticipated for

the same year. This is only 1.4 percent above the Kanwit

value and, given the uncertainties involved, the difference
between the two forecasts is within the margin of error to
be anticipated.

Macro-Economic Transport-Related Models

The predictive aspect of the various macro-economic trans-
port-related models consists broadly of three interrelated
phases or steps:

1. The forecasting of demand for transportation.
2. The prediction of the way in which the transport net-
work will be used (“modal split” aspect).

TABLE 13

3. The influence of transport policies.

On a national or regional scale, it is generally considered
that the most difficult and elusive of these three phases is
the forecasting of demand for transportation.

A number of analytic approaches have been applied to
over-all multimodal transportation studies. These devel-
oped relatively slowly during the 1960’s, particularly in the
last five years. The “Harvard” project has dealt with a
number of developing nations (I7, 18); the Northeast
Corridor Project involved large-scale regions and urbanized
areas, primarily in the interurban context (I9); the DOT
Intercity-Intraurban-Interface (“I®”) project developed
methods for dealing with a large-scale urbanized metro-
politan area in the context of freight and passenger flows
to and from the rest of the U.S. and the “rest-of-the-
world” (20); and the PENNDOT (Pennsylvania Depart-
ment of Transportation) System draws heavily on the
others in its formulation (21). All of these are total sys-
tems, in that they:

1. Deal in a “macro” sense with the economic structure
of the largest geographic unit they represent (e.g., nation,
megalopolis, state, or metropolitan area), and the relation
of this economic structure to that of other economic struc-
tures with which they are most interrelated (in a trade,
resource mobility, and economic “sphere of influence”
sense).

2. Permit the disaggregation of the large geographic
units into smaller, economically homogeneous units, per-
mitting the interrelationship of the structure of these
smaller subeconomies with those of the larger unit.

SUMMARY OF INDUSTRIAL CATEGORIES WITH HIGHEST
HIGHWAY TON-MILE GENERATION CHARACTERISTICS, 1958-1968

AS % OF

TOTAL VALUE

RANK ORDER

BY HIGHWAY INVOLVEMENT HIGHWAY TON-MILES AVG. ANNUAL

OF 1968 WEIGHTED BY RELA- GROWTH RATE,

SHIPPER CODE AND INDUSTRY GROUP SHIPMENTS BY TONS BY TON-MILES TIVE SHIPMENT SIZE 1958-1968 *
04 Basic textiles and leather products 4.6 1 1 1 32
16 Fabricated metal products 55 7 7 2 4.7
19 Machinery except industrial and

electrical 7.3 12 11 3 6.3
05 Apparel and related products 3.8 2 2 4 3.6
01 Meat and dairy products 6.0 10 10 5 1.3
21 Electrical products and supplies 57 13 12 6 6.1
12 Furniture, fixtures, and misc. )

manufactures 2.9 6 6 7 4.0
23 Transportation equipment except

motor vehicles 5.0 16 14 8 39
10 Rubber and plastics products 2.4 9 8 9 6.1
24 Instruments, photographic equipment, 1.8 3 3 10 7.1

‘watches and clocks

Total selected industries 45.0 42

a Real-term growth rates.
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Figure 8. Commodity GNP, total intercity ton-miles, and intercity truck ton-miles, 1929—
1990.

3. Allow the variation, through insertion of alternative (d) Assign the traffic flow over various routes of the
site or “policy variable,” to test for the implications of network.
alternative policy variables; and also permit the evaluation (e) (Optional) Select one or more carriers (where there
of the sensitivity of the results of variations in the under- are competitive carriers for a given mode and route
lying parameters of the system. assignment).

4. Permit the “feedback” of the effects of the transporta- 6. Produce estimates of the following freight traffic
tion system on the economic development of the sub- flows, each one related to a calculation in Item 5:
economies. (a) Diverted traffic—that component of existing traffic

5. Perform the following calculations in the transporta- that has changed from its previous path of travel
tion system: to another route without a change in origin, destina-

(a) Generate the traffic flow (in volume, by type of tion, or-mode of transport.

commodity) originating at transportation “nodes.” (b) Converted traffic—that component of existing traffic

(b) Distribute the traffic flow (in volume, by type of that, for either part or all of its previous path of

commodity) to terminating transportation “nodes.” travel, has changed its mode of transport withou

(c) Divide the traffic flow between partially competing, a change in origin or destination. ‘

partially complementary modes (i.e., the “modal (c) Shifted traffic—that component of existing traffic

share” computation). made up of journeys whose “desire lines” have
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TABLE 14

FORECAST OF GROSS NATIONAL PRODUCT
IN 1960 PRICES

NPA-MODIFIED

BPR FORECAST *
INDEX INDEX
($ (1960 (% (1960
YEAR BILLIONS) =100) BILLIONS) =100)
1950 363.9 72.4 363.9 72.4
1955 449.2 894 4492 89.4
1960 502.6 100.0 502.6 100.0
1962 540.8 107.6 548.0 102.4
Forecast:
1965 599.6 119.3 636.0 107.4
1970 715.6 142.4 756.2 130.9
Forecast:
1975 860.3 171.2 910.0
1980 1046.7 208.3 1095.0
1985 1273.4 253.4 1320.0
1990 1549.3 308.2 1570.0
AVERAGE ANNUAL COMPOUND RATE OF INCREASE (% )
BPR : NPA *
1950-1955 417" 1950-1955 41°
1955-1960 2.3 1955-1960 2.3
1960-1965 3.6 1960-1965 4.8
1965-1975 3.7 1965-1970 3.6
1975-1990 4.0 1970-1990 3.8

a Forecast rate of average annual increase modified by the researchers
to accommodate a higher anticipated rate of inflation (see text).
b Rate influenced by the Korean War.
Source:
Bureau of Public Roads: Kanwit, et al. (16).
National Planning Association (modified forecast): Al-Samarrie, et al.
5).

shifted due to a change in origin and/or destination
(e.g., relocation of a producer and/or buyer).

(d) Induced traffic—that component of added traffic
that did not previously exist in any form, but which
results in unique response to the provision of im-
proved transportation facilities.

(e) Natural traffic—that component of added traffic
which did not previously exist in any form, but
which results merely from the “natural” growth in
traffic-generating activity independent of network
modification.

7. Permit the evaluation of the results by use and appli-

cation of cost and benefit estimates to users of the system
and, indirectly, to nonusers who are affected by the system.

These relatively complete systems are not the only ones
that merit attention in review of such systems; others exist,
but these are representative of the complexity, cost, and
potential power of such systems.

Some Component Subsystems

" Some of the more pertinent questions concerning each of
these systems and their components are:

1. Forecasting Commodity Demand. The future spatial
pattern of economic activities frequently is considered a

major determinant of commodity (freight) flow patterns.
Future production and consumption, as well as the market-
ing and distribution of each commodity grouping, in each
relevant economic subarea, and between economic sub-
areas, is typically the foundation for the projecting of future
commmodity flows. Some studies rely heavily on standard
economic analysis projection techniques—trends, market
analysis, and knowledge of industry structure. Others con-
sider, also, “desire lines” and the available modes of
transport in their demand estimating procedure.

More analytical, reproducible methods of forecasting
future production, consumption, and trade, particularly
where national trade and exchange policies prevail, rely
heavily on economic models. Examples of such models
are:

(a) Harvard Macro-Economic Model (22). Under
sponsorship of the International Bank for Reconstruction
and Development, this model was developed for the Re-
public of Colombia. Subsequent applications have been
limited. The lack of more widespread use is thought to
stem from budget and data constraints, not from the
ineffectiveness of the procedures.

The Harvard model is used to stimulate the function-
ings of an entire economy. Its basis is a national input-
output table that can be used to determine the amount of
each constituent input required to produce a single unit of
output of each commodity. The input-output table thus
incorporates by means of its technological coefficients the
interindustry transactions that will be generated by any
given set of demands for final products (23).

The model is an econometric computer model. In addi-
tion to the input-output table, it consists of a series of
equations expressing the interrelationships between the
environmental variables that adjust to fit various econo-
mies, the program parameters by which the model is
calibrated, and the controllable variables by means of
which the planner can influence over-all growth.

A modification of the Harvard model has been devel-
oped to consider national policy parameters affecting inter-
national commerce (24, 25).

(b) Modification of Interindustry|Econometric Ap-
proach to Incorporate Freight Traffic Zones (19). The
traditional input-output model assumes constant techno-
logical coefficients; that is, fixed proportions in the ratios
of dollar expenditures for the different inputs of each
industry. In the Northeast Corridor and PENNDOT
adaptations, underlying production functions were esti-
mated and used to forecast changes in the proportions of
physical quantities of inputs, and hence freight movements,
that would result from change in prices and changes in the
cost of transportation.

These models required that the entire geographic area
and its periphery be subdivided into a set of freight traffic
zones or nodes which become the origins and destinations
of all freight movements. The model describes the flows
of goods between the nodes of the geographic area and its
periphery. Thus, the more numerous the zones identified,
the more complete will be the description of freight flows
within the area, However, certain practical considerations
limit the number of nodes that should be considered. For



certain purposes it may be desirable to use the model to
analyze traffic flows among as few as four regions of the
entire area. For other purposes, a more detailed analysis
is required.

(c) Simplified Freight-Forecasting Procedure (20). Be-
cause many of the data required for input-output models,
or their econometric adaptations (which require time series
of the same data), are difficult to obtain, considerably
simpler computational procedures have been developed
that use the basic interindustry and interactance concepts
of these models. One such model (called the “I> Demand
Model”) is used by DOT to provide estimates of goods and
passenger traffic flows to and from a study area.

From base-year estimates of such intercity flows, to-
gether with internal, intraurban goods flows, the model
projects these demands on a transportation system for
selected future years. Because typically it is possible to
develop estimates for only one point in time in the past, the
model does not necessarily use any type of extrapolation
of past trends. The approximate nature of the base-year
traffic flow estimates also typically rules out all but the
most simple relationships with basic socioeconomic mea-
sures, such as population and employment. A model as-
sumption is that these relationships are constant through-
out the study area and will remain so over time. These
rudimentary measures of the demand placed on the study
area’s transportation network provide a point of departure
for more extensive research to identify the more complex
causal relationships which do, in fact, give rise to these
phenomena as “demand” in the sense of economic theory.
The model structure is sufficiently flexible to permit the
introduction of calibrations reflecting these complex re-
lationships whenever it becomes possible to determine
them. In the meantime, the model produces internally
consistent preliminary estimates of traffic flow demands
likely to be placed on the area’s transportation network.
The order of magnitude for the several flows predicted by
the model is reasonable to the extent that it permits a
general evaluation of operations within the area’s trans-
portation system. The I* Demand Model determines the
relationships that existed in a predetermined base year
between selected socioeconomic variables for specified
originating and terminating areas, and the traffic flows of
goods and persoms exchanged by the “centroids” of study
area subdivisions and the “centers” of representative rest-
of-the-world areas. It applies the ratios expressing these
relationships to projections of the socioeconomic variables
that have been exogenously made for at least one of the
future years under study, in order to produce projections
of the traffic flows likely to occur under the assumptions
‘implicit in the model.

2. Interzonal Flow Models. For estimating freight traffic
patterns, “who sells to whom” must be calculated. One of
the analytic systems (e.g., the I3 Demand Model) uses the
simplest approach to interzonal flow estimation, which
some call a “trade model.” Here, the assumption is made
that the zonal distribution of a good is some fixed propor-
tion of the total amount of the commodity consumed or
produced in a region.

The gravity model also is commonly used to estimate
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interzonal commodity flows. In it, interzonal flows are
related proportionately to the total production and con-
sumption in two regions and are assumed to be inversely
proportional to the total. A gravity “friction” parameter
is estimated from an interzonal trade matrix and by some
function of transport time and/or costs. The Northeast
Corridor interzonal flow model is an adaptation of this
concept (26). Still another type of interzonal flow model
is the linear programming model which allocates shipments
between regions to meet a given regional distribution of
demand. A number of simplifying assumptions must be
made to use the programming formulation, making it of
doubtful utility at this time.

An interesting competitive concept to the gravity con-
cept is that of “intervening opportunities.” The models are
similar in the sense that they both pose some relationship
between the proportion of one zone’s originating traffic
which is distributed to some other zone acting as a destina-
tion, and some operational definitions of that other zone’s
attraction force and of the resistance offered by some char-
acterization of intervening space. The integration of these
two concepts accounts for the attenuation of interaction
over space. For example, the gravity model asserts a direct
proportionality to the former and an inverse proportion-
ality to the latter. “Intervening opportunities” poses a more
complex attenuation function.

3. Predicting Share of Total Transport for Each Mode
(“Modal Split’) (21, 27). Urban transport studies have
traditionally circumvented the problem of ascertaining
freight modal split by starting their various trip generation
analyses at the level of goods vehicles, and specifically with
trucks—not with the loads.

On the interurban or regional scale, several freight modal
split procedures do exist. Their respective effectiveness
depends on many factors. In general, however, a freight
modal split should accept as input the volume of freight
that will travel between specified origin-destination pairs,
segregated according to some commodity classification
scheme. The output of the model should be the amount of
freight that will be shipped by each mode between speci-
fied origin-destination pairs. Further, the model must be
transport-sensitive; i.e., the modal split must be affected
by changes in transport characteristics. Also, modal split
is subject to manipulation through policy control. As
Plowden (28) notes, “modal split must be treated as a
planning matter, not merely as a predictive matter.”

Roberts (29) has done work on modal coordination and
transportation costs. Although his major concern was the
economic value (to companies providing transportation
services) of changing rates and providing multimodal ser-
vice, the expected use of any new service created was in-
cluded in the economic evaluation. The market value of
the service was described by the shipping rate charged
plus a measure of service qualities. If the sum of these
variables was lower than that for existing modes, the new
service would attract traffic. The service quality includes
such things as transit time, reliability of service, and costs
associated with the distribution system that are not con-
sidered in the rate. The freight modal split model must
consider factors that influence modal choice. Therefore,
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it is important to define the factors that are included in
“service quality” quantitatively so that a model for pre-
dicting modal split can be developed.

Perle (30) also has analyzed the influence of price on
the demand for freight transportation. His technique in-
volved an examination of the relationships existing between
the consumption of freight services and the price system.
The work was confined to motor carriers and railroads.
Service quality characteristics were not taken into account.
Simple demand models were constructed based on price
elasticity relationships recognizing the substitution poten-
tials between highway and railroad use. Perle achieved a
high degree of success in explaining global substitution
effects. Likewise, he pointed to markedly differing trans-
port demand responses by census region, Statistical diffi-
culties precluded a definitive or conclusive description of
substitution effects at a level of analysis smaller than the
census region.

It has been suggested that the determination of a dollar
value for time would provide a method of evaluating alter-
native transportation modes. If the value of time is known,
time cost and dollar cost can be added to provide one
variable.

Church (31) shows that modal split between highway
and rail can be predicted if one knows the commodity type,
the size of shipment, and the distance between origin and
destination. The results obtained, using Church’s method,
are shown to be accurate to within 5 percent as applied to
the examples used in the report.

The Northeast Corridor Transportation Project presents
three separate models for predicting the demand for trans-
portation by freight shippers. The task assigned to these
models is to generate, distribute, and predict the modal split
for freight movements. They are relevant to this discussion
in that modal split was included as part of the total task;
however, it is necessary to delineate the portion of each
model that deals with modal split.

One of the Northeast Corridor models is referred to as
“the macro-economic approach” and is a system of simul-
taneous equations that is calibrated using data arranged in
various degrees of aggregation. The first equation uses
socioeconomic variables to predict the total demand for
transportation in the study area during a given time period.
The last equation uses results obtained from the previous
equations to predict the flow of goods from specified origins
to specified destinations by mode.

The Northeast Corridor models handle the generation,
distribution, and modal split tasks as one task. Although
this approach seems justified in handling passenger de-
mands, the aggregation of these tasks for freight move-
ments appears artificial. A person’s decision to make a
trip depends, in part, on the perceived cost and time re-
quired to make the trip, whereas the generation of goods
to be shipped depends on the market value of the goods.
Once the decision to produce has been made, the decision
to ship has been made. Modal choice enters as a separate
decision, connected with the decision to ship only as trans-
portation costs affect prices of products or the associated
profits. Therefore, it seems more realistic to handle modal

split as a separate task in the procedure of determining the
freight traffic volumes that will flow on the transportation
network.

FORECAST OF DEMAND FOR INTERCITY
MOTOR FREIGHT MOVEMENTS WITHIN A STATE

For this analysis, the economic impact of changes in ve-
hicle sizes and weights must be measured and evaluated at
the level of the individual state. The adoption of the state
as the basic analysis unit complicates the use of such global
parameters as changes in GNP and industrial production
that served as a basis for developing estimates of future
intercity heavy-vehicle ton-mile output at the national
level (16).

The difficulties inherent in working at a subarea level
relate primarily to the high degree of decomposition or
disaggregation involved. The 50 states have widely dis-
parate levels of population and economic output. In addi-
tion, the states vary in geographic area and resources and,
through a combination of these and other factors, they
vary in wealth.

A dominant feature in the U.S. in recent years has been
the growth of economic regionalism. Industry has become
increasingly “footloose.” This locational dispersion has
largely been caused by two transportation developments:
(1) the cost of transporting goods over long distances is
tending to rise relative to the cost of producing them; and
(2) the development of commercial air travel has provided
efficient and, in terms of executive time, cheap passenger
transport. These two factors have combined with the in-
creased mobility of capital, labor, and technology to sup-
port and complement the regional dispersion of the popu-
lation to new urban centers. The purchasing power of the
population also has increased, providing regional market
strength. As a result, it has been possible to set up regional
branches of manufacturing and other businesses at an
economically advantageous scale.

The tendencies toward decentralization are presently
leading to a relatively high rate of growth of a number of
regional metropolitan centers with populations of about
one million persons, and the relative decline of the rate of
growth of some (though not all) of the greater metropoli-
tan centers, and also of a very large number of smaller
centers.

Clark (32) notes the following pattern of industrial
development:

Until comparatively recently, transport and other con-
siderations kept most new manufacturing development
within a broad axis extending approximately from Chi-
cago to Connecticut. During the 1940°s the industrial
center in California became firmly established. Since
then, many regions in the West, and some in the South,
have become centers of growth for industries capable
of selling in national and international, not merely lo-
cal markets,

It is against this background of regional dispersion that
the administrative boundaries and economic strengths of
the states should be recognized.



Surrogate Measures for GNP

A practical limitation imposed by the global indicators of
GNP and industrial production is that statistical descrip-
tions of these aggregates are not available at the subarea
level. However, an acceptable substitute measure of eco-
nomic activity is provided by personal income received by
individuals and corporations. This indicator is available
for states, metropolitan areas, and counties. Personal in-
come (Table 15) comprises approximately 80 percent of
the GNP. This proportion has remained fairly stable over
the years.

Table 16 compares personal income, population, rural
highway vehicle-miles generated, and “special fuels” con-
sumed by the 50 states and the District of Columbia. On
the premise that intercity heavy-vehicle ton-mile generation
is closely related to the level of prevailing economic ac-
tivity, the states have been ranked according to personal
income received.

Immediately apparent is the disparity in distribution of
wealth among the states. The 11 “industrial” states re-
ceived 62.0 percent of total personal income. Conversely,
the 11 lowest ranking states received only 3.0 percent.

Population shows a similar though slightly more even
distribution than personal income. This reflects differences
in per capita income among states.

The volume of vehicle-miles generated on the rural high-
way system has been selected as an indicator because, to
a large extent, this is the best available measure of intercity
highway use. Also given are vehicle-miles of travel gen-
erated on the rural Interstate System. It is reasoned that,
because heavy vehicles tend to predominate in the genera-
tion of “over-the-road” vehicle-miles on the rural Interstate
System, interstate vehicle-miles provide a reasonable indi-
cator of intercity movements by state of “weight- and size-
affected” vehicles. This assumption is tested further later
herein.

It is notable that the distribution of vehicle-miles on both
the total rural and interstate rural systems is more uniform
throughout the array of states. Although the “industrial”
states accounted for 62.0 percent of total personal in-
come, these states generated 45.3 percent and 46.3 percent,
respectively, of total rural and interstate rural vehicle-miles.

Of course, the volume of highway vehicle-miles gen-
erated in a state depends on several important factors, some
of the most significant being the state’s geographic size, and

TABLE 15

RELATION OF GNP AND PERSONAL INCOME, 1950-1971
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the extent, nature, and location of economic activity gen-
erators (including urban places) both within the state and
in relation to other states. The relevance of a state’s high-
way system as serving major corridor movements cannot
be overemphasized. Although a particular state may have
relatively modest economic activity centers within its
boundaries, it may nonetheless serve heavy interstate
movements on certain segments or corridors of its high-
way system. The impact of geographic size on the volume
of vehicle-miles generated by the “industrialized” states is
exemplified by New Jersey. This state, ranked eighth in
terms of personal income share, was thirty-eighth in terms
of rural vehicle-miles generated. This last was consistent
with the fact that the state comprises only 0.4 percent of
the U.S. land area or, expressed another way, ranks forty-
sixth among all states. This is an isolated and extreme
example, but Table 16 indicates that similar conditions
exist for several other states that are of disproportionate
size.

The proportionate distribution of rural highway vehicle-
miles among states is markedly more even than might be
expected from the allocation of personal income, and even
population. This is particularly the case in the large
“middle band” of states. Two hypotheses serve to explain
the greater ubiquity of vehicle-mile generation: (1) de-
mand for rural highway system movements is generally
inelastic; and (2) as will be demonstrated, many states
serve interstate corridor transport demands.

Estimates of future interstate travel demands were allo-
cated to major highway corridors in a PCA study (33).
The forecasts were essentially indicative, developed to iden-
tify the future corridors of intercity movement by highway
for the year 2000. The study was designed to include all
major transport axes of North America.

Figure 9 shows the “minimum mileage” network tested
under the PCA study. Also shown are the principal “in-
dustrial” states as defined by personal income received, as
given in Table 16. Recognizing continued growth in urban
place population, it is estimated that the network shown in
Figure 9 would directly serve approximately 80 percent of
the U.S. population by the horizon year 2000. Significant
to this discussion is the dispersed, reticulated nature of the
highway network, with mileage concentration in the in-
dustrial states but with important interconnecting links that
also serve intermediate states and cities. The result is a

ITEM 1950 1955 1960 1965

GNP ($ billions) 284.6 397.5 504.5 676.3

Personal income 228.5 310.2 402.2 530.7
($ billions)

Personal income as 80.3 78.0 79.7 78.5
percent of GNP

1969 1970 1971°

931.4 976.5 1,020.7

748.9 801.0 831.5
80.4 82.0 81.5

a First quarter, preliminary.
Source:

Department of Commerce, Survey of Current Business (various eds.).
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TABLE 16

COMPARISON OF DISTRIBUTION BY STATE OF PERSONAL INCOME, POPULATION,
RURAL HIGHWAY VEHICLE-MILES, AND CONSUMPTION OF SPECIAL FUELS FOR HIGHWAY PURPOSES

RURAL SYSTEM
VEHICLE-MILES

PERSONAL INCOME (1969) SPECIAL FUELS
(1969) POPULATION (1970)  INTERSTATE ALL SYSTEMS (1969) ®

STATE, $ BIL- % OF % OF % OF . % oOF MILLIONS % OF
BY RANK LIONS TOTAL  THOUSANDS TOTAL  MILLIONS TOTAL  MILLIONS TOTAL OF GAL TOTAL
1. California 83.1 11.2 19953 9.8 8883 89 39026 7.4 577 9.1
2. New York 81.0 10.9 18191 9.0 3137 3.1 23959 4.6 216 34
3. Illinois 47.6 6.4 11114 5.5 4148 4.1 20211 3.8 320 5.1
4. Pennsylvania 432 5.8 11794 5.8 5548 5.6 26806 5.1 394 6.2
5. Ohio 40.6 5.6 10652 52 4960 5.0 25003 4.8 399 6.3
6. Texas 36.4 4.9 11197 5.5 5557 5.6 30554 5.8 417 6.6
7. Michigan 34.6 4.7 8875 4.4 3732 3.7 23768 4.5 188 29
8. New Jersey 30.6 4.1 7168 3.5 677 0.7 11160 2.1 220 35
9. Massachusetts 22.6 3.0 5689 2.8 1572 1.6 7266 1.4 99 1.6
10. Florida 21.8 2.9 6789 33 3195 . 32 16834 3.2 170 2.7
11. Indiana 18.9 2.5 5194 2.6 3842 3.8 18698 3.6 232 3.7
12. Missouri 16.1 22 4677 2.3 3180 3.9 13653 2.6 183 2.9
13. Wisconsin 154 2.1 4418 22 1894 1.9 12601 24 114 1.8
13. Maryland 154 2.1 3922 1.9 1196 1.2 9908 1.9 82 13
13. Virginia 154 2.1 4648 23 4030 4.0 16986 32 182 3.0
16. North Carolina 15.0 2.0 5082 2.5 2849 2.8 19006 3.6 167 2.6
17. Georgia 14.1 1.9 4590 23 3538 3.5 16143 3.1 209 33
18. Connecticut 13.6 1.8 3032 1.5 856 0.9 3498 0.7 77 12
19. Minnesota 134 1.8 3805 1.9 1052 1.1 12000 23 115 1.8
20. Washington 13.0 1.7 3409 1.7 1853 1.9 9910 1.9 93 1.5
21. Tennessee 11.2 1.5 3924 1.9 2389 24 10866 2.1 147 23
22. Louisiana 10.4 1.4 3643 1.8 1879 1.9 10076 1.9 92 14
23. Iowa 9.8 1.3 2825 1.4 1834 1.8 10217 1.9 118 1.9
24. Kentucky 9.2 1.2 3219 1.6 2203 22 12874 2.4 102 1.6
25. Alabama 9.1 12 3444 1.7 1830 1.8 9730 1.8 120 1.9
26. Kansas 8.2 1.1 2249 1.1 1202 1.2 7977 1.5 89 14
27. Oklahoma 7.9 1.1 2559 1.2 1635 1.6 9476 1.8 110 1.7
28. Colorado 7.5 1.0 2207 1.1 1634 1.6 6708 1.3 66 1.0
29. Oregon 7.2 1.0 2091 1.0 1577 1.6 7391 1.4 106 1.7
30. South Carolina 6.9 0.9 2591 1.3 1840 1.8 11089 2.1 84 1.3
31. Arizona 5.6 0.7 1771 0.9 2601 2.6 6005 1.1 98 1.6
32. Nebraska . 53 0.7 1484 0.7 1087 1.1 6456 1.2 64 1.0
33. Mississippi 52 0.7 2217 1.1 1225 12 7979 . 1.5 106 1.7
34, Arkansas 5.0 0.7 1923 0.9 1205 1.2 7439 1.4 88 1.4
35. West Virginia 4.7 0.6 1744 0.9 983 1.0 6208 1.2 64 1.0
36. D.C. 3.9 0.5 757 04 c — — —_ —_ 14 0.2
37. Rhode Island 34 0.5 947 0.5 236 0.2 846 02 18 03
38. Utah 3.1 0.4 1059 0.5 1167 1.2 3133 0.6 48 0.8
39. Maine 3.0 04 992 0.5 621 0.6 4264 0.8 24 04
40. Hawaii 3.0 0.4 769 0.4 175 0.2 1169 02 8 0.2
41. New Mexico 29 0.4 1016 0.5 1573 1.6 4466 0.8 73 1.2
42. New Hampshire 2.5 0.3 738 04 541 0.5 2748 0.5 11 0.2
43. Delaware 22 0.3 548 0.3 61 P 1487 0.3 12 0.2
43. Montana 22 0.3 694 0.3 828 0.8 3538 0.7 50 0.8
45. Idaho 2.1 . 03 713 0.4 820 0.8 3410 0.6 28 0.4
46. Nevada 2.0 0.3 489 0.2 682 0.7 1811 0.3 35 0.6
47. South Dakota 2.0 0.3 665 0.3 742 0.7 3624 0.7 29 0.5
48. North Dakota 1.9 0.3 618 0.3 492 0.5 2971 0.6 29 0.5
49. Vermont 1.4 0.2 444 0.2 452 0.5 2052 0.4 6 0.1
50. Alaska 1.3 0.2 302 0.2 —_— — 662 0.1 5 0.1
51. Wyoming 1.1 0.1 332 0.2 848 0.8 2366 0.5 4 0.1

Total 743.0 100.0 203173 100.0 100061 100.0 526028 1000 6,331 100.0

Note: Columns may not add to totals owing to rounding.

2 Motor fuels other than gasoline that are used on the highway, and consist primarily of diesel fuel and liquefied petroleum gases (see text).

b Less than 0.1 percent.

Source: Personal income, Department of Commerce, Survey of Current Business (various eds.); rural system vehicle-miles, U.S. DOT, Highway
Statistics, 1969; population, Bureau of the Census, preliminary data.
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Figure 9. High-income states in relation to the principal highway network, U.S. Source: PCA (33) and Dept. of Commerce.

multicenter network with three principal and dispersed
points of industrial concentration.

The industrial agglomerations shown in Figure 9 have
service areas in the neighboring states that, in accordance
with central place theory, become attenuated with distance.
An additional feature is intercomplex movement of ma-
terials and goods. It is estimated that in addition to the
11 industrial states, as many as 22 intermediately located
states are involved in intra- and intercomplex movements
over major corridor axes. It is believed that the service
region function combined with the corridor role explains
the noticeably more even distribution of rural road system
and particularly rural Interstate System vehicle-mile out-

put that occurs over the array of states given in Table 16.
To this must be added the dispersion of economic activity
per se.

Using GNP and Personal Income Alone to
Project State Ton-Miles

Most important is the identification of a performance mea-
sure that will adequately reflect the dynamics of change in
highway ton-mile output over the planning period. A close
relationship exists between real-term changes in GNP and
freight ton-mile output. The consistent relationship be-
tween GNP and personal income received is shown in
Table 15. Distribution of personal income among the
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TABLE 17

PROPORTIONATE INVOLVEMENT OF THE INDUSTRIAL STATES

IN SELECTED INDICATORS, 1970 (% OF TOTAL U.S.)

HIGH- VALUE
RURAL SYSTEM WAY ADDED COM-
VEHICLE-MILES USE OF BY POSITE

PER- _ TRUCKS SPE- MANU- ACTIVITY
SONAL INTER- ALL REGIS- CIAL LAND FAC- INDI-

STATE INCOME POP. STATE SYSTEMS TERED FUELS® AREA® TURES CATORS °©
California 11.2 9.8 8.9 7.4 11.2 9.1 52 89 103
New York 10.9 9.0 31 4.6 3.6 3.4 1.6 9.7 10.5
Illinois 6.4 55 41 3.8 3.6 5.1 1.9 6.6 6.9
Pennsylvania 5.8 58 5.6 5.1 4.0 6.2 1.5 7.4 6.3
Ohio 5.6 52 5.0 43 35 6.3 14 7.8 6.3
Texas 4.9 5.5 5.6 5.8 8.2 6.6 8.8 4.2 4.7
Michigan 4.7 44 37 4.5 33 2.9 1.9 6.6 5.4
New Jersey 4.1 35 0.7 2.1 1.8 35 0.3 4.9 4.1
Massachusetts 3.0 2.8 1.6 14 1.3 1.6 0.3 33 3.1
Florida 2.9 33 32 32 2.9 2.7 1.8 1.4 2.5
Indiana 2.5 2.6 38 3.6 1.4 3.7 1.2 3.9 3.1
Total 62.0 "57.4 45.3 46.3 44.8 51.1 25.9 64.7 63.2

a Motor fuels other than gasoline that are used on the highway, and consist primarily of diesel fuel and

liquefied petroleum gases.
b Excluding Alaska.

¢ Covers value added by manufactures, retail sales, and service receipts—all for 1967.
Source: Personal income, Department of Commerce, Survey of Current Business (Aug. 1970); population,
Bureau of the Census; rural system vehicle-miles, trucks registered, and special fuels, U.S. DOT, Highway

Statistics, 1969; all other data, Department of Commerce.

states is heavily slanted in favor of a few that are well-
endowed with both population and economic activity cen-
ters—11 “industrial” states received 62 percent of total
personal income in 1969 (Table 17).

It follows, therefore, that the national rate of change in

TABLE 18

RELATIVE DIFFERENCE BETWEEN
PERSONAL INCOME GROWTH IN THE
INDUSTRIAL STATES AND THE U.S., 1959-1969

RELATIVE DIFF.

PERSONAL BETWEEN STATE

INCOME AND U.S.

($ BILLIONS) ‘E;AI;GE GROWTH RATES *

—_— (]
STATE 1959 1969 1959-69 1949-59 1959-69
California 41.0 83.1 103.4 51.8 9.4
New York 443 81.0 83.3 172 —11.9
Illinois 258 47.6 83.7 —9.6 —I11.4
Pennsylvania 246 432 75.0 —18.0 —20.6
Ohio 22.0 406 82.4 9.3 —12.8
Texas 180 364 102.6 —1.5 8.6
Michigan 17.5 346 100.3 —3.2 6.1
New Jersey 158 30.6 91.3 12.0 —34
Massachusetts 12.1 226 87.2 —14.3 —7.7
Florida 9.3 218 140.6 122.1 48.9
Indiana 9.8 18.9 93.0 —4.0 —0.3

Subtotal 240.4 460.4 84.5 94 —10.6

Us. 381.0 743.0 95.0 — —

a State growth rate divided by national growth rate less 1.00 times 100.
Source: Personal income, Department of Commerce, Survey of Cur-
rent Business (Aug. 1970).

personal income is dominated by, and closely related to, the
experience of the industrial states. Table 18 gives the
relative difference between the personal income growth
performance of the foremost “industrial” states and the
nation. The change for the listed states as a group was
95.0 percent. Of significance is the index showing the
relative difference in state and national growth rates for
the periods 1949 to 1959 and 1959 to 1969. It appears
that over the former period, the industrial states as a group
led the nation; over the latter period the group’s perform-
ance was slightly below that of the nation. This reflects the
leveling off of regional income-per-capita differentials. This
is exemplified by the phenomenon of “catch-up” growth
that has emerged as a characteristic of income change. For
example, over the period 1959 to 1969 the traditionally
poorer Southeast and Southwest regions led in rate of
income growth.

It may be assumed that the leveling of interregional and
interstate growth differentials will continue in the future
(34). Moreover, the industrial states in their capacity as
the prime arbiters of the level of exogenous intercity ton-
mile generation may be expected to exhibit a correspond-
ing conformity with the national growth performance; this
is the essence of this analysis of the distribution of personal
income by state. The leveling out of differential rates of
increase points to the usefulness of personal income, and
by substitution GNP, as the best global indicator of future
growth in freight movement demand. It follows that it is
the performance of the industrial states that acts as the
dominant instigative force determining the aggregate or
global level of economic activity. On the other hand, the



state-by-state distribution of personal income appears to
bear little relationship to the ton-mile activity among or
within states.

Use of Special Fuels Consumption in
State Ton-Mile Projections

It is now possible to isolate the significant determinants on
which a forecast by state of future highway ton-mile ac-
tivity may be based. The distribution by state of the con-
sumption of “special fuels” given in Table 19 should be
recognized. This distribution series is to be used as the

TABLE 19
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criterion by state of freight ton-mile activity. Of special
importance are the average annual rates relating to real-
term increase in GNP, in personal income (including that
of the “industrial” states), and in intercity ton-miles of
freight. The rates of increase applying to these three indi-
cators show a strong similarity to each other. The logic
behind this is described by Kanwit et al. Further, on the
basis of these relationships, a forecast is provided of the
real-term rate of increase in GNP that may be most reason-
ably expected over the planning period. This rate, 3.8 per-
cent per annum, has been applied equally to personal

FORECAST OF RATES OF GROWTH
OF SELECTED TRANSPORT OUTPUT INDICATORS,
INDUSTRIAL STATES AND THE U.S., 1959-1990

AVERAGE ANNUAL COMPOUND RATE
OF INCREASE (%)

INDICATOR 1960-65 1959-69 1965-69 1969-90
Personal income:
Current $’s:
Industrial states 6.0 6.7 — —
United States 6.1 6.9 —_ —
Constant 1960 $’s:
Industrial states 4.5 4.2 32 3.8
United States 45 4.1 3.4 3.8
Rural system vehicle-miles, U.S.:
All vehicles 3.7 34 ) — _
Trucks 5.8 51 — —
Single-unit trucks n.a. n.a. 6.9 —
Combinations n.a. n.a. 3.8 —
ATA volume of Class I and II motor freight
carried (1959=100) 7.4 7.3 C e —
Intercity property freight carried (millions of
revenue tons) 38.2 23.0 —_— —_
Intercity highway ton-miles of freight 4.7 3.7 3.0 38
Trucks registered:
Industrial states 4.3 4.2 — —
United States 4.4 4.4 —_ —
Trucks manufactured, U.S.:
All trucks 11.7* 6.8° 2.4 —
Trucks over 30,000 Ib, GVW 23.8*° 17.8° 11.9 —
Special fuel consumed:
Industrial states 11.2 109 — —
United Stales 10.8 11.0 — —
Industrial production (quantity) (1959=100),
U.S. 7.2 7.6 —_ —
Value of shipments from manufacturing plants
(constant 1960 $’s) — 43 — —
Gross National Product (constant 1960 $’s) 4.8 3.7 3.6 3.8

n.a. = not available.
" 1961 to 1965.
b 1961 to 1969.

Note: The forecast rates are keyed to the anticipated real-term increase in GNP.

Source: Personal income, Dept. of Commerce, Survey of Current Business (various eds.), (deflator from
Economic Report of the President, 1971 ed.); rural system vehicle-miles, U.S. DOT, Highway Statistics
(various eds.); ATA volume of Class I and Class II freight index, Dept. of Research and Transport Eco-
nomics, American Trucking Assns.; intercity property freight index, Dept. of Commerce, Survey of Current
Business (various eds.); intercity highway ton-miles of freight, ICC, given in Automobile Manufacturers
Assn., 1970 Motor Truck Facts; trucks registered, U.S. DOT, Highway Statistics (various eds.); trucks
manufactured, Automobile Manufacturers Assn., 1970 Motor Truck Facts; special fuel consumed, U.S. DOT,
Highway Statistics (various eds.); index of industrial production, Federal Reserve Board, given in Dept. of
Commerce, Survey of Current Business (various eds.); value of shipments, Dept. of Commerce, Industry Pro-
files 1958-1968; GNP, Economic Report of the President, 1970.
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income and to intercity highway ton-miles of freight to
provide' global control totals for these parameters.

In short, the procedure requires two. steps to arrive at
a projection of intercity highway ton-miles of freight for
any state for a given forecast year. The first step requires
the determination of the total national projection of ton-
miles for the forecast year based on the anticipated real-
term rate of increase in GNP. The second step allocates
the proportion of the total national ton-miles to the state
according to its share of special motor fuel consumption.

Special fuels consist primarily of diesel fuel (about
95 percent) and liquified petroleum gases. According to
the Automobile Manufacturers Association (35 ) of all
trucks produced in 1969 and sold in the U.S., 5.7 percent
were diesel-powered. However, of the trucks between
26,000- and 33,000-1b gross vehicle weight (GVW), 34 per-
cent were diesel-powered; of those greater than 33,000-1b
GVW, 80 percent were diesel-powered. Table 20 gives the
trend in the use of diesel fuel as the main power source for
heavy trucks. Parallel to the increasing reliance on diesel
fuel, from 1961 to 1969 the percentage of vehicles pro-
duced and sold of more than 33,000-lb GVW increased
from 3.2 to 6 percent. Special fuel consumption, therefore,
appears a sound indicator of the distribution of activity by
size and weight of affected vehicles. Moreover, being a
direct measure of vehicle use, this indicator is the most
significant controlling variable in the derivation of estimates
of vehicle-miles of travel.

The combined effects of the trend toward more diesel-
powered heavy trucks and the gradual increase in the per-
centage of heavy trucks within the total vehicle fleet con-
tribute to a steady increase in special fuels as a percentage
of the total highway motor fuel consumption. This serves
to emphasize the validity of using the sales of diesel fuel
by state as a surrogate for heavy-vehicle activity by state.
It should be noted, however, that the high rate of increase
in diesel fuel sales is heavily influenced by the switch to the
diesel power unit. The rates depicted, therefore, are not
representative of the natural secular growth patterns in
heavy-vehicle activity. The relative distribution of special

TABLE 20

fuel consumption by subareas, however, appears reasonable.

This conclusion is supported by the relative constant
share of special motor fuel consumption found for the
11 industrial states in Table 20. Although a number of
definite shifts are apparent, the rank order of the five most
important industrial states in terms of special motor fuel
consumption did not change between 1961 and 1969.

Therefore, GNP can be used to obtain a national projec-
tion of ton-miles of motor freight. This national demand
is then assigned to an individual state on the basis of its
share of total special fuels consumed in that state.

For example, to project 1980 intercity ton-miles of
freight for Tennessee, first project the 1980 total for the
U.S. Assuming a 3.8 percent real growth in GNP, the
total is obtained by multiplying the latest base-year figure
(1969): 404,000 miltion ton-miles X 1.5072 (1.03811) =
608,900. Tennessee’s share then would be 2.3 percent, or
14,000 million ton-miles. For 1985, the procedure would
yield 16,800 million ton-miles (733,700 X 0.023); i.e.,
2.3 percent of 733,700 (404,000 X 1.8162).

The results of this procedure appear in Table 21, which
forecasts intercity highway freight traffic by public and
private road carriers by state, 1969 to 1990. By 1990,
intercity road freight movements are anticipated to reach
884,000 million ton-miles. (By comparison, Kanwit calcu-
lated that 762,000 million ton-miles would occur on the
rural highway system by 1990.)

The foregoing analysis is an aggregative approach to
establishing intercity road freight transport demands by
state. In essence, the line of analysis affirms the validity
of a forecasting approach uncomplicated by attempts to
establish future transport demands based on the individual
characteristics of each state.

Although the objective of the study is to provide each
state with a means or method to adequately measure the
impact of changes in vehicle sizes and weights, it may be
assumed that a state may choose to capture weight and size
change impacts within individual travel corridors. This is
reasonable and to be expected. However, to be of value to
both state and federal policy makers, such impacts sub-

SPECIAL MOTOR FUEL CONSUMPTION OF THE INDUSTRIAL STATES,

1961-1969 (% OF TOTAL US.)

FUEL CONSUMPTION (% )

STATE 1961 1962 1963 1964 1965 1966 1967 1968 1969
California 11.6 12.0 11.3 10.5 10.1 9.6 9.0 8.7 9.1
Texas 7.2 6.8 6.7 6.9 6.8 6.8 7.0 6.9 6.5
Ohio 5.4 5.6 6.0 6.2 6.4 6.4 6.1 6.4 6.3
Pennsylvania 53 53 54 55 5.8 6.2 6.2 6.2
Illinois 4.9 5.0 5.1 52 5.1 5.1 5.1 5.1 5.1
New Jersey 3.8 3.6 3.8 4.0 3.9 3.8 37 3.7 35
New York 3.7 34 33 34 3.3 33 34 3.2 3.4
Indiana 3.1 3.4 36 36 3.7 3.7 3.7 3.7 3.7
Florida 2.0 2.1 2.2 23 2.3 2.4 2.5 2.5 2.7
Michigan 1.9 2.1 23 2.5 2.7 2.8 2.8 2.9 3.0
Massachusetts 1.4 1.5 1.5 1.6 1.6 1.6 1.6 1.6
Total 50.3 50.8 512 51.7 51.7 515 511 50.9 51.1




sequently must be aggregated in relation to defined systems,
particularly highway systems. Also, the adopted procedures
must have sufficient uniformity to enable comparability
between states and for aggregation to provide measure-
inents al the nalional level.

It does not appear reasonable that heavy-vehicle travel
demands on major corridors within a particular state can
be assessed through resort solely to national performance
indicators. Within its boundaries, each state has a unique
combination of socioeconomic, transportation, and geo-
graphic characteristics. Also of particular relevance is the
influence on state travel patterns of the spatial disposition
of the population and employment centers. The location
of population, in turn, is heavily influenced by the avail-
ability of transport facilities. For example, it has been
noted that “while the automobile has tended to equalize
accessibility over broad areas, it is evident from recent
urban expansion that freeway and other transportation
corridors are likely to experience more rapid growth than
other areas” (36).

Two important data sets are necessary for specific
- corridor impact analyses: (1) ‘“ongoing” traffic counts and
processed AADT figures developed under the functional
classification procedures for highways, and (2) continuing
truck weight surveys. These represent the key building
blocks to the demand side necessary for quantifying the
impact on size and weight of affected vehicles within
specific travel corridors.

On the other hand, it is considered that the estimates of
future ton-mile activity given in Table 20 provide the neces-
sary control totals for making ton-mile assignments for

specific corridor analyses. These estimates provide an es- .

sential and a suitably accurate depiction of future demand
for analyses conducted on the basis of the state as de-
lineated both as a geographic and administrative unit.

FORECASTING INFLUENCE OF NEW LIMITS ON
VEHICLE CHARACTERISTICS

The degree to which motor vehicle operators may bene-
ficially implement a change in their equipment and opera-
tions must be precisely forecast if the impact of proposed
changes in legal limits is to be evaluated. In the case of
a change in axle weight limits, a straightforward method
can be assembled using data from truck weight studies
which lead to the assembly of axle load equivalent factors
to arrive at a projected total load experience.

Changes in dimensions cannot be forecast with com-
parable reliability because of the complexity of possible
combinations of dimensions and their relationships to
geometric design, highway operations, safety, etc.

Any change enacted in legal limits will not always re-
sult in immediate movement of large volumes of vehicles
making beneficial use of the change. The rate of imple-
mentation will depend, for example, on the availability of
equipment responsive to the new limits, the conversion lag
as operators phase out existing equipment and phase in the
new, and the relative advantages to the operators resulting
from the change. Interpretation of each forecast must take
this into consideration, principally by a judgment factor
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TABLE 21

FORECAST OF INTERCITY HIGHWAY
FREIGHT TRAFFIC BY PUBLIC AND PRIVATE
ROAD CARRIERS, BY STATE, 1969-1990

HIGHWAY FREIGHT TRAFFIC
(MILLIONS OF TON-MILES)

% OF

STATE * 1969 1980 1990 TOTAL"
California 36,000 53,000 81,000 9.1
New York 14,000 21,000 30,000 34
Illinois 20,000 30,000 46,000 5.1
Pennsylvania 24,000 37,000 56,000 6.2
Ohio 25,000 38,000 57,000 6.3
Texas 27,000 40,000 60,000 6.6
Michigan 12,000 18,000 26,000 2.9
New Jersey 14,000 20,000 31,000 3.5
Massachusetts 6,000 9,000 13,000 1.6
Florida 11,000 17,000 25,000 2.7
Indiana 16,000 23,000 36,000 3.7
Missouri 12,000 18,000 26,000 29
Wisconsin 7,000 11,000 15,000 1.8
Maryland 5,000 8,000 11,000 1.3
Virginia 12,000 18,000 26,000 3.0
North Carolina 11,000 17,000 24,000 2.6
Georgia 13,000 19,000 29,000 33
Connecticut 5,000 8,000 11,000 1.2
Minnesota 7,000 11,000 15,000 1.8
Washington 6,000 9,000 13,000 1.5
Tennessee 9,000 14,000 20,000 2.3
Louisiana 6,000 9,000 13,000 1.4
Towa 8,000 12,000 17,000 1.9
Kentucky 6,000 9,000 13,000 1.6
Alabama 8,000 12,000 17,000 1.9
Kansas 6,000 9,000 13,000 1.4
Oklahoma 7,000 11,000 15,000 1.7
Colorado 4,000 6,000 9,000 1.0
Oregon 7,000 11,000 15,000 1.7
South Carolina 5,000 8,000 11,000 1.3
Arizona 5,000 8,000 11,000 1.6
Nebraska 4,000 6,000 9,000 1.0
Mississippi 7,000 11,000 15,000 1.7
Arkansas 6,000 9,000 13,000 1.4
West Virginia 4,000 6,000 9,000 1.0
D.C. 1,000 1,000 2,000 0.2
Rhode Island 1,000 1,000 2,000 0.3
Utah 3,000 5,000 7,000 0.8
Maine 2,000 3,000 4,000 0.4
Hawaii 1,000 1,000 2,000 0.2
New Mexico 5,000 8,000 11,000 1.2
New Hampshire 1,000 1,000 2,000 0.2
Delaware 1,000 1,000 2,000 0.2
Montana 3,000 5,000 7,000 0.8
Idaho 2,000 3,000 4,000 0.4
Nevada 3,000 5,000 7,000 0.6
South Dakota 2,000 3,000 4,000 0.5
North Dakota 2,000 3,000 4,000 0.5
Vermont 1,000 1,000 2,000 0.1
Alaska 1,000 1,000 2,000 0.1
Wyoming 1,000 1,000 2,000 0.1
Total 404,000° 609,000¢ 884,0001 100.0

Note: Columns may not add to totals due to rounding.

a Includes the District of Columbia.

b Distribution according to consumption by state of diesel and liquefied
petroleum gases for highway use. (See Table 20.)

c Base ton-mile data from Bureau of Economics, ICC, Transport Eco-
nomics, Monthly Comment (Aug. 1971).

4 An average annual global rate of increase of 3.8 percent has been
adopted. See Table 4.
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applied to a forecast mode which assumes immediate
conversion of equipment to the new limits.

Economy of Size

Various modes of transport compete for inland transport
of commodities. Their managements are constantly study-
ing means to improve equipment and techniques. The
trend in almost all media is toward vehicles of greater
payload capacity, up to some maximum limit resulting from
a combination of economic, engineering, and operating
factors.

Based on tonnage and density of commodities moving
over the highways in line-haul operation, it has been said
that only about 10 percent of the total highway tonnage
could use to advantage a greater cubic capacity of the
vehicle (viz., greater dimensions—width, height and/or
body length) without a commensurate increase in number
of axles or cargo units (37). In slight contradiction, an-
other study (38) estimated that about one-half of all
shipments are closed out due to this volume factor.

The latter study states that today’s general truck freight

TABLE 22

STOWAGE CAPACITY RELATED TO LENGTHS
OF VAN TRAILER COMBINATIONS

LENGTH (FT) TOTAL
— ’ CARGO

TOTAL STOWAGE

OVER- CARGO CAPACITY

COMBINATION TYPE ALL BODY (CUFT)

Tractor and semitrailer 45 35 1,880
50 40 2,150
Truck and full trailer 60 50 2,660
Tractor semitrailer and full trailer 60 50 2,660
65 54 2,870
100 80 4,300

Source: Stevens (124).
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Figure 10. Examples of vehicle space utilization. Source: Kent,
M. F, “The Freight's the Weight.” Proc. HRB, Vol. 37 (1958)
p. 35.

shipment averages about 12.5 Ib/cu ft (9). At this density,
a standard 40-ft semi-trailer body is physically filled before
reaching an optimum weight, estimated to be about 30 per-
cent short of its maximum. The optimum density has been
estimated at about 17.5 Ib/cu ft.

For combinations using 45-ft semi-trailers, a freight
density of 12.5 Ib/cu ft more nearly approaches the maxi-
mum weight. This range of density is one feature favoring
twin-trailer combinations. Others are operational efficiency
in loading and unloading, the flexibility provided in per-
mitting division of shipments without reloading, and eco-
nomic factors leading to increased productivity.

Motor Truck Factors Affecting Transport Economy

Table 24 gives the interdependency and no dependency of
the various physical truck factors and the operational fac-
tors of the transport industry, the highway, the economy
of transportation, and defense requirements. This is a good
conclusive statement of the results. of these considerations.

Vehicle Height

The desirable height limit is primarily the result of load-
ing practice, overhead clearances on the highway, and the
effect of vehicle height on traffic.

The transport industry has expressed no particular in-
terest in increases in the height of freight vehicles, with the
exception of certain large items of specialized equipment.
This is because a particular commodity can be stacked only
so high without damage from its own weight, and loading/
unloading costs increase with higher stacking. Further-
more, increasing vehicle height would require considerable
remodeling of freight depots, warehouses, and docks, and
could result in vehicle instability in high crosswinds and at
sharp turns.

Hauling of light-density products (say, 10 to 15 lb/cu ft)
is limited by interior cubic space and not axle weight limits.
Cubage can be increased by an increase in any of the three
dimensions. Industry appears to prefer increases in length
and slight increases in width, rather than increases in
height.

Added vehicle height may increase highway construc-
tion costs. Vertical clearances of bridges, underpasses,
utility lines, traffic control devices, overhead signs, etc.,
would be affected by certain magnitudes of limit changes
to vehicle heights. A relatively small percentage of goods
transported by highway, whether measured on a tonnage
basis or on a cubic foot basis, would require an especially
high maximum legal limit for vehicle with load.

Vehicle Width

Both transport industry (passenger bus and trucks) and
highway officials are concerned about vehicle widths. The
bus industry, questioned by the researchers, expressed a
desire to seat a minimum of four persons transversely while
maintaining a center aisle wide enough to permit passen-
gers to move in and out of the bus safely. To do so would
require an increase in over-the-road bus width limits to
102 in. Some bus terminal facilities would require re-
modeling should an increase in width be adopted.



TABLE 23

39

PAYLOAD WEIGHTS RELATED TO STOWAGE CAPACITY
OF VAN TRAILER COMBINATIONS*

COMMOD.

PAYLOAD WEIGHT (LB)

DENSITY TA-S TA-S TR-F TA-S-F TA-S-F TA-S-F
(PCF) 35 FT 40 FT 50 FT 50 FT 54 FT 80 FT
10 18,800 21,500 26,000 26,600 28,700 43,000
15 28,200 32,250 39,900 39,900 43,050 64,500
20 37,600 43,000 53,200 53,200 57,400 86,000
25 47,000 53,750 66,500 66,500 71,750 107,500
30 56,400 64,500 79,800 79,800 86,100 129,000
35 65,800 75,250 93,100 93,100 100,450 150,500
40 75,200 86,000 106,400 106,400 114,800 —
45 84,600 96,750 119,700 119,700 129,150 —
50 94,000 107,500 133,000 133,000 143,500 —

a Ta = tractor, Tr = truck, S = semi-trailer, and F = {ull trailer. Length is approximate length of cargo
body.

Sc);urce: Stevens (124).

The trucking industry desires an increase in vehicle
width to accommodate certain commodities having dimen-
sions of modular nature such as 2, 4, and 8 ft. An 8-ft bed
width cannot be provided when a 96-in. maximum width
is imposed, due to the van wall construction. Increases in
truck width would affect terminal facilities’ existing drive-
ways, alleys, warehouses, and public alleys.

In the area of vehicle design, industry believes that the
present limitation of 96 in. does not provide the necessary
width over the rear drive axles for adequate design of
differential, braking, and tire equipment. Increased ve-
hicle stability probably would result from a wider tread.

Widths of buses and freight vehicles affect highway
design and traffic operations (e.g., horizontal clearances on

TABLE 24
TRANSPORT, HIGHWAY, AND VEHICLE FACTORS*

bridges and in tunnels, lane width, and traffic safety).
Highway geometrics must be studied to determine the effect
of lateral placement of vehicles within the lane. Over-
taking and passing maneuvers are significant on two-lane
bi-directional highways. Traffic operations and safety are
“closely related” to the placement of trucks with respect
to merging, overtaking and passing, design of interchange
ramps, low-radius curves, and corners. Extra lane width
due to offtracking on sharp curves will have to accompany
an increase in vehicle width.

Vehicle Length

The lengths of single-unit vehicles and over-all lengths of
combinations require different treatment. Bus operators

LENGTH

SINGLE UNITS

COMBINA- NO. OF AXLE
OPERATIONAL FACTOR HEIGHT WIDTH BUS TRUCK TRAILER TIONS UNITS WEIGHT GVW
A. Transport industry
1. Loading and unloading operations X X X X X X X X X
2. Terminal facilities X X X X X X X — —
3. Urban pickup and delivery - X —_ X X X X X X
4. Line-haul, or intercity operation X X X X X X X X X
B. Highway
1. Geometrics, transverse — X X X X X X — —
2. Geometrics, longitudinal X — X X X X X — —
3. Structural design of pavement — — — — — —_ —_ X X
4. Structural design of bridges X X — X X X X X —
5. Effects on traffic X X X X X X X — X
6. Traffic safety X X X X - X X X — X
C. Economy of transportation
1. Highway costs X X — — — X — X _—
2. Vehicle operating cost — — — — — — —_— — X
D. Defense requirements X X _ —_ — X —_ X x
a X — factors are interdependent; — — no dependency. The factor of ADT is not considered. Pavement structures of terminal areas could be affected

by these factors under certain circumstances.
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desire increased length for more passengers per vehicle and
for additional amenities of rest rooms, food service, etc.

Length of freight vehicles depends on intended type of
service. Single units operating in loading/unloading opera-
tions in urban pickup and delivery are affected differently
by length limits from those in line-haul operations. Vehicle
combinations where two or three cargo units operate with
one tractor are not generally feasible for urban traffic
conditions. These types, where permitted in about 24
states, usually break up into small combinations for urban
operations after the long-haul phase of the trip.

Additional length, it was maintained, permits the in-
crease in the number of axles. Total gross weight can
thereby be increased without exceeding axle-weight limits.
This applies to highway surfaces, but would have to be
examined for its impact on bridge structures that may be
affected.

Longitudinal geometrics of highway design are affected
by the vehicle length through restrictions on sight distances
and passing opportunities. Greater time is required for
passing clearance.

Highway costs attributable to increased length include
extra roadway widths to accommodate the combination
offtracking characteristics at curves and ramps, and con-
struction required to lengthen the sight distance on curves
and crests.

Basic Concepts Determining Truck Performance

For any vehicle at a specific load condition to travel at a
steady speed on level pavement, all external existing forces
must be overcome. These external forces are the drawbar
pull required to maintain that speed comprised of the
following components: rolling resistance, and air resist-
ance. In an accelerating mode, inertial resistance is intro-
duced. In negotiating a grade, the “grade resistance” to
overcome gravity is encountered.

These external forces are overcome by torque delivered
to the drive wheels through the transmission and differen-
tial by the engine. To be effective, this torque must be
resisted by the traction of the tire contact point on the
roadway surface. The power lost in transmitting engine
power to tire-road surface contact area is commonly due
to dissipation of energy in the driveline resistance. This
loss occurs after the torque developed at the clutch plate;

TABLE 25
ROLLING RESISTANCE FACTORS

ROLL. RESIST.

SURFACE TYPE AND CONDITION FACTOR
Smooth concrete and asphalt (dry) 0.006
(wet) * 0.015
Brushed concrete (dry) 0.012
Asphalt with sand or chip seal (dry) 0.012
Packed snow 0.013
Packed earth or gravel (dry) - 0.06
Sand (dry) 0.25

* Water depth insufficient to create resistances other than those resulting
from tire hysteresis and surface tension.

therefore, the drive wheel torque always is lower than the
clutch plate torque. The rolling resistance of the driven
wheel(s) also is included in the drive train resistance.

Rolling Resistance Force

Many variables affect the rolling resistance. If it is as-
sumed that tires are correctly inflated for their load, tire
temperature is stabilized at normal operating conditions,
there is usual tire wear, and there are hard pavement sur-
faces, then for a narrow range of tire sizes of similar
construction and low speeds, the rolling resistance factor
is (39):

R, =v¥

in which N is wheel load normal to pavement, and v is a
constant for a given speed. On a hard surface, rolling
resistance is equal to about 50 Ib of drawbar pull for each
ton of GVW or GCW.

Rolling Resistance Factor

The rolling resistance is a function of the surface type, and
whether the surface is wet or dry. It does not remain
constant with speed but appears to vary as:

r=C,+ C,V

in which C, and C, are constants, and V is in mph. Ap-
proximate rolling resistance factors of various road sur-
faces for heavy trucks at normal road speeds are as given
in Table 25 (39).

In computing rolling resistance, the following is used
(39):

_ (GCW—N,)

R, 375

V.,
in which

V = speed, mph;
GCW = gross combination (vehicle) weight;
r = rolling force factor;

and

Ny = N, + T(h/b)
N, = scale weight in pounds on drive axle(s);
T = recorded tractive effort, pounds;
h = fifth wheel pivot height, inches;
b = truck-tractor wheelbase, inches.

If it is assumed that the rolling resistance of all wheels
(including the drive wheels) is a single external resistance
to be overcome by the propulsion system, then (39):

R, =[(GCW)V,/375]
Rolling resistance is an extremely complex subject, Only
the principal aspects are mentioned here.
Air Resistance

Air resistance of a truck is a function of the design and
configuration of the vehicle. Laws of aerodynamics are
applied in computing this function. At low speeds, air



resistanice is negligible. At speeds of about 30 mph and
more, it becomes a significant factor dependent on the
frontal area. Air resistance in still air sometimes is com-
puted by (39):

R,=AV?/C
in which
A = frontal area, square feet;

V = speed, mph; and
C = constant.

This simple equation ignores the effects of skin friction
(laminar flow friction), design for streamlining, etc., wind,
turbulence, and air density. A more detailed expression
that includes air drag is (39):

R, = KAV3/375
in which

K = air drag coefficient at a given air density;
V = speed, mph;

A = frontal area = W(H — 1);

W = over-all vehicle width, feet; and

H = height, feet.

In the above equation, K is given in one technical pub-
lication as 0.00164. However, for longer combinations of
van trailers, K has been determined to be 0.0023 (39).

Grade Resistance

Grade resistance is that component of the gross vehicle
weight acting parallel to the incline surface. Thus, grade
resistance can be computed as:

R,= (GVW) siny
in which

GVW = gross vehiclé or combination weight; and
v = angle of incline.

For grades of less than 10 percent, the following approxi-
mation can be used:

R,=(GVW) G
in which
G is grade expressed as a decimal.

Thus, for each ton of gross weight, 20 1b of resistance are
exerted by each 1 percent of grade.

Gradeability

The ability of a truck or truck combination to negotiate
a certain grade is directly related to the tractive capability
possessed by the power unit through its drive train to over-
come grade resistance. The same power unit, although
having - constant tractive effort, probably will exhibit dif-
ferent gradeability depending on the configuration of the
semi-trailer/trailer combination and the distribution of
axle load on the driven axle(s) to the gross vehicle or
combination weight. The gear ratio employed affects the
gradeability. The low or low-low gear drive has the maxi-
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P=NET DRIVING FORCE (lbs)
W =GROSS WEIGHT (lbs)
6 =GRADE ANGLE

.8
- \
MASS x ACCELERATION = FORCE
W v .
g & = P-Wsin8

Figure 11. Truck ascending diagram. Source: Glennon and
Joyner (113).

mum gradeability at the expense of minimum sustained
speed on a limiting grade for most cases, because in this
condition the net driving force is maximum.

A simplified equation for the hill-climbing ability of a
vehicle was developed from theory of forces acting on the
vehicle on an incline (Fig. 11).

The equation, based simply on F = ma, is:

(W/g)(dv/dt) =P — Wsin 6
in which

W = gross weight;
g = acceleration of gravity (32.2 ft/sec?);
dv/dt = vehicle acceleration, ft/sec?;

¢ = angle of grade (-+ if an upgrade, — if a down-
grade) ; and

P = net driving force of driven axle(s) (neglect-
ing wind, surface, and inertial resistance of
rotating parts).

On the assumption that P/W remains constant, regard-
less of acceleration, a plot of computations was made using,
for the most part, basic velocity data observed for average
heavy vehicles operating on mountain grades in Arizona
(41). Speed points interconnected with straight lines are
shown in Figure 12 (41).

Each straight line segment could be represented by:

P/W=aV + b
in which

V = velocity change between V, and V,,,
within interval;
a and b = constants within that interval; and
v, and V,,, = incremental velocities along a straight
line segment of the plot.

A simple expression for speed-distance can be obtained
as follows:

'V02 — 'V2

1
*=3% aWo—V) —2(sin6 —b)
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Another similar expression has been published (41).
~The following is used to compute vehicle speed-distance
relationships for vehicles on grade:

x =Vt = (Fg/W)t
V=V,= (Fg/ W)t
in which

V, = entering vehicle velocity;
F, = net force on drive wheels at wide-open throttle;
= percent grade in radians;
W = gross vehicle weight; and
t = time after entering grade, seconds.

Computer calculations yield the curves shown in Figures
13, 14, and 15.

Grade Climbing Under Adverse Conditions

The foregoing equations are based on the assumption that
the tractive effort (the force applied to the wheels by the
engine and drive train) never exceeded the drive traction
ability of the tires in contact with the road surface. Should
the tractive effort exceed the drive traction ability of the
tires and surface, wheel spin-out occurs and the driving
force is no longer effective.

The grade at which this spin-out occurs, or traction-
limiting grade, varies with type of vehicle, type of tractor,
coefficient of traction, certain truck dimensions, the gross
vehicle or combination weight, and the ratio of GCW to
static weight on the driven wheels. The following equations
have been derived for the traction-limiting grades (43):

Single-unit vehicle with all-wheel drive
% grade = f
Single-unit vehicle with rear-wheel drive
% grade = f(TR) —r(1 — TR)

Combination vehicle with all-wheel drive truck-tractor or
full truck

% grade = f(TR) — r(1 — TR)

Combination vehicle with rear-wheel drive truck-tractor
or full truck all rear wheels driven

J(IR)

% grade = I—_—f—h—‘
b

—r(1—TR)

Combination vehicle with tandem-axle truck-tractor or
full truck, pusher or tag-axle drive

f(TR)

% grade = I—:jrh—lv:‘
b )\ N,

Combination vehicle with rear-wheel drive truck-tractor
and powered dolly

—r(1 —TR)

H(TR)

%'grade: 1—:—h—
s

—r(1—TR) + 0.0175(52“—*)

43

% grade = traction-limiting grade. Highest negotiable
grade where traction is the limiting factor.
(Also spin-out grade.)

f = coefficient of traction. Surface friction uti-
lized by tires in the rolling driven mode.
TR = traction ratio. The static weight on all
driven wheels divided by the gross combina-
tion weight.
r = rolling resistance factor.
h = fifth-wheel pivot height (in the case of truck-
tractors).
h = trailer coupling height or center of gravity
(in the case of full trucks).
b = tractor wheelbase.
Nj = static weight upon rear driven axle(s).
N, = total static weight upon a pusher or tag
tandem.
G = gross combination weight.

Using these relationships, Tables 26 and 27 give typical
traction-limiting grades, assuming a coefficient of traction
of 0.4.

In these comprehensive road tests (43)

. standard length and longer trucks loaded to
maximums in conformance with Bridge Formula “B”
standards,* and made up of well-maintained equipment
currently in use can go anywhere on the nation’s high-
ways with traction to spare on both wet and dry pave-
ments. The only time some trucks will have difficulties
is on grades above 5.0 percent when the pavements are
covered with ice or snow.

The tests verified that additional traction ability can be
obtained by the use of such traction aids as tire chains,
load transfer devices, traction equalizers, anti-slip differ-
entials, and sand or grit spread on the surface.

The report contended that low weight-to-horsepower
ratios were overrated as performance guarantees, either for
climbing speed or for the ability to climb grades where
traction is a critical factor. Both traction and adequate
horsepower must be present to ensure good performance.
Excessive horsepower on low-traction surfaces may be
disadvantageous, especially at low speeds where torque may
exceed tractive effort capability, resulting in the wheels
spinning out. However, high horsepower will permit
greater momentum in enabling the truck to enter short
grades at a higher velocity before slowing to a critical
speed.

In extensive tests of ten triple combinations (44) in
actual winter conditions on grades up to 6 percent, snow
pack was found to have a coefficient of traction of 0.29
to 0.335 for various densities of snow with a sanded sur-
face. The coefficient of traction with dual-tire chains was
0.33. Chained-up duplex tires provided less traction than
chained-up standard dual tires. Coefficient of traction was
found to improve from 0.33 with ordinary cross-link chains
to 0.35 with chains having reinforced cross links. Certain
critically loaded combinations could negotiate grades from
0.50 to 2.75 percent steeper if kept rolling. Once they
were stopped, traction demand to overcome static inertia
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and acceleration prevented some combinations from rolling
on these critical grades. Surplus horsepower did not enable
a truck to go up a steeper grade than that limited by
traction.

No problems with maneuvering, brakiug, passiug, Of
stability were encountered during these tests.

Inertial Resistance

The force necessary to change a steady state of motion or
rest is proportional to the mass of the body multiplied by
the rate of change of velocity; i.e., acceleration. In a
vehicle the total mass is that of the truck plus that of the
engine, drive train, and other rotating components. The
latter contributions usually are limited in practical sense to
the inertia of the clutch and flywheel. The equation for
inertial resistance is sometimes expressed (39):

R;=[(GW)a/gl + Ry,
in which

R, = inertial resistance, pounds;
GW = gross vehicle or combination weight, pounds;
. R, = inertia of rotating masses;
a = acceleration, fps; and
g = acceleration of gravity, fps.

Engine flywheels and clutches vary in inertia. Flywheels
usually fall in the range of 50 to 60 Ib-ft2 and clutches
would generally be about 40 lb-ft. These inertial com-
ponents would be multiplied by the square of the over-all
gear reduction between their position in the drive train and
the axle (transmission and differential).

Other Losses and Influences

Although small in aggregate, other losses occur that reduce
the available horsepower to drive the vehicle. Driveline
resistance due to mechanical friction of bearing surfaces
and viscous friction of oil causes an energy loss which is a
function of temperature and speed. Tire inflation pressure
influences the rolling resistance of the tire. Tire slip, where
driven wheels make more revolutions for the same tire size
as undriven wheels, requires a small but usually insignifi-
cant energy to overcome.

Power required for such accessories as fuel, oil, and
water pumps, fans, alternators, power steering, air condi-
tioners, and other energy-consumption devices reduces the
engine gross horsepower. Thus, the net horsepower gen-
erally is around 90 percent of the gross horsepower.

Engine Horsepower and Torque

Horsepower is a standard theoretical unit of the rate of
work. One horsepower is equal to the energy equivalent
of 33,000 foot-pounds per minute. Torque is the rotational
force applied at some distance (lever) expressed in foot-
pounds. The two are related by

HP = Maw/5,252

in which M is torque in foot-pounds; and « is angular
velocity in rpm. )
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TABLE 26
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40’ Semi
6 x 4 tractor  x 437 73.280 32,000 5 500 45" l6.5
6 x 4 tractor X 445 76,125 34,000 S S50 45 168
6 x 4 tracior x 460 25,000 11500 S 500 45 174
6 v 2 tractor X 246 73,280 18.000 s 50 45 8.8
6 A 2 tractor X .263 76.125  20.000 s 50 45 95
6 \ 2 tractor X 290 25,000 6.000 5 S0 45 B.6
27° Doubles -
4\ 2tractor X 234 76.8300 18,000 S 65 60 8.4
4 \ 2 tractor A 234 85500 20.000 S 65 o0 84
4\ 2 tractor A 251 29.000 7439 L) 65 o 9.0
4\ 4 ctor A 352 76 800 27.000 S 65’ 60 131
4\ d uactor A 342 85500 29.212§ 5 68 o 12-
4\ 3 actor v SK4 29600  15.200 ) 65" o 1Y.6
6\ 4 tactor N 260 76 800 20000 6 65" o 93
6\ 3 tractor L 257 ¥S.500 22.000 6 0S8 e Y3
6\ 4 otractor _ LR 2 | 0900 10,000 6 65 e 120
7 Axle 40’ Doubles
4 x 2 tractor X 173 1034.000 18,000 7 95° 90 s9
4\ 2 tractor N 178 0 112500 0 20,000 7 95 90 6.1
4 X 2 tractor X _.222 37.600 8.335 7 95 9 7.9
4 x 4 tractor \ 260 104,000 27 000 7 95 90" - 94
4 x 4 tractor X 260 112500 29228 7095 90 94
4 x 4 tractor N 404 37.600  15.200 7 95" 9 15.2
4\ 2+ PDI X 346 104,000 36,000 7 95 9 2
4\ 2+PDI X .356 112500  40.000 7 9§° 9y 13.2
4\ 2+PDI 417 392000 16,332 795 900 1f
9 Axle 40’ Doubles
6\ 4 tractor \ 308 104 000 32,000 9 9Ys§*: Yy° 1.3
6\ 4 tractor N 277 122625 34.000 9 98" 9° ol
6 x 3 tractor 277 41.500 11500 9 95 9 10.1
6 X 6 tractor X 404 104000 42,000 9 95 9y0© 132
6 \ 6 tractor \ V359 122625 43,000 9 95° Yo' 134
6 \ O tractor 470 41.500 19500 9 95* 9 17.8
6\ 4+ PD2 N 615 104 000 64.000 9 PR 9 23.6
643 +PD2 A 585 122.625  68.000 9 95T 9 21.2
6 x4+ PD2 X .560 43100 12,600 9 95 9 214
27’ Triples
4\ 2 tractor N 173 104,000 18.000 7 95 90 59
4 X 2 tractor \ 178 112500 20,000 7 95"  yur 6.1
4\ 2 tractor nLI8S 39,500 7.439 7 95" 90 6.5
4\ 4 tractor N 260 104,000 27,000 7 95" 90" 10.0
4 x 4 tractor \ 260 112,500 29228 7 95 90 10.0
4 x 4 tractor X .385 39,500 15.200 7 95 90° 144
4\ 2+ PDI \ 3460 104000 36.000 7 955 90" 128
4 x 2+ PDI \ 356 112500 30.000 7 95 90" 132
4 \2+PDI N 351 41.100 14439 7 950 90" 130
6 x 4 tractor N 492 104,000 20,000 8 95 90 6.7
6 N 4 tructor \ 187 117,425 22.000 8 95 9 6.5
6 \ 4 tractor A 245 40800 10,000 8 95° 90° 8.8

Source: WHI (43).



TABLE 27

COMPUTATIONS OF TRACTION LIMITING GRADES WHEN
COEFFICIENT OF TRACTION = 0.45

& e &’Eﬂ ='§ 8
5% E 2= s o< = S= R
a5 &2 <8 £8 S 9SS Sno
sESaaf ¢ 3% 2 B: P8 E5S.7
228382 & L= h 28 J6 o m¥.
40" Semi
6 \ 4 tractor x 437 73,280 32,000 50" 4S5° 223
6 x 4 tractor ‘ X 445 76.125 34,000 50" 45 227
6 x 4 tractor x .388 25.000 9,700 50° 45 197
6 \ 2 tractor .246 73.280 18,000 50° 45" 112
6 x 2 tractor .263 76.125 20.000 50" 45" 122
6 \ 2 tractor 218 25.000 5,456 50° 45 10.0
27’ Doubles
4\ 2 tatar \ 234 76 800 18.000 65° 60 11.9
4\ 2 tnator X 23 8S.500 20.000 65’ 60" 119
4\ 2 tractur x 251 29 600 7439 65" 60" 129
4\ 4 ractor X . 382 76,300 26,991 6S” 60" 152
4 \ 4 tragtor \ 342 85.500 29228 68" 60" 147
4\ 3 tractar X S14 29 600 15,200 68" 60" 226
6\ 4 tractor X 258 76 300 19.566 65" 60" 12.6
6 \ 4 travtor \ A17 76 800 32,000 6S' 60" 21.3
6\ 4 tractor \ 253 85,500 21.608 65" 60" 126
6\ 4 tractor \ 398 85 500 34,000 65" 60" 20.3
6 a4 tractor v 284 30,900 8,786 65’ 60" 142
7 Axie 40° Doubles .
4 8 2 iractor \ 204 110.000 22.400 95 90" 103
3\ 2 dractor \ 173 104,000 18,000 95' 90" 8.6
4 x 2 tractor X 178 112,500 20,000 95 90° 89
4\ 2 tractor X 222 37.600 8.335 9s' 90" 11.3
4\ 4 tractor N .290 110.000 31.904 95 90" 124
4\ 4 tractor Y .260 104.000 26991 95' 90" 1.0
4 \ 4 tractor N 260 112,500 29,228 95" 90" 110
4 x4 tractors x 431 37.600 16.200 95’ 90° 18.8
42+ PDI X .204 110.000 22,400 95* 90" 12.0
4\ 2+ PbI \ 473 104.000 18.000 95° 90" 10.3
42+ PDI X 178 112500 20,000 95’ 90" 10.6
422+ PDI X213 39.200 8.335 95" 90" 158
9 Axie 40" Doubles
6\ 4 leactor N .283 127.400 36,000 95° 90" 14.1
6\ 4 tractor X .308 104,000 32,000 95' 90" 15.4
6\ 4 tractor X 2717 122625 34,000 95’ 90" 138
6 \ 4 tractor x 234 41,500 9,700 95' 90" 11.5
6\ 6 tractor A .360 127,400 45,891 95° 90" 15.6
6 \ 6 tractor X 403 104,000 41,891 95' 90" 175
6 \ 6 tractor X 359 122,625 44,073 95' 90° 15.6
6 \ 6 tractor X .422 41500 17,500 95° 90" 184
6\ 4+ PD2 \ .283 127.400 36.000 95’ 90" 15.9
64+ PD2 X 308 104.000 32,000 95’ 90" 17.2
64+ PD2 X 2717 122,625 34,000 95' 90" 15.6
64+ PD2 x 226 43,000 9,700 95’ 90" 16.0
27° Triples .
4 x 2 tractor x 173 104,000 18.000 95 90° 8.6
4 x 2 tractor X 178 112,500 20,000 95' 90" 8.9
4 \ 2 tactor x .188 39.500 7.439 95" 90" 94
4 4 tructor X 260 104.000 26,991 95" 90" . 11.0
4 X 4 tractor X .260 112,500 29,225 98" 9o* 110
4 x 4 tractor b 385 39,500 15,200 95" 90" 16,7
42+ PDI X 173 104.000 18.000 95’ vu 104
41 2+PDI X 178 112500 20.000 95" 90 o
472+ PDI x .18l 41.100 7.439 95" 90" 138
6\ 4 tractor N 197 104,000 20 496 98 90" 99
6\ uactor \ 308 104,000 32.000 95" 90" 184
6\ 3 tactor 192 112500 21.608 98" 90t 9.3
6\ 3 ractor 302 112500 34.000 9s* 90r 151
6 x4 tractor X 218 J0.500 8,786 - 957 90" 10.S

Source: WHI (ﬁg).



48

The effective torque applied to a driven axle is trans-
formed by gears in the transmission and differential and
power is lost in this transmission. The effective torque is
thus:

M;=Myn
in which

M, = engine torque;
y = gear ratio; and
n = transmission efficiency.

The horsepower and torque produced by various engines
vary characteristically with engine design. Some engines
achieve a higher horsepower at lower rpm than others, with
corresponding changes in torque characteristics. Gear se-
lection in the transmission is provided generally so that the
developed torque versus fuel consumption approaches an
optimum, usually at higher engine rpm.

Fuel Consumption

Fuel consumption is influenced by many factors (e.g.,
traffic conditions affecting the engine’s duty cycle profile,
wind force, direction). Tests conducted on engines in road
test vehicles indicate that the principal factors affecting fuel
consumption are gross weight and design top speed.

A series of runs on a truck with a design top speed of
53.6 mph indicated that the average gallons per mile (gpm)
equaled 1.55X 10-¢ X the gross combination weight
(GVW) + 0.135. In similar runs with a design top speed
of 43.2 mph (40.1 mph average), the gpm was 1.55 X 10-¢
(GVW) +0.127.

The general empirical equation for observed fuel mileage
becomes (39): '

gpm = 0.103 + 1.55 X 10-8 X GVW + 14.9
X 10-¢ (mph)?

Converting fuel consumption to payload ton-miles il-
lustrates better the economic impact of fuel cost to revenue
income. These test results indicated that fuel economy
greatly increased with GVW, For example, at 50,000 Ib,
1 gal was consumed for 40 ton-miles of payload. Doubling
GVW to 100,000 Ib resulted in 120 payload ton-miles per
gallon. Reducing top design speed from 53.6 to 43.2 mph
resulted in no change in fuel economy for the vehicle com-
binations tested. Changing the rated engine output from
280 to 335 mph or to 380 hp did not result in any change
in fuel economy for the same GVW.

Fuel economy is also a function of driver characteristics,
which are not included in the foregoing model.

DETERMINATION OF PHYSICAL EFFECTS ON
PAVEMENTS

In view of the many different methods for pavement design
and evaluation being used in various states, the formulation
of a single set of procedures that could be used by every
highway organization in determining the effects of changes
on pavements would be improbable. Instead, efforts were
restricted to compiling procedures for pavement design and

evaluation that would serve as a guide or as a convenient
reference. In the application of these procedures, modifica-
tions of some steps and substitutions of certain methods by
others may be necessary in individual states. As discussed
later herein, the evaluation of the physical effects on pave-
ments is primarily for determining the incremental costs
related to pavements due to changes in legal vehicle weights
and dimensions.

Design of Pavements

Although the effects of changes should be determined for
both new and existing pavements, the method for such
studies is based mainly on the principles for the design of
new pavements. For this reason, pavement design is dis-
cussed in sufficient detail to permit a general appraisal of
the methods of analysis.

Design of Flexible Pavements

Because of the complexity of many variables affecting pave-
ment performance, the design of flexible pavements has
been conducted on an empirical or semi-empirical basis. In
recent years, individuals and organizations have tried to
establish pavement design procedures based on some ra-
tional criteria. Burmister (45), Peattie (46), and Schiff-
man (47) reported the application of layered elastic sys-
tems for the design and evaluation of flexible pavements.
The use of three-layer viscoelastic systems for the analyses
of stresses and displacements in a pavement was reported
by Elliott and Moavenzadeh (48). A significant step to-
ward achieving a rational design procedure was the de-
velopment of a method for predicting pavement deflection
according to laboratory test data, as reported by Seed and
others (49). The advances in analytical studies of pave-
ment design, the use of a systems approach for the design
of pavement structures, and other contributions toward the
refinement of pavement design procedures were discussed
in 1970 in a workshop sponsored by FHWA in cooperation
with the University of Texas (50). In spite of recent
progress, an analytical or rational method for pavement
design has not developed to the point of practical applica-
tion in this study.

The AASHO Interim Guide procedures for the design
of flexible pavement structures (127) were developed pri-
marily on the basis of statistical analyses of results obtained
from the AASHO Road Test (57). The Road Test was
conducted at a site having a specific type of subgrade soil
and under certain environmental conditions.* Obviously,
the Road Test findings may not be applicable to pavements
in areas where subgrade soils and environmental factors
differ from those at the test site. To account for these
effects, the evaluation of the “soil support value” and
the selection of a “regional factor” are included in the
Interim Guide design procedures. As indicated in the
Interim Guide, specific procedures for determining the soil
support values of various types of subgrade materials and

* Research investigations related to environmental factors such as the
moisture conditions of subgrade soils have been conducted by many indi-
viduals and organizations, including the British Road Research Laboratory
(52).



the criteria for selecting regional factors are to be developed
by individual states. Investigations for these purposes were
conducted in a number of states such as Massachusetts
(53), South Carolina (54), and Virginia (55).

Since completion of the AASHO Road Test in 1960,
various states have undertaken efforts to extend the appli-
cation of the Road Test results. These efforts were di-
rected toward research programs such as the satellite stud-
ies of pavement performance (56, 57) and investigations
related to the basic properties of pavement components and
the behavior of flexible pavements. The nature and effect
of dynamic pavement loads have also been studied by vari-
ous investigators. Results of the satellite studies and other
investigations have been published in many reports (e.g.,
58-68). Findings from these and future investigations will
permit refinements in the Interim Guide procedures for
applications in individual states in particular, and for pave-
ment design and evaluation in general.

Design of Rigid Pavements

Insofar as design principles are concerned, the analysis of
certain factors related to rigid pavements may be conducted
on a more rational basis than in the case of flexible pave-
ments. Nevertheless, similar to flexible pavements, the de-
sign of rigid pavements in current practice is often carried
out by empirical or semi-empirical procedures. Investiga-
tions of the performance of rigid pavements were included
in the AASHO Road Test.

As with flexible pavements, the Interim Guide method
for design of rigid pavements (J/28) was developed by
statistical analysis of Road Test results.

Another method for design of rigid pavements was de-
veloped by the Portland Cement Association (PCA). The
PCA method as reported in 1966 (69) was based on the
Westergaard theory (70), the studies by Pickett (71),
model and full-scale tests conducted by the PCA labora-
tories and other organizations (72), and the results from
a number of road tests, including the Maryland Road Test
(73) and the AASHO Road Test. Information concerning
the performance of normally constructed pavements sub-
jected to mixed traffic was also used.

In some respects, the design procedures in the PCA
method are considered more refined than those in the
Interim Guide method. The PCA method, however, also
is based on necessary simplifications and assumptions, some
of which are debatable. For example, although the effect
of repeated loading and fatigue on the concrete pavement
is included in the design analysis, the modulus of subgrade
‘reaction is based on nonrepetitive static plate load tests.
Furthermore, the modulus of subgrade reaction actually
depends not only on the factors related to the subgrade,
but also on other variables such as loading area and pave-
ment thickness (74).

Selection of Design Methods

In selecting the method for pavement design, the following
criteria were used:

1. In cognizance of the variations in current pavement
design practice in various states, the selected methods

49

should be suitable for adoption by as many highway agen-
cies as possible. In this respect, information obtained from
surveys of current engineering practice will be used to assist
in the selection of the design methods. \

2. The design procedures of the selected methods should
be adequate for determining the physical effects that result
from changes in legal vehicle limits. Furthermore, the
procedures must be flexible and readily adaptable to re-
gional conditions and prevailing engineering practice in
various states.

3. Although it is desirable to select methods that repre-
sent the most advanced and refined procedures for pave-
ment design and evaluation, time and effort required to
apply the methods must be reasonable. A preferred method
for pavement design for actual construction may require
excessive time, so that it may not be suitable for providing
approximate estimates in incremental cost analysis.

The AASHO Interim Guide methods for the design of
pavement structures (I27, 128)* were found to be ac-
cepted by many highway agencies. According to the results
of a survey conducted in connection with the evaluation
study (129), 32 of the 52 highway agencies surveyed made
direct use of the Interim Guides, either in their entirety or
with some modification. Information obtained from a sur-
vey of the current pavement design methods conducted in
this study indicates that the Interim Guide methods are
most commonly used by state highway departments. For
this reason and based on considerations of the second and
third criteria described above, the Interim Guide methods
were selected for this study. The specific procedures of the
Interim Guide methods are discussed herein, and the appli-
cations of these methods for determining the effects of
changes are shown in a numerical example of Appendix C.

The methods selected for this study may not be the best
for all highway agencies. Other methods, such as the Cali-
fornia method, may be preferred by certain states for the
required analysis. The California method for design of
flexible pavements was based on many years of laboratory
and field investigations. It is particularly suited to that
state’s environmental and soil conditions. In the California
method, the supporting power of a subgrade soil is eval-
uated in terms of a “resistance value” determined by the
Hveem stabilometer. This method also has been used in a
number of states other than California. Another method
for design of flexible pavements was developed by The
Asphalt Institute. Its design procedures were based on
information from the AASHO Road Test, the WASHO
Road Test, the British Test Roads, and tests conducted by
various state highway agencies. Its general approach is
similar to the Interim Guide method for flexible pave-
ments; however, it is not as widely accepted by highway
organizations.

For design of rigid pavements, the PCA method is fre-
quently used by highway agencies. It is based on a design
concept involving the fatigue failure of the concrete slab

* The Interim Guides were reviewed in “Evaluation of AASHO In-

terim Guides for Design of Pavement Structures” (129). The first draft
of “AASHO Interim Guide for Design of Pavement Structures, 1972"
(130) was available during this study.
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Figure 16. Correlation of verbal ratings with numerical values
denoting pavement conditions.

due to repeated axle load applications. Although the pro-
cedures used are believed to reflect some refinements in
pavement design, in comparison with other methods, the
PCA method was not selected for this study. Its application
for determining the effects on pavements would require
excessive time, in comparison with the use of the Interim
Guide method.

AASHO Interim Guide Methods

. In the Interim Guide methods for design of either flexible
or rigid pavements (127, 128), similar design concepts are
employed insofar as the evaluation of pavement conditions
and the analysis of load factors are concerned. These
design concepts are reviewed in the following, before
specific design procedures are presented.

Evaluation of Pavement Conditions.—The pavement
serviceability-performance concept developed from the
AASHO Road Test was adopted in the Interim Guide
methods. This concept was evolved on the principle that
the primary function of a pavement is to serve the travel-
ing public in providing riding quality. The Interim Guide
gives the following definitions for the technical terms
related to pavement performance:

Serviceability—the ability at time of observation of a
pavement to serve high-speed, high-volume automobile
and truck traffic.

Serviceability rating—the mean value of the indepen-
dent subjective ratings by members of a special panel
for the AASHO Road Test as to the serviceability of a
section of highway. The members of the panel included
highway specialists representing many fields of interest
and concern in highways.

Serviceability index—a number derived by formula for

estimating the serviceability rating from measurements
of certain physical features of the pavement,.

Adjectives such as “initial,” “present,” and ‘“terminal”
are often used to describe the serviceability rating or index
at a specific time in relation to the service life of a pave-
ment. Figure 16 shows the correlation between verbal
rating and the numerical values assigned to the present
serviceability rating (PSR) or present serviceability index
(PSI). The figure includes a correlation with the suf-

. . / .
ficiency rating of pavemments, as suggested by Corvi and
Bullard (75). .

The serviceability index of a pavement, as defined in the
Interim Guides, normally is determined by measurements
of certain physical features of the pavement. The specific
measurements and the formulas for computing the present
serviceability index of pavements were developed during
the AASHO Road Test.

The formula for rigid pavements (57) is:

PSI=5.41 — 1.78 log(1 + SV) — 0.09VC + P

_ in which

C = length of substantial cracking, whether sealed or
not, and is expressed in linear feet of projected
length per 1,000 sq ft of pavement area;

P = area of patches per 1,000 sq ft of pavement area;
and ’

SV = slope variance measured by a profilometer.

The formula for flexible pavements (51) is:

PSI =5.03 — 1.91 log(1 + SV) — 1.38(RD)>
—0.01vC+ P

in which

SV = the mean of slope variance in the two wheel-
paths;
RD = average rut depth, inches; and
C + P = a measure of cracking and patching in the
pavement surface.

Recent research provides quantitative comparisons be-
tween the method for determining PSI described here and
other procedures of pavement condition evaluation. The
serviceability indices of new pavements are normally above
4.0. In the AASHO Road Test, the initial serviceability
index (just after construction) of flexible pavements was
4.2; that of rigid pavements was 4.5. When the service-
ability index of either flexible or rigid pavements reached
a terminal value of 2.0 to 2.5, resurfacing or replacement
of the pavement was required.

Equivalent Axle Load Concept.—In the Interim Guide
methods for pavement design, the load factor is expressed
in terms of a common denominator: namely, the 18-kip
single-axle load. The mixed traffic on a highway may be
converted to equivalent 18-kip single-axle load applications
by using the equivalence factors given in the Interim
Guides. This approach, as described by Scrivner .and
Duzan (76), is based on the following assumptions:

1. The effect of any axle load can be expressed in terms
of an equivalent number of applications of any selected



load. For convenience, the selected axle load is designated
axle load a.

2. The combined effect of all axle loads in mixed traffic
can be expressed in terms of the combined number of
equivalent applications of axle load a.

3. The effect of mixed traffic can be introduced into a
single lIoad equation for load a by means of the combined
number of equivalent applications of axle load a.

The analysis reported by Scrivner and Duzan (76) con-
cerning equivalence factors is described briefly in the
following.

If R; denotes the ratio of equivalence that will convert
each application of axle load i to an equivalent number of
applications of each load g, then

R. = Wa._Pa, gl/ﬁ"
W pig'

in which

p, OF p; = number of axle load applications to reduce
the serviceability index to a value of 1.5;

g = a function of axle loads, number of axles, and
design parameters related to pavement thick-
ness; and

B, or 8; = a function of design and load variables.

If W is the total number of axle applications in mixed
traffic, and C; is the portion of total applications of weight
i, then the number of applications of axle load i is C;W.
The number of applications of each axle load is converted
to an equivalent number of applications of axle load a (in
practice, a = 18 kips) by means of the appropriate ratio of
equivalence. The sum of the products is the equivalent
number of applications of axle load a in mixed traffic.
Thus:

W.=Ww Zz’; CiR;

in which k denotes the categories, each containing axles of
the same type (single or tandem) and weight. The substitu-
tion of this expression for W in the general AASHO Road
Test equation, together with the analyses of the effects re-
lated to pavement thickness and the terminal serviceability
index, will permit formulation of the desired equivalence
factors. From their study, Scrivner and Duzan concluded
that the difference between values obtained by the “equiva-
lent applications approach” and a “mixed traffic theory”
would be negligible for all except relatively thin flexible
pavements.

To facilitate the conversion of mixed traffic to equiva-
lent 18-kip single-axle load applications, the AASHO In-
terim Guide provides data on equivalence factors (see
Table 28). In conducting approximate analysis, the re-
quired computations may be simplified by using the aver-
age equivalence factors given in Table 29.

The effect on pavements of an increase in axle loads may
be evaluated by comparing the equivalence factors for the
respective axle loads. Table 29 indicates that the equiva-
lence factor for a 32-kip tandem-axle load is 0.83, if the
structural number is 2. If the tandem-axle load is increased
by 50 percent to 48 kips, the equivalence factor would be
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increased by approximately 600 percent to 4.98. The same
trend of variation in the equivalence factors with respect
to changes in axle load is indicated in Table 29. This
example illustrates the important effect of changes in
axle weights on the equivalent 18-kip single-axle load
applications.

The equivalence factors given in the Interim Guides,
however, were determined essentially on the basis of
AASHO Road Test data. Potential changes in legal ve-
hicle weights and dimensions may introduce a mixed traffic
involving axle and wheel loads beyond the range of validity
of the equivalence factors in the Interim Guides. Although
theoretical analysis may be used to evaluate the influence
on equivalence factors of substantial changes in vehicle
limits, as well as modifications in wheel and axle configura-
tions, further research is required to provide factual data
on how these variables affect pavement performance.

Design of Flexible Pavements.—The Interim Guide
method for flexible pavement design is based on the follow-
ing AASHO Road Test equation, with necessary modifica-
tions to include a subgrade soil scale and a regional factor.

c. —
Gy=log (?%’%) = B(log W; — log p)
0 .

in which

G, = a function (the logarithm) of the ratio of loss in
serviceability at time ¢ to the total potential loss
taken to the point where p=1.5; *

¢, = initial serviceability of pavement (equal to 4.2 on
test road);

p: = serviceability at end of time ¢;

B = a function of design and load variables that in-
fluences the shape of the p versus W, service-
ability curve;

W, = weighted traffic factor; and

p = a function of design and load variables that de-
notes the expected number of axle load applica-
tions to a serviceability index of 1.5.*

To expedite the application of this method for the design
of flexible pavements, the Interim Guide provides design
charts with terminal serviceability indices of 2.0 and 2.5.
Figure 17 shows a typical chart. It is necessary to obtain
information concerning (1) soil support values, (2) equiva-
lent 18-kip single-axle load applications, and (3) regional
factor. The determination of the equivalent 18-kip single-
axle load applications is discussed in the previous section.
Procedures for determining the other factors follow.

The soil support value, S, is expressed in an abstract
scale that can be related to certain laboratory or field test
procedures now in use or to be developed. (Subgrade soils
at the AASHO Road Test site have a soil support value of
3.0.) Several individual states have developed specific pro-
cedures for determining the soil support value. Figure 18
shows an Interim Guide chart that permits approximate
correlation between the soil support value and the CBR,
R-value, or Group Index. The conditions that apply to the
correlation scales shown are:

* The point at which pavement sections were removed from test in the
AASHO Road Test.
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TABLE 28
EQUIVALENCE FACTORS FOR THE DESIGN

OF FLEXIBLE PAVEMENT STRUCTURES, AASHO INTERIM GUIDE
Serviceability index expected to be reached at the end of design period: 2.0.

STRUCTURAL NUMBER—SN
TANDEM AXLE

LOAD (KIPS) 1 2 3 4 5 6

10 0.01 0.01 0.01 0.01 0.01 0.01
11 0.01 0.01 0.01 0.01 0.01 0.01
12 0.01 0.02 0.02 ~ 0.01 0.01 0.01
13 0.02 0.02 0.02 0.02 0.02 0.02
14 0.02 0.03 0.03 0.03 0.02 0.02
15 0.03 0.04 0.04 0.03 0.03 0.03
16 0.04 0.05 0.05 0.05 0.04 0.04
17 0.05 0.06 0.06 0.06 0.05 0.05
18 0.07 0.08 0.08 0.07 0.07 0.07
19 0.08 0.09 0.10 0.09 0.09 0.08
20 0.10 0.12 0.12 0.12 0.11 0.10
21 0.13 0.14 0.15 0.14 0.13 0.13
22 0.16 0.17 0.18 0.17 0.16 0.16
23 0.19 0.20 0.22 0.21 0.20 0.19
24 0.23 0.24 0.26 0.25 0.24 .0.23
25 0.27 0.29 0.31 0.30 0.29 0.28
26 0.32 0.34 0.36 0.35 0.34 0.33
27 0.38 0.40 0.42 0.41 0.40 0.39
28 045 - 046 0.49 0.48 0.47 0.46
29 0.52 0.54 0.56 0.56 0.54 0.53
30 0.61 0.62 0.65 0.64 0.63 0.62
31 0.70 0.72 0.74 0.74 0.72 0.71
32 0.81 0.82 . 0.84 0.84 0.83 0.82
33 0.93 0.94 0.96 0.96 0.95 0.94
34 1.06 1.07 1.08 1.08 1.08 1.07
35 1.21 1.22 1.22 1.22 1.22 1.22
36 1.38 1.38 - 1.38 1.38 1.38 1.38
37 1.56 1.55 1.54 1.54 1.55 1.55
38 1.76 1.75 1.73 1.72 1.73 1.74
39 1.98 1.96 1.93 1.92 1.94 1.95
40 2.22 2.19 2.15 2.13 2.16 2.18
41 2.48 2.45 2.39 2.37 2.40 2.43
42 2.77 2.73 2.64 2.62 2.66 2.70
43 3.08 3.03 2.93 2.89 2.94 3.00
44 3.42 3.36 3.23 3.18 3.24 3.31
45 3.80 3.72 3.56 3.49 3.56 3.65°
46 4.20 4,11 3.92 3.83 391 4.02
47 4.63 4.53 4,30 4.19 4.28 441
48 5.10 498 472 4.58 4.68 4.83

Source: AASHO (127, p. F4).

1. Scale A: R-value (California)-—The correlation is
with the design curves used by California using AASHO
Test Designation T-173. The correlation is for a 240-psi
exudation pressure (77).

2. Scale B: R-value (Washington)—The correlation is
with the design curves used by Washington. The correla-
tion is for a 300-psi exudation' pressure (78).

3. Scale C: CBR (Kentucky)—The correlation is with
the CBR design curves developed by Kentucky (79). The
following conditions apply to the test procedure:

(a) The test specimen is molded at or near the opti-
mum moisture content as determined by AASHO
Test Designation T-99.

(b) Dynamic compaction is used in preparing the test
specimen, with a hammer weighing 10 1b dropped
from a height of 18 in.

(c) The test specimen is compacted in five equal
layers, with each layer receiving 10 blows from
the hammer.

(d) The test specimen is soaked for 4 days.

This is valid for crushed-rock base courses, using the
Kentucky CBR curves.

4. Scale D: CBR (Kentucky)—The correlation is with
the Kentucky CBR design curves when bituminous-stabi-
lized base courses are used. The preceding conditions

~ apply, except that the test specimen is compacted in five

equal layers, with each layer receiving 25 blows with the
hammer.

5. Scale E: Group Index—This scale has been estab-
lished by comparative testing between the R-value as run
by California and the Group Index (80). It does not agree



with cooperative testing performed in connection with the
AASHO Road Test.

The regional factor (R) is provided in the design charts
to allow for an adjustment in the structural number be-
cause of climatic and environmental conditions. The In-
terim Guide gives a method of approximating the regional
factor.

Figure 19 shows an example for applying the Interim
Guide method for pavement design. In this example, for
a soil support value of 6.0 and the expected traffic of
45 equivalent daily 18-kip single-axle load applications dur-
ing the 20-year analysis period, a structural number (SN)
of 2.1 is required. With a regional factor of 3.0, the origi-
nal SN of 2.1 is increased to a weighted SN of 2.5. The
required thickness of the pavement structure can then be
determined according to this weighted SN together with
the coefficients of relative strength of paving materials.
Table 30 gives the coefficients given in the Interim Guide.
The determination of the thickness of each pavement
component is illustrated in the numerical example in
Appendix C.

Design of Rigid Pavements.—The Interim Guide method
for rigid pavement design is based on the AASHO Road
Test equation similar to that for the design of flexible pave-
ments. The general procedure for design of rigid pave-
ments is, therefore, essentially the same as that just de-
scribed. Design charts for terminal serviceability indices
of 2.0 and 2.5 appear in the Interim Guide; Figure 19
shows one of them. As the design chart shows, traffic data
are also expressed in terms of equivalent 18-kip single-axle
load applications. However, the supporting power of sub-
grade is evaluated by a method different from that used in
the design of flexible pavements. It is usually determined
by field plate bearing tests and expressed as a modulus of
subgrade reaction. Although no regional factor is included
in the design chart, the effect of variations in climatic and
environmental conditions on subgrade support power may
be accounted for in the evaluation of the modulus of sub-
grade reaction for the project area.

The use of the design chart for determining the required
thickness of a rigid pavement is illustrated by the dashed
lines. For the traffic, working stress in concrete, and modu-
lus of subgrade reaction indicated by the dashed lines, the
required slab thickness is 10 in.

Appraisal of AASHO Design Methods

The AASHO Interim Guide methods for the design of
pavement structures were based primarily on the findings
of the AASHO Road Test. These methods are subject to
certain limitations or errors, especially in the application
for pavement design and evaluation under physical and
environmental conditions that differ from those of the
Road Test. Because many variables affect pavement per-
formance, it is difficult to predict the probable errors on
a percentage basis. A general appraisal of the reliability or
limitations of the Interim Guide design methods follows.

In the AASHO Road Test, the pavements were sub-
jected to test traffic for approximately two years. Because
of the relatively short time in which pavement performance
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TABLE 29

AVERAGE EQUIVALENCE FACTORS
FOR THE DESIGN OF FLEXIBLE
PAVEMENT STRUCTURES, AASHO INTERIM GUIDE

Serviceability index expected to be reached at the end of de->
sign period: 2.0.

EQUIVALENCE FACTORS

AXLE LOAD SINGLE TANDEM
(LB) AXLES AXLES
2000-8000 0.006 —_—
8000-16000 0.18 0.02
16000-20000 1.00 0.08
20000-24000 2.35 0.17
24000-30000 5.80 0.42
30000-34000 12.00 0.83
34000-38000 20.00 1.38
3800044000 33.00 2.40
44000-48000 — 3.90

Pass. cars 0.0002

Source: AASHO (127, p. 19a).

was evaluated, the influence of environmental factors may
not be fully developed. For this reason, the Road Test was
considered by some investigators as a traffic-dominant
project. In view of the substantial difference between the
normal service life of a highway pavement and the short
time the Road Test was conducted, the thickness of pave-
ments determined by the Interim Guide method may not

TABLE 30

COEFFICIENTS OF RELATIVE STRENGTH
OF PAVEMENT COMPONENTS

COEFFICIENT °

PAVEMENT COMPONENT ar az as

Surface course:
Roadmix (low stability) 0.20

Plantmix (high stability) 0.44 *
Sand asphalt 0.40
Base course:
Sandy gravel 0.07"
Crushed stone 0.14 *
Cement treated (no-soil-
cement):
650 psi or more* 0.23°
400 psi to 650 psi 0.20
400 psi or less 0.15
Bituminous treated:
Coarse graded 0.34°
Sand asphalt 0.30
Lime treated 0.15-0.30
Subbase:
Sandy gravel 0.11 *
Sand or sandy-clay 0.05-0.10

a Compressive strength at 7 days.

b This value has been estimated from AASHO Road Test data, but not
to the accuracy of those factors marked with an asterisk.

¢ It is expected that each State will study these coefficients and make
such changes as their experience indicates necessary.

Source: AASHO (127, p. 22).



S-SOIL SUPPRORY VALUE

54

=1

L .
-6 X
F 0,>2.0 i
E .
o) "
! d .
3 - b
-
- 9 t !
L .q R
- 8 : § .
- ~ =
" - -g Soo 3,000 " 5 :. g :
? =3 s ol 2
[ g ' nooo\’*" = é X 2|
b = 2 ’ g o 2
2 40—-s00x 5 3 75
> a ®a : a 2F
)\ :_!‘ o o x| x L
S \Q o s) :‘ : 2 L L4
%'_6‘\‘::5-:0033 St af
- S o - ~xtso0 >~ a8 ef
) I™~ > w vt ol
3 a x 2 o~ s o
5 ' Yate ~ 3 [ =l
+ a4 - hé M;J 10 3 ~a i / g ~
s z -t o [
) 3 z ~2 [
m' e
b3 8 i
o -
r. 2 o :
- i :
' FLEXIBLE PAVEMENTS ' :
20-YEAR TRAFFIC ANALYSIS i .
CHART 400-1 s -
Figure 17. Design chart, flexible pavements, 20-year traffic analysis. Source: AASHO (127). o
be adequate for highways carrying relatively light traffic gineering and construction. Translation of the test re-

and located in areas where unfavorable environmental con- sults into conclusions as to cost responsibility requires,
however, extreme care and recognition of certain im-

ditions are likely to have adverse effects on pavement portant limitations of the results, For example, the
performance. trucking industry believes the test will not fully indicate

The planning of the AASHO Road Test in regard to the what is required in the way of a minimum highway fa-
composition, distribution, and speed of test traffic, and cility. All of the conditions necessary for testing such a

. - . facility are not being met in the so-called light-axle
the formulation of the load equivalence factors presented loop. The industry has specific reference to the lack of

in the Interim Guide, are controversial subjects. For ex- sufficient time fully to reflect the bearing of climatic
ample, the American Trucking Associations (8/) made the conditions and to the absence of traffic comparable in
following criticism: volume and speed with that anticipated in many in-

stances of highway use.

As stated earlier, the trucking industry, along with’ . . . . .
many other groups, assumes that the current AASHO The time available to measure the influence of climatic

I A, . . .-
Road Test will be helpful in providing reasonable an- conditions in the Road Test was insufficient. In addition,
swers to some of the problems involved in highway en- Road Test operations may not have been extensive enough
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Figure 18. Correlation chart for estimating soil support value. Source: AASHO (127).

to represent all combinations of traffic pertinent to pave-
ment design and evaluation. The time and funds available
for road tests usually are limited, and the actual investiga-
tions may not be carried out to the desired extent. In
formulating the AASHO equivalence factors, therefore,
interpolations and extrapolations of the Road Test results

are required to provide sufficient information for the entire
range of wheel or axle loads expected on highways. Con-
sequently, some errors necessarily will be involved when
the equivalence factors are applied in pavement design and
evaluation. These errors could be minimized if an analyti-
cal or rational method is employed. Such a method is
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urgently needed, especially for the investigation of the
effects on pavement costs due to increases in legal vehicle
limits.

A report of the International Road Transport Union (82)
emphasized that the effects of changes in legal vehicle
weights should be studied by “scientific” analyses instead
of by using the AASHO equivalence factors. Nevertheless,
as discussed herein and pointed out in the Union report, the
development of an analytical or a rational method is cur-
rently at such a stage that its application in engineering
practice would be impracticable.

Regardless of these limitations concerning the findings of
the AASHO Road Test, the Interim Guides’ equivalence
factors have been widely used by highway agencies (129).
This is due apparently to the general belief that, despite
certain limitations in the accuracy or validity of these fac-
tors, their application in pavement design represents a rea-
sonable approach in engineering practice and an improve-
ment of methods used previously for evaluating the effect
of traffic on pavement structures.

Design of Overlays

Flexible overlays usually are constructed over either flexi-
ble or rigid pavements. The required thickness of overlays
above flexible pavements may be determined by a pro-
cedure similar to that for the design of flexible pavements
for new construction, except that the coefficients of relative
strength of the layers in the existing pavement structure
should be reexamined and revised, if necessary, to account
for the deterioration of the compacted paving materials in
the period that the pavement has been opened to traffic.
Flexible overlays above rigid pavements may be designed
by similar procedures.

In recent years, extensive investigations related to the
design of overlays and pavement rehabilitation have been
conducted in various states. Their findings led to the de-
velopment of more refined procedures for the design of
overlays (83, 84). One approach is to perform deflection

measurements of the existing pavement and then determine

the required overlay thickness on the basis of established
criteria regarding the permissible deflection of the re-
surfaced pavement. Although this approach appears to be
preferable for the design of overlays in actual construc-
tion, its application for determining the effect of changes
in statewide incremental cost analysis is debatable because
of the excessive time and effort required. In the numerical
example in Appendix C the effect of changes on overlay
design is illustrated by the application of the Interim Guide
method for the design of flexible pavement structures.

Estimating Remaining Service Life of Existing Pavements

The service life of a pavement is related to traffic, pave-
ment structure, subgrade materials, and environmental con-
ditions. Insofar as traffic is concerned, it is usually repre-
sented by the number of equivalent 18-kip single-axle load
applications. Any modification in legal vehicle limits will
result in a change in the equivalent 18-kip single-axle load
applications. Consequently, the effect on pavements of
modifications in legal limits may be evaluated on the ba-
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sis of the corresponding changes in equivalent load
applications.

Several methods have been developed to estimate the
service life of existing pavements. One involves the appli-
cation of “survivor curves”—graphic representations of the
relationship between the age of different types of pavement
and the percentage surviving. This method may be applied
in a state where sufficient data are available for analysis.
Its sensitivity in regard to the evaluation of the effect of
changes would depend on the nature of available data.
Results from a survey conducted in this project indicate
that many states do not have sufficient information to
permit the use of this method.

“Manual B” of the National Transportation Planning
Manual (36) provides a procedure for estimating the re-
maining service life of a group of existing pavements: for
example, those of all primary highways in a county. Ap-
plication of this method requires the following information:

1. Present pavement condition (PSR, PSI, or equiva-
lent).

2. Pavement structure or thickness.

3. Soil support value (§) in the case of flexible pave-
ments,

4. Number of present equivalent annual 18-kip single-
axle load applications (EALA).

5. Average annual rate of traffic growth.

From this information, together with a prescribed mini-
mum tolerable condition of the pavements, a range of the
remaining service life can be estimated, “Manual B” pro-
vides tables for estimating the remaining service life of
flexible or rigid pavements with a minimum tolerable pave-
ment condition of PSR =2.1 or 2.6. Tables 31 and 32
(from “Manual B”) are for PSR =2.1. The remaining
service life of flexible pavements also depends on the soil
support value. To account for this influence the pavement
structure value should be adjusted, if necessary, according
to the data given in Table 33 (from “Manual B”). Appli-
cation of the data in the tables is illustrated in Appendix C.

The use of the foregoing procedure provides very ap-
proximate estimates of remaining service life as required in
transportation planning studies. For a more precise analy-
sis of a specific pavement section it is necessary to use other
methods, such as the one developed by Corvi and Bullard
(75). This method is based primarily on the findings from
the AASHO Road Test and the procedures in the AASHO
Interim Guides. The remaining service life of a pavement
section is estimated by using nomographs relating the
traffic factor with other variables affecting pavement per-
formance. Figures 20, 21, 22, and 23, show 4 of the
23 nomographs from the report by Corvi and Bullard (75).
The application of the nomographs is illustrated in
Appendix C.

Although the term “soil support value” is used in both
the Interim Guide method for the design of flexible pave-
ments (see Fig. 17) and the method reported by Corvi and
Bullard for estimating the remaining service life of existing
flexible pavements, there are significant differences between
the applications of this term in the two methods. These
differences are explained by Corvi and Bullard:
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TABLE 31

RIGID PAVEMENT—REMAINING SERVICE LIFE (MINIMUM
TOLERABLE CONDITION—PSR = 2.1)

Annusl traffic growth
ravemnt | Years of 1 to 3 percent % to 6 percent 7 percent and over
thickness . ".::;:u Pavement condition Pavement condition Pavement condition
::z Good ‘Patr ::z Good Fair Z:g Good Yair
Present equsvde.nt annual 18-kip eingle-axle load applications (EALA)

Over 20 Less than | Lese than [less than | Less than | Less than | Less than | Less than | Less then | Less than
17,999 10,999 3,999 f 12,999 1,99 2,999 8,999 4,999 1,99
18,000 11,000 §,000 13,000 8,000 3,000 9,000 5,000 2,000

16-20 to to to to to to to to to
5._999 14,999 ,,999 20,999 11,999 3,999 15,999 8,999 2,999
27,000 1$,000 5,000 21,000 12,000 k,000 16,000 9,000 3,000

Light 1-1% to to to to to to to to to
(M.o_Y.o) 52.999 2‘;999 7,999 §»999 21,999 60999 ”.999 17,999 5,999
‘ 43,000 25,000 8,000 37,000 22,000 7,000 31,000 18,000 6,000

6-10 to to - to to to to to to to
92,999 93,999 17,999 871,999 50,999 16,999 80,999 46,999 1,999
93,000 Sk ,000 18,000 88,000 51,000 17,000 81,000 &7,000 15,000

1-5 or or or or or or or or or

more more more sore more more more more more
Over 20 Less than | Less than |Less than | Less than | Less than | Less than | Less than | Less than | Less than
) 103,999 70,999 21,999 75,999 51,999 15,999 88,999 32,999 9,999
10k ,000 1,000 22,000 76,000 52,000 16,000 %9,000- 33,000 10,000

16-20 to to to to to to to to to
150,999 101,999 1,999 119,999 81,999 25,999 87,999 59,999 18,999
151,000 102,000 32,000 120,000 82,000 26,000 88,000 60,000 19,000

Medive 11-15 to to to to to to to to to
(har.!_,.o) 2‘2.999 19.999 51.999 211,999 1‘3!”9 “.999 17“:”9 118.999 37.999
243,000 165,000 52,000 212,000 184,000 §S,000 175,000 119,000 38,000

6-30 to to to to to to to to to
521,999 357,999 112,999 499,999 _ 338,999 106,999 458,999 310,999 97,999
$28,000 358,000 113,000 500,000 339,000 107,000 459,000 311,000 98,000

1-§ oy oy or or or or or or or

sore more more more more =re sore more more
Over 20 Less than | Less than |less than | Lees than [ less than ] Less than | Less than | Less than | Less than
511,999 382,999 125,999 817,999 219,999 9,99 268,999 179,999 58,999
572,000 | 393,000 | 126,000 | %18,000 | 280,000 92,000 | 269,000 ] 180,000 59,000

16-20 to <0 to to to to to to to
827,999 553,999 182,999 660,999 W1,999 145,999 483,999 323,999 106,999
828,000 55k , 000 183,000 661,000 | MA2,000 186,000 484,000 324,000 107,000

Beavy 1-15 to to to to to to to to to
(De9.1-11.0) 1,338,999 | 895,999 295,999 | 1,166,999 | 179,999 257,999 961,999 643,999 212,999
1,339,000 § 896,000 | 296,000 | 1,167,000 780,000 258,000 962,000 64h ,000 213,000

6-10 J to to to to to to to to to
2,905,999 | 1,942,999 | 1,999 |2,7%9,999 |2,838,999 | 606,999 2,524,999 | 1,687,999 | 556,999
2,906,000 | 1,943,000 | 642,000 | 2,750,000 |1,839,000 | 607,000 |2,525,000 |1,688,000 | 557,000

1-3 or or or or or or or or or

more nore more more more more more =ore ore

Source: ''Manual B" (36).




TABLE 32

FLEXIBLE PAVEMENT—REMAINING SERVICE LIFE (MINIMUM
TOLERABLE CONDITION—PSR = 2.1)
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Annual traffic grovth
Pavemat Yoars of 1 to 3 percent & to 6 percent 7 percent and over
structure "-in::u Paverment condition Pavement condition Pavement conditico
Very Yery Very
good Good Falir good Good Pair good Good Fair
Present equivalent anmual 18-kip single-axle load spplications (EALA)
Over 20 Less than | Lees than | Less than | Less than | Less than | less than | Less than | Less than | Less than
699 k99 93 99 299 99 29 199 59
700 500 100 500 00 100 300 200 60
16-20 to to to to to to to to to
999 699 199 899 V9 199 599 399 99
1,000 T00 200 900 S00 200 600 &00 100
Light 11-15 to to to to to to to to to
(8%e1.0-3.0) 1,999 999 299 1,k99 999 299 999 199 199 .
2,000 1,000 300 1,500 1,000 300 1,000 800 200
6-10 to to to to to to to to to
3,999 1,999 699 3,999 1,999 999 2,999 1,999 599
4,000 2,‘000 700 &, 000 2,000 600 3,000 2,000 600
1-5 or or or or or or or or or
more more more more moTe oTre =ore more more
Over 20 Less than | Less than | Less than| Less than | Less than | Less than | Less than | Less than | Less than
30,999 23,999 8,999 22,999 16,999 6,999 13,999 10,999 3,999
31,000 2% ,000 9,000 23,000 17,000 7,000 14,000 11,000 §,000
1620 to to to to to to to to to
W,999 33,999 12,999 35,999 26,999 9,999 25,999 19,999 7,999
45,000 3,000 13,000 36,000 27,000 10,000 26,000 zo,‘ooo 8,000
Modium 11-1% to to o to . to to to to te
(u_}.l*.’) 710999 55.999 20.999 62'999 ~7p999 11)” 5159” 39;9” 1‘-”
72,000 56,000 21,000 63,000 48,000 18,000 52,000 80,000 15,000 .
6-10 to to to to to to to to to
156,999 | 120,999 | M4,999 | 187,999 | 113,999 | 42,999 | 135,999 | 10,999 3,99
157,000 121,000 45,000 148,000 114,000 A3,000 135,000 105,000 39,000
1-% or or or or or or or or or
more more ®ore more woTe more more moT® more
Over 20 Less tdan | Less than | Less than| Less than | Less than | Less than | Lees then | Lees than | Leas than
356,999 n1,999 151,999 260,999 227,999 110,999 167,999 146,999 17,999
357,000 312,000 152,000 261,000 228,000 111,000 168,000 187,000 72,000
16-20 to to to to to to to to to
515,999 851,999 219,999 1,999 ¥0,999 175,999 301,999 263,999 128,999
- ;
516,000 | A52,000 | 220,000 | MN12,000 31,000 | 176,000 | 302,000 | 268,000 | 129,000
Beavy 11-1% o to to [7) to to to to to
(“.‘_‘.o) 03\.999 129,999 3’6'999 15:”9 635)999 30,999 599,999 5“.999 259,999
835,000 { 7%,000 | 357,000 | 727,000 | 63,000 | 31,000 | 600,000 | 525,000 | 256,000
6-10 to to to to to to to to to
1,810,999 | 1,588,999 773,999 | 1,713,999} 1,499,999 | 731,999 1,573,999 ] 1,376,999 | 671,999
1,811,000 1,585,000} T7%,000 | 1,714,000 | 1,500,000 §f 732,000 |1,57%,000] 1,377,000 672,000
1-9 or or or or or or or or or
sore sore moT® =ore wore wore woTe wre =ore
Source: 'Manual B" (36).
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TABLE 33

ADJUSTMENT TO PAVEMENT STRUCTURE VALUE
TO ACCOUNT FOR DIFFERENCE IN SOIL VALUE

PAVEMENT STRUCTURE VALUE

SOIL SUPPORT LIGHT MEDIUM HEAVY

VALUE SN=1.0-3.0 SN=3.1-4.5 SN=4.6-6.0
1.5 or less No change Decrease to  Decrease to
light medium
\
1.6-5.9 No change  No change  No change
6.0 or more Increase to  Increase to  No change

medium heavy

Source: ‘‘Manual B” (36).

In plotting the soil support scale for the flexible pave-
ment nomographs, the authors followed the procedure
recommended by the AASHO Committee on Design to
obtain the first point, §=3, and the maximum point.
However, they did not, as suggested, assign a value of
10 to the maximum point and assume a linear scale
between points 3 and 10 and extend the scale to 1.
Rather, they assigned a value of 110 to the maximum
point and assumed a logarithmic scale between the
value of 3 and 110 and extended the scale to 1.

A logarithmic scale, rather than the linear scale sug-
gested by the AASHO Committee on Design, was used
simply because good correlation between nomographs
at the different serviceability levels could not be ob-
tained with a linear scale.

The soil support values used in the Interim Guide
. method may be correlated with the data from laboratory
or field tests on the subgrade materials. One such test is
the method for determining the modulus of deformation of
the subgrade soil, developed in South Carolina (54). For
a number of years, this method has been used by the South
Carolina State Highway Department for the design of flexi-
ble pavement structures according to the Interim Guide
procedures. The correlation between the modulus of de-
formation and the soil support value in the Interim Guide
- is shown on the right side of Figure 24. The dashed lines
show that for a modulus of deformation of 4,000 Ib/sq in.
the soil support value is 7. As the figure shows, this
correlation is independent of the regional factor.

It is difficult to correlate the soil support value used in
the method reported by Corvi and Bullard with the modu-
lus of deformation determined by the South Carolina
method. This is because, unlike the Interim Guide method,
in the Corvi and Bullard method no regional factor is
involved. For this reason, any attempted correlation will
depend on the regional factor of the area where the pave-
ment section is located, An approximate correlation, how-
ever, is shown on the left side of Figure 24. The dashed
lines indicate that for a modulus of deformation of
4,000 1b/sq in. the soil support value is approximately 23.
In applying the Corvi and Bullard method for estimating
the remaining service life (see Appendix C), equivalent or
hypothetical soil support values are used to represent the
subgrade factor.

Computing Effects of Changes on Pavement Elements

Methods for the design of pavements and overlays and for
estimating the remaining service life of existing pavements
described previously permit the determination of the effects
of changes in legal limits on costs related to pavements.
Table 34 gives the required analyses for estimating these
incremental pavement costs. The effect on pavement main-
tenance cost is discussed in the following.

Substantial changes in legal limits may affect the main-
tenance cost of existing pavements, especially if they were
designed’ according to the original legal limits. How the
changes influence pavement costs cannot be determined by
methods comparable to those discussed previously. In a
survey conducted in this study, many states replied that
there had been some indication that pavement mainte-
nance costs had been affected by changes in legal vehicle
weight limits. Few states, however, have documented evi-
dence in this respect. In essence, if the effect of changes
on pavement maintenance cost is to be included in the cost
analysis, it would have to be estimated primarily on the
basis of experience and engineering judgment, unless traffic
and pavement maintenance cost data related to changes in
legal limits are available.

Figure 25 shows general procedures for determining the
effects of legal axle weight changes in an incremental cost
analysis, Details regarding the determination of the re-
maining service life of existing pavements and the design of
pavements and overlays appear in Appendix C.

FORECASTING EXTENT OF LOAD APPLICATIONS ON
HIGHWAYS UNDER NEW LIMITS

Traffic forecasts must be made for each class of vehicle that
might be affected by vehicle dimension and weight limits.
If it is assumed that the number of applications of equiva-
lent 18,000-Ib axles determines the pavement design, then
a forecast of the traffic stream by class of vehicle according
to axle arrangement is required. Further, it is necessary
to determine the weight distribution on each of the axles.
Thus, besides finding the ADT of each class of vehicle, the
investigator must decide whether a change will occur over
the forecast period in the distribution of axle weight and
in the total weights on the axles.

Load Applications Due to Trucks

The truck traffic forecast by class of vehicle can be ap-
proached by a study of transport by commodity class and
by the vehicle class most likely to be used in hauling each
commodity group. In making such a forecast, attention
must be given to the ton-miles of freight and the highway’s
share of the total tonnage that will be moved by all trans-
port modes. In recent years, the highway share of the
nation’s total freight haulage has gradually increased. This
increase may or may not continue, depending on many
factors now undergoing change.

Over the years the highway trucking industry has been
successful in increasing the average number of pounds of
payload per trip by improving management, dispatching,
and ordering, and by using vehicles with lighter tare
weights. Any probable future increase in payload per
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vehicle should be accounted for in the forecast of truck
traffic. The payload increase per trip, in effect, will reduce
the number of trucks on the highway. An examination of
past annual truck weight data gives some indication of the
trend.

Truck use in a particular state or political jurisdiction
is greatly affected by the legal limits on dimensions and
weights in surrounding states. This is an important con-
sideration in forecasting both traffic and truck practice
under higher limits of dimensions and weights. Interstate
trucking is so general that all truck movements must be
planned in the light of the requirements imposed by the
laws of each state to be entered or crossed. The laws of
the state with the minimum limits usually govern trucking
practice on any given trip.

Load Applications Due to Bus Operations

Table 35 gives the modal distribution of intercity passenger
demands, 1950 to 1969, expressed in passenger-miles. Al-
though total passenger movements increased at an annual
average rate of 4.2 percent, the private automobile served
most of this expansion. Domestic aviation also grew dra-
matically, although from a small base. Rail and motor

coach passenger movements declined. Service provided by
inland waterways, although increasing, remained compara-
tively unimportant.

Allocation of passenger traffic to modes shows the auto-
mobile predominant with, in 1969, 86.6 percent of all
intercity movements. Domestic airlines served 9.8 percent
of demands; motor coaches generated 2.2 percent of
national passenger-miles.

Of prime interest to this analysis is the bus. The
passenger-mile performance by intercity buses declined
sharply from 26.4 billion in 1950 to 19.9 billion in 1960
(Table 35). Thereafter, a recovery was achieved over the
1960’s to 24.9 billion by 1969, to give a modest decline for
the total period. The pattern in modal share for buses is
more alarming. Owing, it is surmised, to the rapid ad-
vances made by domestic air travel, the bus share of total
passenger-miles declined progressively from 5.2 percent in
1950 to 2.2 percent in 1969. This decline should not be
interpreted as indicating that intercity bus travel will even-
tually become insignificant. Important price differentials
between buses and the principal alternative mode, the air-
lines, dictate that buses will continue to serve low-cost
demands.
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TABLE 34

MAJOR ITEMS IN EVALUATING EFFECTS OF CHANGES
IN LEGAL VEHICLE LIMITS ON PAVEMENT COSTS

COST ITEM

(1)

ANALYSIS FOR ESTIMATING INCREMENTAL COST DUE TO
INCREASES IN LEGAL LIMITS

ASSUMING NO CHANGE
IN LEGAL LIMITS

(2)

ASSUMING CERTAIN
INCREASES IN
LEGAL LIMITS

3)

BASIS FOR ESTI-
MATING INCREMEN-
TAL COST RELATED
TO PAVEMENTS

4)

Construction for new
pavements or recon-
struction of existing
pavements

Construction for overlays
above existing pave-
ments

Cost of pavements con-

cerning remaining
service

Pavement maintenance

Determine required
thickness of pave-
ments.

Determine required
thickness of over-
lays.

Estimate remaining
service life of
existing pavements.

Estimate cost
to meet all
maintenance
requirements.

Same as in Col. (2),
except that in-
creased thickness
may be required
due to change in
legal limits.

Same as in Col. (2),
except that in-
crease in legal
limits may result
in a reduction in
remaining ser-
vice life.

Same as in Col. (2),
except that in-
crease in legal
limits may result
in an increase in
maintenance cost.

Difference in pave-
ment or overlay
thickness re-
ferred to in
Cols. (2) and
3).

Difference in the
remaining ser-
vice life referred
to in Cols. (2)
and (3).

Difference between
the values from
Cols. (2) and
(3).

However, buses do not appear to generate a significant
18-kip equivalent axle load. The principal interest of bus
operators is in increased vehicle width, as cited in Chap-
ter One. The influences of this parameter on highway
geometric design and traffic operations are discussed later.

Projection of Highway Load Experience—
Truck Weight Studies

Each year, as part of their annual collection of informa-
tion for the federal-aid highway planning projects, the
states weigh vehicles at permanent and temporary weigh-
ing stations. These studies are part of engineering and
economic investigations financed in accordance with Sec-
tion 307 (C), Title 23, U.S. Code “Highways,” and are
conducted in cooperation with the FHWA (86):

Truck weight data collected annually by the States are
the bases for estimating annual travel by each type of
truck, the ton-miles of cargo hauled via highway, year-
to-year changes in axle and gross weight frequencies and
comparison of the characteristics of actual usage with
administrative policies. The results are used at the State
and National levels in the consideration of transporta-
tion policy, allocation of highway costs and revenue,
size and weight regulations, establishment of geometric
design criteria related to the size and weight of vehicles,
in pavement design for the establishment of procedures
and design criteria, and for a variety of special admin-
istrative, planning, design and research studies. At the
State level, truck weight data are used in calculating
pavement loading in 18-kip equivalents or other com-

parable procedure, and in bridge loading analysis in
terms of both bending moment and fatigue. Safety stud-
ies require data relating class of operation, vehicle type,
time, highway type, and State registration to provide
exposure rates related to available accident data. Plan-
ning, program budgeting, and administrative studies re-
quire axle and total weight distribution data which can
be related to operational characteristics, taxation rates,
incremental construction and maintenance responsibility,
and enforcement effectiveness.

The continuity of the trends beginning in 1936 pro-
vides important indications of changing patterns in trans-
portation by highway compared to rail and other modes,
and provides a measure of the effect of changing policies
and regulations, changes in economic activity, and tech-
nological advances. The annual reporting by each State
of consistent reliable data which is representative of
truck usage of the various highway and street systems is
essential to the continuation of reliable output from
these studies and analyses.

Data from these annual trucking characteristics stud-
ies are summarized in a series of tables. Prior to 1970
it was the responsibility of each State highway depart-
ment to analyze the data collected and prepare a report
containing these tables. Arrangements have now been
made for the data to be transmitted to the Program
Management Division, Federal Highway Administra-
tion, in the form of data processing cards or card images
on magnetic tape. Appropriate summary tables are then
prepared by computer and returned to the States. In or-
der to satisfy the need for these data at the State level,
it is desirable that each highway department prepare an
annual report which includes basic tables and a suitable
narrative which can be made available to all users.
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TABLE 35 ’

INTERCITY PASSENGER-MILES, BY TRANSPORT MODE, 1950-1969

PASSENGER TRAFFIC, BY TRANSPORT MODE

MOTOR VEHICLES RAIL INLAND
REVENUE WATER- DOMESTIC
YEAR AUTOS COACHES TOTAL PASS. WAYS AIR TOTAL
(a) Billions of passenger-miles
1950 438.3 26.4 464.7 32.5 1.2 10.1 508.5
1955 637.4 25.5 662.9 28.7 1.7 22.7 716.0
1960 706.1 19.9 726.0 21.6 2.7 34.0 784.3
1967 889.8 249 914.7 153 3.4 87.2 1,020.6
1968 936.4 245 960.9 13.3 35 101.2 1,078.9
1969 977.0 24.9 1,001.9 12.0 3.8 111.0 1,128.7
(b) Percent passenger-miles, by mode

1950 86.19 5.20 91.39 6.39 0.23 1.99 100
1955 89.02 3.56 92.58 4.01 0.24 3.17 100
1960 90.03 2.54 92.57 2.75 0.34 434 100
1967 87.18 2.44 89.62 1.50 0.33 8.54 100
1968 86.79 2.27 89.06 1.23 0.32 9.39 100
1969 86.56 2.21 88.77 1.06 0.34 9.83 100

Note: Data subsequent to 1960 include Alaska and Hawaii.

Source: 1950-1967—Automobile Manufacturers Assn. 1970—Automo-

bile Facts and Figures, p. 54. 1968, 1969--ICC, Transport Economics,
Monthly Comment (Aug.-Sept. 1970, p. 14).

Reliability and accuracy—The success and value of
all uses of the truck weight data depend on the reliability
and accuracy of the data collected in the field. The field
procedures must be directed toward reliability of data,
while at the same time giving full consideration to effi-
ciency of operation and the safety of the traveling public
and the field staff. There must be a continuing effort to
develop citizen understanding and appreciation for the
State and Federal governments’ efforts to provide more
efficient and convenient transportation. Each of these
considerations must be weighed in selecting each station
location, scheduling the work and assigning personnel to
each task, sampling from the traffic stream, interviewing,
and obtaining weights and dimensions.

Studies made by individual states of the adequacy of
truck weight data for some purposes indicate that problems
arise in the size of the sample if the data are aggregated
into many categories. Alexander and Bowling (87) point
out that determining the weight breakdown of trucks into
18-kip axle equivalents causes some difficulty. Field weight
studies cannot be conducted on each design situation with-
out excessive cost.

One method, used in the past in highway design in
Georgia, consists of using statewide averages for 18-kip
equivalents based on data from all weight stations, broken
down into averages for each truck type and for rural and
urban road systems. Because of the many different types
of roads and design conditions, this method was not
successful. .

A second method sought to use data from a weight
station on a road similar to the road being designed. Al-
though this method provided a better estimate than state-
wide averages, it did not provide the accuracy needed.

A third method relates traffic classification counts to
truck weight data. Classification data are used to determine
average percentages of different truck types (cars, single-

unit trucks, and combinations) that might be expected.
With these estimated percentages applied to the design
road, and using average equivalents for each vehicle type,
an estimate of equivalent design loading is made. This
method provides more flexibility, although errors are intro-
duced in using average vehicle percentages and equivalents.

Buffington, Schafer, and Adkins (88) found significant
differences between most station and highway system av-
erages within vehicle types. Grouping stations according
to highway system, as well as geographically, failed to
produce homogeneous weight distributions. Much of this
variation was attributed to changes in the proportion of
loaded to empty tandem-axle vehicles. Part of the varia-
tion between station averages of vehicle and axle weights
was due to differences in weighing schedules and to small
samples that produce chance differences.

Combining all vehicles weighed at all stations produced
reliable averages of vehicle 18-kip axle equivalents. The
analysis concluded that considerably more vehicles must be
weighed to obtain average vehicle weights in 18-kip axle
equivalents than to obtain accurate average axle weights
in 18-kip axle equivalents. The study also concluded that
combining multiyear loadometer data produced more ac-
curate estimates of total 18-kip axle equivalents at each
station than did a single year of data, and removed some
of the differences due to sample size and weighing schedule.

Estimating New Total Highway Load Under New Limits

Fundamental to the analysis of highway department con-
struction and maintenance costs that would probably pre-
vail under a change in the legal maximum limits (normally
to higher limits) of gross weight or axle weight is the esti-
mation of the probable distribution of (1) the gross weight



of each class of vehicle, and (2) the axle weight of each
class of vehicle by single and tandem axles, separately.
Further, these estimates would be made for each road
system to be considered.

The probable expected gross weight distribution and the

probable axle weight distribution are requirements in the °

design of structures and pavements to accommodate the
new legal limits. The data also are necessary to estimate
the number of vehicles that would be used to transport the
projected total tons of cargo. These same estimates of
weight distribution are required in any analysis of the rela-
tive transportation economy to be achieved with the new
weight legal limits, as compared to existing legal limits.

Also essential to the over-all analysis is a forecast of
future highway use, with special attention to the effects of
the change in legal maximum weight limits. This discussion
is confined to estimating the two sets of weight distribu-
tions on the basis of 100 vehicles in each vehicle class; i.e.,
on a percentage basis of the total number for each vehicle
class in the traffic stream.

Gross weight and axle weight distributions under new
legal weight limits are estimated from truck weight data
collected yearly by state highway departments, or data that
could be collected by direct weighing of vehicles at the
roadside. In general, these weighings in the past have
supplied the following field data:

1. Average daily traffic volume of cars, buses, and each
class of truck.

2. Number of vehicles weighed in each vehicle class.

3. Designation of whether the vehicle weighed was
empty or with payload.

4, Weight of each axle on each vehicle weighed and the
total, or gross, vehicle weight.

5. Type of vehicle design (body), commodity carried,
axle spacing distance, and whether common, contract, agri-
cultural exempt, or private carrier. These items are shown
only for specific years.

From available data it is possible to calculate the follow-
ing for each class of vehicle:

1. Average empty weight.
2. Average loaded weight.
3. Average gross weight.
4. Weight distributions—percentages of weighed vehi-
cles by weight intervals:
(a) Empty vehicles.
(b) Loaded vehicles.
(c) Loaded and empty vehicles combined, gross
weight.
(d) Distribution of weight of each axle.
5. Payload weight per vehicle.
6. Total payload per vehicle class, and for all classes.
7. Percentage of gross weight carried by each axle for
each gross weight interval; say, 1,000-lb increments.

There has been no established procedure of using actual
field weighings and counts of trucks operating on the high-
way under current effective legal limits (including permit
operation of overload and oversize vehicles) to estimate
operating weights and frequencies by vehicle class under
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changed legal limits. In fact, such estimates were made
only once previously—by the BPR in its research of the
transportation economy of the legal maximums of vehicle
dimensions and weights (89).

In the current study, the attempt is made to devise one
or more procedures of estimating the gross weight distribu-
tion and axle weight distribution. One of the constraints
imposed is that the procedure is to be based on use of data
available within a given state and not taken from other
states that may be operating under legal limits that are
higher or lower than those in states under study.

Estimating Gross and Axle Weight Distribution for a
Specific Class of Truck Under New Limits *

The logic of the procedures is based on having available
the axle weight and gross weight distributions and other
data under existing legal limits, such data being taken by
weighing the trucks at roadside stations for a sufficient time
and number of locations to get a reliable sample.

The basic assumptions or logic used in the following
procedures are that, under new legal weight limits, (1) the
empty weight of the trucks will increase, assuming legal
weights are increased, to provide for the strength and
durability of the vehicle in use under heavier payloads;
(2) trucks will carry greater payloads per trip, and, there-
fore, operate with higher axle weights and higher gross
weights; and (3) operation under the new limits will
change somewhat in proportion to the change in the prac-
tical maximum gross weight of each vehicle class, which
is defined as the sum of the individual axle legal weights,
with the front or steering axle weights set at a reasonable
amount, consistent with that class of vehicle and what past
roadside weighing has shown as being normal practice.

It is assumed that, under the new legal limits, the change
in axle weight distribution will be generally consistent with
the increase in gross weight. The new distribution in axle
weight for each type of axle—single or tandem (all singles
may be added together and all tandems may be added to-
gether for the same vehicle class)—may be assumed to
retain the same ratio to the gross weight under the new
limits as was found in the roadside weighings.

To calculate a series of ratios it is first necessary to plot
two curves: (1) the accumulated percentage of the vehi-
cles that weigh within each of a series of gross weight
intervals of, say, 1 kip; and (2) the accumulated per-
centages of each axle type that weigh within each of a
series of intervals of axle weights of, say, 1 kip. From
reading the weight on each curve at a chosen series of per-
centages (say, each 5 percent) the data are obtained for
computation of ratios of axle weight to gross weight for the
series of percentages.

Examples of curves are shown in Figure 26, indicating
typical distributions of axle weights by vehicle class and
by states having axle limits of 18-kip single axle/32-kip
tandem axle, 20-kip single axle/35-kip tandem axle, and
22-kip single axle/38-kip tandem axle. Distributions also
are grouped by weights on single axles and tandem axles.
Dotted curves were extrapolated by judgment to indicate

* See Appendix B for a step-by-step example.
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Figure 26. Examples of curves showing distribution of axle weight by vehicle class from a truck weight study (solid curves).

trend distributions should 24/41 or 26/44 limits apply.
These curves do not reflect the results of the application
of the method assembled here.

Weight Interval Ratio Method

The method assembled and recommended to obtain axle
weight distributions by truck classification for all trucks
operating under a proposed new axle weight limit has six
phases. This concept differs somewhat from previous at-
tempts, and its execution is considered much simpler.
Using truck weight data, the first two phases are to calcu-
late adjusted average empty weight, adjusted gross weight,
and total payload carried by each vehicle class at the base
(present) limits.

From these distributions the third phase is to calculate
gross weight and total payload carried by each vehicle

class under the proposed new axle weight limit. These
projections permit the fourth phase: estimation of the
number of vehicles required to carry the original payload
under proposed limits.

The number of trucks in each vehicle class is then re-
distributed in the fourth phase to produce a series of axle
weight distributions that can be anticipated under proposed
limits. This distribution is for a total payload related to
each class.

These procedures are based on the following assumptions:

1. The lowest gross weight interval in the truck weight
data represents the lightest tare weight encountered.

2. At the gross weight interval equal to the original prac-
tical maximum gross weight (PMGW), the percentage of
vehicles at this interval will remain the same for the new
PMGW.
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3. The percentage of gross weights at any weight inter-
val between the lightest and the original PMGW will be
related in the same fashion to the new PMGW.

The fifth phase assigns the projections of annual motor
freight tons to each class of vehicle and to each class of
highway (viz., rural Interstate, rural primary) based on the
divisions found in the truck weight studies in the ADT mix
of those classes of highways.

The sixth phase converts these data into equivalent 18-
kip single-axle loads, using AASHO Road Test single-axle
equivalence factors for the various flexible and rigid pave-
ment designs.

The total highway load due to a proposed new axle load
limit is then the summation of the 18-kip equivalents for
each class of vehicle by highway classification.

Figure 27 shows a summary flow diagram of this process.
A more detailed flow diagram and a numerical example
of this estimation process appear in Appendix B.

DETERMINATION OF PHYSICAL EFFECTS ON
BRIDGES AND STRUCTURES

Bridges respond differently to loads, depending, mainly, on
the dimension, the material, the type of bridge, and the
basic design. The vehicle load is a function of gross weight,
axle load, and axle spacing. Several authors have at-
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tempted to explain various aspects of the effects of increas-
ing live loads on bridges.

In 1969, the Ontario Highway Department made a series
of studies (90, 91, 92) to determine the effect of vehicle
weight on bridges. These studies were motivated by a de-
sire to find a reliable method of determining how the com-
mercial vehicles could be licensed for normal operation at
the absolute maximum loads and still not subject the high-
way system to abnormal damage.

The report revealed that regulating only the gross weight
and disregarding axle-weight restrictions may overload the
bridges to a large extent.

The Ontario report gives a new method, as well as a
“bridge formula,” to calculate the maximum gross weight
of a vehicle that may be permitted with different combina-
tions of axle spacing and axle weight. In this method, the
load-carrying capacity of a bridge is allowed to exceed
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design loads by the application of the following criteria:

Unwelded steel beams . . 85 percent of yield stress.
Welded steel beams. .. 75-80 percent of yield stress.
Prestressed concrete. . . Modulus of rupture.

Reinforced concrete. . . 73 percent of cylinder strength.

Many studies (93, 94, 95, 96) have been conducted on
the fatigue strength and life of bridges, collecting data on
load spectrum and stress range through field observation
and tests. These tests reveal that, under current traffic
conditions, the bridges examined have fatigue lives well
over 1,000 years, and the bridges that have less traffic with
high-damage range would have shorter lives than the ones
that have more volume with low-damage range. The heavi-
est traffic in these studies had an annual commercial traffic
volume of 860,000, which is about 40 percent of the annual
total traffic volume of 2,150,000.

Bridges are the principal highway structures of concern
in evaluating the impact of a contemplated change in legal
vehicle limits. However, other minor structures, such as
retaining walls and culverts, may be affected by some form
of change and should be included when physical impacts
on the highway system are considered.

It was evident that any evaluation technique or method
selected would involve some compromise between accuracy
and detailed analysis, and the economics of the applica-
tion of the method in resources required to perform the
evaluation.

It was assumed in this approach that the method as-
sembled would be suitable for the computation of the
structural cost of elements for most types of bridge struc-
tures in current highway system inventories. It was recog-
nized that there would be an occasional highly specialized
design type, such as a suspension bridge, an arch bridge,
or a truss-type bridge, that would require specific structural
analysis rather than some general analysis technique.
Therefore, these specialized structures were not included
in the general methodology. More specific forms of analy-
sis would be applied to these specialized structures, which
represent only a fraction of the total in any state.

Bridges are individual and respond to loads differently.
Because of the complexity of the variables involved, a study
of each bridge under each live load condition is impractical
(even though possibly desirable) because of the extensive
time and effort required. The method must be simple in
application. It should be- office-procedure oriented instead
of purely theoretical—statistical rather than specific. How-
ever, simplicity must not sacrifice mathematical rigor.
Sound engineering assumptions must balance formidable
mathematical complexity. For these reasons, the method
cannot be expected to substitute for the detailed engineering
analysis of an individual structure to determine its specific,
individual structural integrity.

The method should be capable of evaluating the five
most commonly used general bridge types: flat slab, re-
inforced concrete T beam, reinforced concrete box girder,
prestressed concrete girder, and steel girder. In addition to
the girder system, other major structural parts of a bridge—
deck, pier, and foundation—must be included in the analy-

sis. Each is affected potentially by a change in load limits.

The change in live load, resulting from an increase in
legal vehicle weight limit, probably will have an adverse
structural effect on existing bridges. Qualitatively, increases
in live load may be expected to decrease serviceability,
accelerate deterioration, shorten structural life span, and
conceivably cause failure of some structures. Ideally, any
increase in live load beyond the original design should
require immediate new construction to the new standard.
Obviously, such upgrading requirements applied to an en-
tire highway system cannot be so easily accomplished,
practically or economically.

Fortunately, the safe live-load-carrying capacities of ex-
isting highway bridge structures generally are higher than
the original design loads. This suggests that only a portion
of the existing bridges would require immediate replace-
ment under certain ranges of possible new load limits.
Frequent overload, within reasonable limits on some
bridges with certain materials and span ranges, may re-
duce the life span considerably, but may not cause im-
mediate failure. Bridges in this category may be service-
able for a sufficient time to defer immediate reconstruc-
tion. Further, some structures may be capable of being
strengthened to accommodate the increased loading.

The method therefore should permit the determination
of the aggregate structural behavior of groups of bridges
under the proposed new load limits. The structures in the
inventory would be apportioned into three groups:

1. Unsafe and cannot be reasonably strengthened—re-
quires immediate replacement.

2. Overstressed in part or total, but can be reasonably
strengthened—continue in service with modification.

3. New load is within or reasonably near the allowable
design limits—continue in service without change.

From these categories and a complete inventory of the
bridges in the system, the approximate or relative cost
impact of the new loading can be estimated. Obviously,
this introduces another essential condition for any evalua-
tion technique——the existence or availability of a detailed,
comprehensive systemwide bridge inventory. Without such
data as input, it is inconceivable how any rational general
evaluation can be made and still have reasonably accurate
results.

The problem of evaluating the cost impact of the new
limits to new construction appears more direct and simpler.
Methods for this category of bridge cost are to be treated
separately from that required to evaluate existing structures.

The method proposed here is believed to be effective and
systematic. Numerical examples and other data given will
permit highway departments to apply the technique and
perform the cost impact study of their bridge structures.
The derivation of a step-by-step computational method for
structures, and numerical examples illustrating its applica-
tion, appear in Appendix D.

Ontario Method

The Ontario reports (91, 92, 93) offer a relatively sound
mathematical and engineering concept for examining the
effects of different types of axle group combinations on



bridge structures. Various factors that influence the bridges,
such as materials and design type, were taken into consid-
eration. The method focuses on the regulation of vehicle
weights, Cost impact was not the purpose of that study.
The “bridge formula” derived therein related only to the
effect of loads on superstructures and disregarded the effect
on substructure elements of the bridges, which is acceptable
because the substructure has a higher dead load to live
load ratio than the superstructure.

In general, most of the concepts presented in the Ontario
reports may be adopted and tailored to suit some of the
needs of this study.

Logical Development of Proposed Method

Figure 28 shows the logic flow of the proposed method. It
shows the approximate relationships of the various elements
of the method involved in estimating the total cost, by
increments, assignable to proposed new legal vehicle limits
on structures.

Inputs

Inputs are the inventory of structures, the estimated aver-
age unit costs, and a summary statement of vehicle weight/
size and configuration, including the frequency and traffic
mix of the vehicles using the new limits.

Classification

From the inventory, existing structures are classified by
bridge type, original design load, span group, and the
recorded material quantities of the original design.

The summary of vehicle weight/size and configuration
is used to calculate and classify the overstress factors under
the new load limits. Upon establishment of criteria for
permissible overstress factor, which may be adjusted as
desired by the user, the serviceability of the bridge is esti-
mated and the bridges are assigned to one of the following
categories:

1. Needs Immediate Replacement: For these bridges,
the next step is to determine the material quantity ratio and
to perform a cost analysis.

2. Post Bridge to Original Limit: Here, the decision to
permit the posting of a bridge to the original limit is an
operational rather than a technical problem. Some states
see no difficulty in operating their systems under a multiple
load classification; others deem this type of operation
undesirable or unenforceable.

3. Strengthen to Serve New Load Limit: Some bridges,
because of their design and construction, cannot be
strengthened economically. These bridges may be auto-
matically excluded from this category. Other bridges
which, by nature of their design, can be economically
strengthened are examined for overstress factor. If the
overstress factor falls within an acceptable range, an ap-
proximate cost analysis for strengthening is then conducted.

4. Upgrade Load Rating to Serve New Load Limit With-
out Modification: Structures in this category should
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undergo a fatigue life analysis to determine the extent of
shortened life of the structure due to the new loads. A
cost analysis is performed on bridges whose useful life is
appreciably affected by new lad limits.

Secondary Structures Cost Studies

Cost studies are made of secondary highway structures,
such as culverts and retaining walls, that might be affected
by a change in limits.

Compute New Construction Requirements

New construction of highway structures should have been
identified in the planning included in the Fiscal and Needs
Studies. The planned construction is based on retirements
and projected new facilities. Using these programs as a
base, compute the cost of new construction if designed and
built in conformance with the new load requirements.
When these new costs have been estimated, the cost dif-
ferential for the new construction to the new limits, and
therefore that amount assignable to the changes, would be
the cost difference between the planned and the newly de-
signed bridge structures. The difference is then included
in the total incremental cost study.

Maintenance Cost Increment

Certain maintenance costs for structures will have been
identified from existing cost records. The probable impacts
on these costs are discussed and certain judgment factors
are applied to determine maintenance cost increments, if
any, due to new load limits.

The literature search disclosed no authoritative refer-
ences on the relative importance of the several factors that
contribute to structure maintenance costs. Some of the
factors, such as painting costs, obviously bear little or no
relationship to loads. Other factors, such as bridge deck
maintenance costs, probably are jointly related to both
weather conditions (deicing chemicals) and load frequency
and magnitude. Still other maintenance costs may be re-
lated primarily to load. Load is more properly dealt with
under the general heading of fatigue life, and is so con-
sidered in this report.

Assuming that relatively small changes (in the order of
=+20 percent) in current load limits are within the probable
scope of consideration under this study, either of the two
methods of estimating changes in structure maintenance
costs will yield acceptable results for over-all evaluation
purposes. It can be assumed (1) that structure mainte-
nance costs are independent of load limits. Application of
this assumption will of course show no change in costs
from current experience records. Or, it can be assumed
(2) that structure maintenance costs are linearly related
to maximum permitted gross vehicle weights.* It is be-
lieved that the application of this method will show a
probable boundary limit of change in maintenance costs.

* New maintenance cost equals the ratio of proposed gross vehicle

weight to present maximum gross vehicle weight times current average
maintenance COSsts.
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Figure 28. Logic flow for determining effects of changes in incremental cost analysis.

Secondary Structure Cost Analysis

Box Culverts—The overstress ratio for box culverts with-
out earthfill is similar to that of flat slab bridges. The effect
of live loads on box culverts becomes less significant as the
depth of earthfill increases. When this depth is equal to or
greater than the width of the culvert, the effect of live loads
may be negligible. For depths of earthfill between these
two limit points, the overstress factor is interpolated be-
tween the overstress without earthfill and zero overstress
on the basis of the ratio of earthfill depth to culvert width,
Other types of culverts are neglected for the purposes of
this study.

Retaining Walls—Except for very low walls, the effect
of additional live loads applied as surcharge usually is

small compared to the effect of lateral soil pressures in-
volved in the design of retaining walls. In the design of
retaining walls, high safety factors are used to account for
sliding, overturning, etc. The overstress factor, and hence
the increase in cost chargeable to legal limit changes, are
so small that they can be neglected for the purposes of this
study.

Impact of Increased Legal Limits on Bridge Rails.—The
criteria in AASHO specifications for designing bridge rails
aim at the protection of average passenger cars but not
heavy trucks or truck trailers. For heavy trucks, a safe
design may involve unjustifiable high cost. If the same
viewpoint is held, an increase in legal loads generally will
not alter the design of handrails.



However, one could not totally disregard the importance
of bridge rails to trucks and truck trailers in some urban
areas. In those cases where an accident could mean a more
severe economic damage and social impact, stronger rails
become increasingly important. To the researchers’ knowl-
edge, no study is available on this topic.

IMPACTS OF VEHICLE DIMENSIONS AND
PERFORMANCE ON GEOMETRIC DESIGN

Highway geometric design practices and policies usually
are based on critical design vehicles whose characteristics
are assumed to be representative of most of the vehicles
using the facility. In the manner discussed for bridge de-
sign, the parameters of the critical vehicles are chosen so
that the limiting case can be explored and properly ac-
commodated in that particular design element. From these
investigations, design policies and standards are established
and applied to the highway system.

So that a new limit of weight or size can be properly
evaluated, the new relationships between the inherent char-
acteristics and performance of vehicles and these limits
must be developed and compared with existing relation-
ships. Changes in geometric design criteria can be deter-
mined, and assessed for economic impact on reconstruction
and new construction of the highway system to accommo-
date the advanced vehicle. Likewise, the impact of per-
formance of these vehicles operating in mixed traffic can be
determined.

Sizes and weights play an important role in determining
elements of geometric design. Legal limits are imposed on
these parameters by all states. Truck performance also
influences geometric design. The weight/horsepower ratios
of existing heavier vehicles impose physical limitations on
the speeds of these vehicles on level and on grade and limit
their passing performance. Only two states appear to
legally control the maximum weight/horsepower ratio,
even though legal regulation of this ratio has been recom-
mended by both AASHO and FHWA (BPR) at various
times.

Truck braking capability, as it affects stopping-sight dis-
tances, passing operations, performance on downgrades,
etc., influences highway geometrics. In view of the inti-
mate relationship between truck performance and highway

geometric design and operations, it appears judicious to

consider some legal limits on the performance capabilities
of heavier vehicles, because they do restrict operation of
vehicles in mixed traffic and the flow of traffic, particularly
on grades.

Horizontal and vertical alignments are two principal de-
sign elements that appear to be influenced by truck dimen-
sions and performance. Although existing data are in-
adequate for making conclusions as to the ultimate effects
of truck characteristics on highway geometrics, some tenta-
tive conclusions may be drawn.

Geometric Design—Horizontal Alignment

The offtracking characteristics of trucks and truck com-
binations should be considered in determining the roadway
design criteria for pavement widening of horizontal curves
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on rural highways, pavement width and radius of curvature
of on- and off-ramps of freeways and Interstates, design of
intersections, and minimum median widths of divided high-
ways where truck turns are to be permitted.

Sight-distance requirements dictate criteria for vertical
and horizontal curves as well as passing zones, and are
directly related to braking distance of both trucks and
private automobiles.

Lane widths may be influenced if the legal width of
trucks and buses is increased. Studies of the transverse
positions of truck and car mixed traffic have been con-
ducted to establish present pavement width standards, but
these arrived at no judgment factors as to how an increase
in vehicle width would affect these standards.

Offtracking Characteristics of Trucks and Truck
Combinations

The definition of offtracking has many variations; for
example:

® “In general, offtracking is defined as the difference in
the path of the first inside front wheel and of the last inside
front wheel as a vehicle negotiates a curve” (97).

e “Offtracking is the difference in the path of the inside
front wheel and of the inside rear wheel as a vehicle or
combination vehicle negotiates a curve” (98).

e “The difference in radii from the turning center to the
vehicle centerline at the foremost and at the rearmost axles
of a vehicle or combination is called offtracking” (37).

e “Offtracking is the difference in radii from the turning
center to the vehicle centerline at the foremost and rear-
most axles of a vehicle or combination, and represents the
increase beyond the tangent track occasioned by a turn”
(99).

e “Offtracking is the path of the outside of the outer
tire on a rear or trailing axle that deviates inward toward
the center of a turn from the circular path of the outside of
the outer front tire, while the vehicle or trailer combination
is making a turn” (100).

Figure 29 shows the equivalence of these various defini-
tions. The basic three dimensions are essentially the same
value, and differ only in the end reference points.

The turning track width is the radial distance between
the turning paths of the outer front tire and the outside of
the rear tire nearest the center of the turn. This path is
the sum of the maximum offtracking distance and the out-
side width of the tires on the same axle. (In this definition,
as well as those for offtracking, it is assumed that this tread
is the same for all axles.)

Offtracking varies directly with wheelbase of a unit and
inversely with the radius of turn. The magnitude of off-
tracking is affected in combinations by the number and
location of articulation points, by the length of the arc and
the type of curve, and by the speed and turnability of the
wheels. Variations of driver skills, inflation and condition
of tires, loads on steering axles, amount of superelevation,
velocity and direction of wind, speed of approach of ve-
hicle, and pavement condition also affect offtracking.

Offtracking is determined by two general approaches:
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Figure 29. Equivalence of various definitions of offtrack-
ing. Source: WHI (101).

(1) analytically by models, graphs, and equations, and
(2) by road tests using actual vehicle combinations. Only
in road tests can some of the factors mentioned in the
previous paragraph be accommodated.

Offtracking determination by models, such as the tractrix
integrator, uses scaled devices to trace the wheel paths and
centerlines on scaled drawings. This means is most flexi-
ble in determining offtracking associated with compound
curves. The resulting product is useful in analyzing the
effects of offtracking on certain geometric designs such as
intersections.

Mathematical determination of offtracking generally is
simple and unsophisticated. It is based on the solution of
the triangle formed between the turning radius of the front
and rear wheels and the vehicle wheelbase when the com-
bination is in a circular turn (99):

OT =/ WP + (/ TRE — WB: — HT)®
—¢/ TR: — WB* + HT

in which

OT = offtracking;

WB = wheelbase;

HT = % front wheel track; and
TR = turning radius.

In addition to the difficulty of applying this simple equa-
tion to compound curves, the method does not easily indi-
cate the point where maximum offtracking occurs. It also
does not apply to very restrictive turns where the center of
the turning radius is less than the combination wheelbase.

A short form of the equation, which drops the considera-
tion of one-half of the front wheel track, has been sug-
gested (101):

MOT=R,—R*— V(L + L L+ L+ L% . ..)

in which

MOT = maximum offtracking;

R, = turning radius of outside front wheel;

L, = wheelbase of tractor;

L, = wheelbase of first trailer or semitrailer;

L, = distance between rear axle and articulation
point (pintle hook);

L, = distance between articulation point and front
axle of next trailer; and

L, = wheelbase of trailer.

A further simplification is:
MOT =R, — VR — 3(L)®

Figure 30 shows the general relation between maximum
offtracking, and the sum of the squares of the vehicle
wheelbases and turning radii using the simplified equation.

Table 36 indicates maximum offtracking of typical truck
combinations with indicated dimensions.

These data relate to wheel tracks only. Not accounted
for in these calculations is the projected swept area due to
vehicle overhangs between wheels and bumpers and pro-
jections outside of the wheel tread. These projected areas
obviously affect the clearances required on the roadway
between passing vehicles on turns and fixed objects along
the roadway.

Pavement Widening of Curves

On earlier highways with narrow pavements and sharp
curves it was common practice to consider widening the
pavements so that operating conditions on curves ap-
proached those on tangents. This was considered desir-
able because any vehicle occupies a wider path in nego-
tiating the curve because of offtracking and because of the
influence of “slip angle” of tires with respect to the direc-
tion of travel. “Slip angle” depends on speed, tire tread
design, and the amount of friction developed to counteract
the centrifugal force not compensated by superelevation.
In widening curve pavements a further consideration is the
driver’s feeling of security in steering the vehicle through
the curve at various speeds.

AASHO Policy (102) regarding pavement widening on
curves on rural highways suggests that a minimum widen-

‘ing of 2 ft be used on restrictive curves. No widening is

recommended for 24-ft-wide pavements where curves are
10° or flatter. Table 38 gives calculated and design values
for pavement widening on open highway curves for one-
or two-way two-lane pavements. This table contains the
note: “Where semitrailers are significant, increase tabular
values of widening by 0.5 [ft] for curves of 10 to 16 de-
grees, and by 1.0 [ft] for curves 17 degrees and sharper.”
Thus, offtracking characteristics of other combinations, as
well as their widths, will have a similar influence if the total
path (track) width is correspondingly greater than the SU
design vehicle used to arrive at the values in the table. For
curves less than 10° (greater than 400-ft radius), differ-
ences in track widths among the SU, WB-40, and WB-50
design trucks are considered insignificant. (For design
vehicle dimensions, see Table 37.)



Figure 30. Maximum offtracking of vehicles according 1o the squares of their wheelbases and radius of
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Figure 31 shows the derivation of Table 38 values. It
can be concluded that an increase in legal vehicle width of
0.5 ft would increase the track width by at least that
amount, and possibly more if front and rear overhang is
of the same proportion as in present vehicles. Thus, two-
lane pavement widening on curves would be increased by
at least 1 ft. With curves greater than 17°, the increase
would approach 2 ft. The single-unit design truck assumed
by the AASHO Policy has a wheelbase of 20 ft, front over-
hang of 4 ft, rear overhang of 6 ft, over-all length of 30 ft,
and a width of 8 ft (96 in.).

The AASHO Policy also provides for doubling these
design width values for curves on four-lane undivided high-
way pavements.

Vehicle Roll-Over

Curvature of most rural highways is limited by the amount
of lateral load factor permissible in excess of that reacted
by superelevation of the roadway. For almost any pas-
senger car, any passenger-limited lateral acceleration pro-
duces roll moments far below the critical value for the
vehicle (103).

However, loaded trucks generally have a higher center-
of-gravity (CG) to tread width ratio. Such a factor de-~
serves special consideration, for the lateral forces could
produce a near-to-critical roll moment for certain speeds

curvature. Source: WHI (101).

and curve radii. Measurement of CG height is impractical
in normal operations. Loading practices of the vehicle
operator vary, as does the nature of the load. Regulation
of this factor appears remote, but speeds of such vehicles
should be carefully controlled to a value below this near-to-
critical point.

Pavement Widths at Intersections

Pavement widths of turning roadways at intersections are
governed by volumes of turning traffic, types of vehicles to
be accommodated, and whether one- or two-way operation
is permitted. Widths also depend on whether passing of
stalled vehicles on the turning section is permitted.

Table 39 gives basic design policy recommended by
AASHO for pavement widths of turning roadways. Three
traffic conditions and three cases of traffic operation are
cited, Full clearances assumed for the design vehicle
combinations are:

DESIGN TRAFFIC CONDITION

A B c
Case I P SU WB-40
Case 11 P-P P-SU SU-SU
Case II1 P-SU

SU-SU WB-40-WB-40

3000



TABLE 36

MAXIMUM OFFTRACKING OF VARIOUS TRUCK COMBINATIONS

LENGTH
OVERALL  EACH WHEELBASE AND HITCH DISTANCE MAXIMUM OFFTRACKING
LENGTH  TRAILER FT. 165' CURVE RADIUS
TYPE PROFILES SYMBOL FT. FT. © AB BP; P;C CP, P,D DE EPy P3F FG 2 4 FT6 8

Single Unit J- 3 40 33 %

Truck 3.4

3-Axle Tractor- "_ 2-S1 40 27 10 25 H
Semitrailer 2.3

4-Axle Tractor- Q-H 2-52 50 40 11 33

Semitrailer 4.0

5-axle Tractor- OH 3-52 50 40 11 33 P
Semitrailer 4.0

5-Axle Tractor- CH 3-82 55 40 16 33

Semitrailer 4.2
~ 5-Axle Txactor~ﬂ" 3-s52 60 45 16 38
" Semitrailer 5.4

5-Axle Tractor- Swgh—e 3-52 65 40 17 7 29

Semitrailer Stinger 3.4

5-Axle Truck M 3-2 60 27 19 4 13 20 ﬁ

and Trailer 2.4

5-Axle Truck a—_- 3-2 65 30 21 4 13 23

and Trailer

s-axle Doubles gL 2-51-2 65 27 10 20 3 6 21

7-Axle Triplets M2-51-2-2 95 27 10 20 3 6 21 3 6 21

9-Axle Doubles m 3-52-4 100 40 16 30 3 6 34

Source: WHI (101, pp.46-47).

9L



TABLE 37

DESIGN VEHICLE DIMENSIONS

77

Design vehicle Dimensions in feet
Front | Rear
Wheel- | ) . | Overall! Overall :
Type Symbol base gw;;rg %:;rg length | width Height
Passenger car P 11 3 5 19 7 —_
Single unit
truck SU 20 4 6 30 8.5 13.5
Semitrailer
combination, | WB-40 13427 4 6 50 8.5 13.5
intermediate =40
Semitrailer
combination, | WB-50 20430 3 2 55 8.5 13.5
large =50
Source: AASHO (102, p. 86).
SU DESIGN

W = WIDENING FOR 2-LANE PAVEMENT ON CURVE,FT,

W e W - Wy
We=2(U+C) +F ¢ 2

We: WIDTH OF 2-LANE PAVEMENT ON CURVE,FT.

Wn:=WIDTH OF 2-LANE PAVEMENT ON TANGENT, FT,

U = TRACK WIDTH OF VEHICLE (OUT-TO-0OUT TIRES),FT.

C :LATERAL CLEARANCE PER VEHICLE, ASSUMED 2,2.5
8 3FT. FOR Wy OF 20,22 8 24 FT RESPECTIVELY.

Fp = WIDTH OF FRONT OVERHANG,FT.

2 =EXTRA WIDTH ALLOWANCE FOR DIFFICULTY OF

DRIVING ON CURVES, F T,

ELEMENTS OF PAVEMENT WIDENING
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U = TRACK WIDTH ON TANGENT {OUT - TO - OUT) 8.5 FT. FOR SU
R - RADIUS ON CENTERLINE OF 2-LANE PAVEMENT, FT,
L = WHEELBASE, 20 FT. FOR SU
A : FRONT OVERHANG, 4 FT. FOR SU
V : DESIGN SPEED OF HIGHWAY, MPH

VEHICLE

(S
s

Wn

Figure 31. Pavement widening on curves: basis of derivation. Source: AASHO

(102, p. 184).
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TABLE 38

CALCULATED AND DESIGN VALUES FOR PAVEMENT WIDENING ON OPEN
HIGHWAY CURVES (2-LANE PAVEMENTS, ONE-WAY OR TWO-WAY)

Widening, in feet, for 2-lane pavements on curves for width of pavement on tangent of: - .
Degree 24 feet feet 20 feet
mfrfve Design speed, mph Design speed, mph Design speed, mph
30 40 50 60 70 80 30 40 50 60 70 30 40 50 60
1 0.0 0.0 0.0 0.0 00 0.0 0.5 0.5 0.5 1.0 1.0 1.5 1.5 1.5 2.0
2 0.0 0.0 0.0 0.5 0.5 0.5 1.0 1.0 1.0 1.5 1.5 2.0 2.0 2.0 2.5
3 0.0 0.0 0.5 0.5 1.0 1.0 | 1.0 100 1.5 1.5 2.0 20 2.0 2.5 2.5
4 0.0 0.5 0.5 1.0 1.0 1.0 1.5 1.5 2.0 20 20 2.5 25 3.0
5 0.5 0.5 ‘1.0 1.0 1.5 1.5 2.0 2.0 2.5 2.5 3.0 3.0
6 0.5 1.0 1.0 1.5 1.5 20 2.0 2.5 2.5 3.0 3.0 35 .
7 05 10 1.5 1.5 2.0 2.5 2.5 3.0 3.5
8 1.0 1.0 1.5 2.0 2.0 2.5 3.0 3.0 35
9 1.0 1.5 2.0 2.0 25 3.0 3.0 35" 40
10-11 1.0 1.5 2.0 2.5 3.0 35
12-14.5 1.5 20 2.5 3.0 3.5 4.0
15-18 2.0 3.0 4.0
19-21 2.5 35 4.5
22-25 3.0 4.0 50
26-26.5 35 4.5 55

NOTE: Values less than 2.0 may be disregarded.
3-lane pavements: multiply above values by 1.5.
4-lane pavements: multiply above values by 2.

Where semitrailers are significant, increase tabular values of widening by 0.5 for curves of 10 to 16 degrees, and by 1.0 for

curves 17 degrees and sharper.

This indicates partial clearance for the following traffic
operational conditions: full clearance for either one-way
traffic movement with no provision for passing (Case I);
one-way traffic movement with provision for passing stalled
vehicle (Case II); or two-lane operation either one- or
two-way (Case III). For instance, width specified for
Case II, Condition A, for a radius on inner edge of pave-
ment of 150 ft is 14 ft, a width that will allow a passenger
car to pass another stalled passenger car, as indicated by
P-P symbol. An additional 2-ft width in the turning road-
way, or 16 ft, would be required to permit a passenger car
(P) to pass the single-unit (SU) design truck.

Partial clearance, defined as that operating condition
requiring shorter lateral clearance between vehicles (such
as lower speeds, and more caution and skill by the drivers)
is given in the AASHO Policy as:

DESIGN TRAFFIC CONDITION

A i\ B [od
Case I WB-40 WB-40 WB-50
Case I1 P-SU P-WB-40 SU-WB-40
Case 111 SU-WB-40 WB-40-WB-40 WB-50-WB-50

These design widths are derived from the relationships
shown in Figure 32.

The roadway width for turning roadways, as distinct
from pavement widths given previously, includes shoulders
or equivalent lateral clearance outside the edge of traveled

Source: AASHO (102, p. 186).

pavement. These vary as a function of whether the curve
is on level terrain or in a cut or on fill. Generally, at
ground level, for short right or left turns within a channel-
ized intersection, a lateral clearance for the outside pave-
ment edge of at least 2 ft is essential, and 4 ft is desirable.
If the turn is at ground level, of intermediate or long length,
or is in a cut or on fill, the recommended minimum clear-
ance is 4 ft for the left edge and 6 ft for the right edge.
Desirable clearances are 6 to 10 ft at left and 8 to 12 ft
at right.

Clearances recommended at underpasses and at over-
passes follow those shown for typical situations in Figures
33 and 34, respectively.

This discussion of pavement widths for both long curves
and for turning roadways uses AASHO Policy figures,
which may or may not conform to a specific state’s design
standard. Differences may occur where the critical design
vehicle assumed by the state differs from that used in
developing the AASHO Policy.

Measurement of the impacts of curves and turns on
design features must begin by computing and comparing
proposed vehicle widths and offtracking characteristics with
those of the critical design vehicle. Changes in turning
widths can be computed as a result of this comparison.
Costs to meet the additional width could then be assigned
to those vehicles benefitting from the legal limit changes.

Such changes not only affect additional pavement, but
also generate requirements for additional bridge deck
widths, and additional cuts and fills required to maintain
adequate lateral clearances. Such costs must be included.
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W:2(U+Cl+F,tFgtZ or
W:2U+F, +Fg+10

— CASE Il —
2-LANE OPERATION—ONE- OR TWO-WAY

U = Track width of vehicle (out-to- out tires), ft.
Fa: Width of front overhang, ft.

Fa: width of rear overhong, tt.

C : Total lateral clearance per vehicle, ft.

7 : Extrg width allowance due to a:f ficulty of
driving on curves, ft.

Note: in the formulas tor coses O 8 II 1t the
possing vehicles are of dif terent type, 2V

becomes U, + U,

Figure 32. Pavement widths on curves at intersections: basis of derivation. Source: AASHO (102, p. 333).
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Figure 33. Clearance at underpasses. Source: AASHO (102, p. 511).
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TABLE 39

DESIGN WIDTHS OF PAVEMENTS FOR TURNING ROADWAYS

Pavement width in feet for:

R v Case I Case 1I Case III
Radius on 1-lane, one-way 1-lane, one-way 2-lane operation
inner edge operation—no operation—with —either one-way

of pavement, provision for provision for or two-way
feet passing passing a stalled
vehicle
- Design traffic condition

A B C A B C A B C
50 18§ 18 23 23 25 29 31 35 42
75 16 17 19 21 23 27 29 33 37
100 15 16 18 20 22 25 28 31 35
150 14 16 17 19 21 24 27 30 33
200 13 16 16 19 21 23 27 29 31
300 13 15 16 18 20 22 26 28 30
400 13 15 16 18 20 22 26 28 29
500 12 15 15 18 20 22 26 28 29
Tangent 12 15 15 17 19 21 25 27 27

Width modification regarding edge of pavement treatment:

No stabilized :

shoulder None None None
Mountable curb None None None
Barrier curb:

one side add 1 None add I’

two sides add 2’ add 1’ add 2’
Stabilized : Deduct . shoulder

shoulder, None width; minimum Deduct 2’ where
one or both pavement width shoulder is 4’ or

sides as under Case I wider

Traffic Condition :A—Predominantly P vehicles, but some consideration for
- SU trucks; values in table VII-7 are somewhat above

those for P in table VII-6.

Traffic Condition B—Sufficient SU vehicles to govern design, but some con-
- sideration for semitrailer vehicles; values in table VII-7
for cases I and III are those for SU in table VII-6. For
case II, values are reduced as explained below.

Traffic Condition C— Sufficient semitrailer, WB-40 or WB-50 vehicles to govern
design; values in table VII-7 for cases I and III are those
for WB-40 in table VII-6. For case II, values are reduced.

Source: AASHO (102, p. 338).

Lane Widths

Studies have shown that, from ideal standards of driver
convenience, and ease of operation and safety, it is de-
sirable to construct all highways with lanes 12 ft wide and
usable shoulders of 6 to 10 ft (104). But to establish this
as an absolute minimum lane width is impractical with
limited resources committed to highway construction and
maintenance. Marginal lane widths less than 12 ft Lan be
operationally acceptable if traffic volumes are low, if only
moderate truck volumes are in the traffic stream, and if
relatively low design speeds are feasible. Pavement widths
of 20 ft, and under some circumstances 18 ft, can be
acceptable for some two-lane roads.

The report of a basic study performed in 1945 (105 ) is
still a prominently referenced work on the transverse place-
ment of vehicles as influenced by roadway width. Exten-
sive speed-placement studies performed on instrumented

sections of highways of various widths in 10 states were
reported therein. At that time, 95 percent of the 256,000
miles constituting the “dustless™ primary rural state high-
way system were two-lane roads, and 48 percent of these
were less than 20 ft wide. Therefore, the availability of
24-ft two-lane highways limited the study to one sample
site for measuring traffic conditions related to that width.
This is not to detract from the value of the study, for
later experience and studies have confirmed its conclusions,

One of the main purposes of the study was to observe,
record, and analyze driver behavior as reflected in the
choice of speeds, positions in lanes under free-moving -
traffic conditions, and placement in the lane when meeting
opposing vehicles and passing vehicles traveling in the same
direction.

Results indicated that free-moving vehicles travel closer
to the centerline than to the edge of the pavement, regard-
less of lane width. Except when traffic volumes were large,



LEFT CLEARANCE
ALTERNATE I

APPROACH SHOULDER
WIDTH DES- AND MIN.
1:5' SAFETY
THROUGH curs

’£
‘ m ‘PAVEMENT
B ’

'

ALTERNATE I

THROUGH

/APPROACH SHOULDER WIDTH
; THROUGH ,-H THROUGH ‘ r CURB
lb smvwem PAVEMENT % !l PAVEMENT ; il

81

RIGHT CLEARANCE
ALTERNATE 1 ALTERNATE I

APPROACH SHOULDER
WIDTH DES. AND MIN.

15’ SAFETY

ON LOW VOLUME ROADS 3,5' DES., 25'MIN,

A. ALL SHORT STRUCTURES, AND THOSE LONG STRUCTURES
(EXCEPT WITH LONG SPANS) WHICH HAVE A RATIO OF DHV TO CAPACITY GREATER THAN 0,75

4,5' DES.
35' MIN

3.0' DES
2,0' MIN

THROUGH
l 1;7 smvEMEN_T

15 SAFETY |
CURB ’1

= 45" DES.

. 4,5 DES : p= )
4:5' DES 3,0 MIN X0’ DES 15 SAFETY 35 wiN.
3,5 MIN 2,0' MIN f. CURB ‘
THROUGH THROUGH | THROUGH
PAVEMENT PAVEMENT, | PAVEMENT

77 ‘
MINIMUM ON LOW VOLUME ROADS |' LESS

8. LONG SPAN STRUCTURES, AND OTHER LONG STRUCTURES
WITH RATIO OF DHV TO CAPACITY OF LESS THAN 0.75

3.0' DES.
(2.0' MIN.

mvwzm?

AUXILIARY LANE
1 THROUGH -1 ﬂ THROUGH
[L; iPAVEMENT ‘ !

1,5 SAFETY CURB

3.0" DES.
~0,0" MIN

5:0' DES,
0,0' MIN

THROUGH

r

50" DES,
2,0° MINTN

THROUGH

\_PAVEMENT ﬂ l
’7 / ‘.

1,5 SAFETY
CURB

C. LONG AND SHORT STRUCTURES WITH AUXILIARY LANES
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there was always a definite difference in lane placement of
free-moving vehicles when compared with placement of
vehicles meeting opposing traffic. Body and edge clear-
ances for meeting or passing vehicles were identified as
critical factors in judging the adequacy of pavement width.
It was found that drivers of commercial vehicles traveled
closer to the centerline when meeting other commercial
vehicles on 18-ft pavements than on 20-ft pavements. Only
on 24-ft pavements were drivers apparently satisfied with
both edge and center clearance, as indicated by their choice
of a placement near the center of their lanes.

Drivers of passenger cars preferred a body clearance of
about 5 ft when meeting other passenger cars, or a clear-
ance of about 3 ft between their left front tire and the
centerline. Such clearances cannot be achieved until pave-
ment reaches 22 ft (11-ft lanes).

It was concluded that pavement widths adequate to ac-
commodate meeting-vehicle clearances were more than
adequate for passing maneuvers. The report also con-
cluded that desired clearances for mixed traffic required a
24-ft pavement (12-ft lanes).

The FHWA conducted a test track investigation in day-
light and under free-flowing conditions to consider whether
lateral clearance is related to steering control behavior. The
criterion for selective judgment in lane placement in this
human factors study (106, 107) was basically the same as
that in the 1945 study.

The driver uses laterally angular velocity to determine
the placement of his vehicle when he meets another vehicle
or object. The study measured the threshold of a number
of drivers to detect or perceive this angular velocity by a

change in lane placement. From test data, the probability
of a deviation from present lane position (lane placement
change) was determined using 10 experienced drivers.
Various approach speeds and apparent vehicular widths
were incorporated into the test conditions. Lateral body
clearances of 4.6 ft at the relative velocity of 154 fps were
required to exceed the threshold of angular velocity detec-
tion. With 4.6-ft clearance on 11-ft lanes, the frequency
of change in the lane placement was 84 percent of the
time. On 12-ft lanes, the frequency was 42 percent.

It was found that small changes in apparent approaching
vehicle width caused large changes in the frequency and
magnitude of lateral lane placements, Pavement markings
did not significantly reduce lateral displacement of meeting
vehicles. .

Capacity of a highway for uninterrupted flow conditions
is affected adversely by a decrease in lane width. Using a
12-ft lane as a standard, an effective lane width of 11 ft on
two-lane highways reduces the capacity to 88 percent; for
a 10-ft lane, capacity drops to 81 percent; and a 9-ft lane
has only 76 percent of a highway with 12-ft lanes. On
multilane highways, the reductions are, respectively, 97,
91, and 81 percent (104).

The incidence rate of accidents before and after pave-
ment widening was shown to improve from 21.5 to
46.6 percent, depending on original accident rate and
original traffic volume (108).

On four-lane divided highways, AASHO Policy recom-
mends a 12-ft lane, with 13-ft lanes considered for high-
ways that accommodate many large combinations. How-
ever, with a wider-than-12-ft lane, drivers tend to use a
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single lane as two effective lanes in some situations. That
accident incidence rates tend to increase on 13-ft lanes, as
compared to 12-ft lanes, is an indication of this practice.

Shoulders and Lateral Side Clearance

Shoulders provide an emergency escape for vehicles and
a place to stop out of traffic when the vehicle fails. They
structurally support the main pavement edge and control
pavement drainage. On narrow-lane roadways, trucks (and,
to some extent, passenger cars) tend to use shoulders as
the traveled way when meeting other vehicles. Adequate
shoulders give the driver a sense of security and thereby
enhance traffic flow.

On highways with 12-ft lanes, however, the relationship
of shoulder width to truck dimensions appears to be gov-
erned by the width required for truck emergency stops
clear of traffic. Wide trucks on adequate shoulders aggra-
vate the situation. But any vehicle or grouping of vehicles
that appears in distress or in an accident situation slows
traffic because of the “rubbernecking” of curious drivers.

Signing

Signing is a means of communication with all highway
users. Its effectiveness is reduced by vehicles that block
the sign from view of all drivers. Trucks contribute sig-
nificantly to this blockage, particularly on multilane high-
ways with more than one lane of travel in each direction.

The probability of blockage of signs has been analyzed
from the standpoint of the geometry of the problem (109).
A driver’s vision will be blocked if a vehicle comes be-
tween him and the roadside sign. The shape and speed of
this “shadow” is a function of truck and other vehicle
speed, truck size and position, and sign size. Lane widths,
road length and geometry, and position of driver’s line of
sight also influence the problem. The solution of this
problem appears very general because of the several ran-
dom variables involved. The relationship between the
probability of blockage, ADT, and percentage truck mix
was not apparent in the study; more work was suggested
by the investigator.

The severity of consequences of sign blockage would
depend on the relative value and importance of the com-
munication being attempted, and could be an additional
basis for warrants for overhead placement of signs and
increasing the number of signs carrying the same message.
It is recommended that research be extended toward that
objective.

Driver Visibility

Sight distance is a critical design factor in determining
distances required for passing on two-lane highways and for
stopping. The distance traveled between the point an object
is visible to the driver, whose vehicle is proceeding at or
near design speed, and the point at which he can stop his
vehicle is often crucial. Conventionally, the time is broken
down into components of perception and brake reaction
time and braking distance.

Sight distance is a function of geometry of roadway. On

vertical curves and in some horizontal alignments, eye-level
height limits the sight distance. The configuration and ele-
vation of trucks usually provide an increased sight distance
because of higher driver eye level.

Perception and brake reaction time varies with skill and
attentiveness of drivers. The usual average value for this
combined time is 2.5 sec, a conservative figure from results
of limited experimental data.

Vehicle Braking Distance

A standard formula, used for computing braking distance
in the AASHO Policy, is:

d="V2/30F
in which

d = stopping distance, feet;
V = initial speed, mph; and
F = coefficient of friction.

To account for gradient of roadway, this equation may
be modified (103):

d __r
“30(F T

in which g is percent of grade.

The coefficient of friction varies with tire tread design
and wear, and types and conditions of roadway surfaces,
including whether wet or dry. The AASHO Policy as-
sumes conservative coefficients in computing data given in
Table 40.

N

Braking Performance of Trucks and Buses

Figure 35 compares braking distance of truck combinations
from actual road tests of controlled trucks with the braking
distance in the AASHO Policy. Tests were conducted on
trucks in excellent state of maintenance. Skilled mechanics
constantly checked and adjusted brakes. Tires and equip-
ment were new, or relatively so. Drivers were picked care-
fully. As a result, the data shown probably represent op-
timum values. Deterioration in any of these factors is
known to occur in normal operations. The brake tests con-
ducted by BPR were panic stops from only 20 mph, which
falls below the lowest speed in the AASHO Policy. Com-
bining these factors, it appears that some reconsideration
of these distances is in order. AASHO Policy states that
the values given reflect passenger-car operation. It points
out that the eye levels of truck drivers are higher than those
of passenger-car drivers. Trucks are conceded to be gen-
erally slower than passenger cars. The two factors are
claimed to offset the braking distance differential between
the two types of vehicles. Greater stopping distances were
desirable.

Relationship Between Braking Performance and Acci-
dent Incidence.—The complex relationship between brak-
ing capabilities of current commercial vehicles and the
frequency of accidents involving these vehicles is neither
completely understood nor statistically documented. Based
on the hypothesis that such a relationship does exist, the
National Highway Traffic Safety Administration, DOT,
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Figure 35. Comparison of braking distance of truck combinations from tests with braking distance in AASHO Policy.

initiated the “Bus, Truck and Tractor-Trailer Braking Sys-
tem Performance Study” (110) to: (1) determine, by
vehicle testing, the range of braking performance cur-
rently exhibited by these vehicles; (2) establish their maxi-
mum braking performance, based on existing brake system
technology; and (3) recommend a national braking
standard.

Ten baseline vehicles equipped with standard braking
systems were tested for minimum stopping distance, and
maximum deceleration, loaded and empty. The results of
these effectiveness tests are given in Table 41 and shown in
Figure 36.

The vehicles also were tested for various modes of brake
failure, where deceleration performance and stopping dis-
tance was determined (Table 42).

Fade and recovery tests were conducted where all ve-
hicles were decelerated from test speed at 15 ft/sec? to
10 mph and then accelerated back to test speed. These

cycles were repeated until the specified deceleration rate
could no longer be achieved. The city bus and the tractor-
trailers failed to fade after 10 cycles, and tests were
discontinued after this series of runs.

Brake response time of tractor-trailer combinations was
measured by using pressure transducers at various points in
the system. Response time for brake application was de-
termined as the time from the beginning of pressure rise at
the treadle valve to the time the pressure at a given axle
reached 60 psi. Release time was measured from the time
the pressure began to drop at the output of the treadle valve
to the time pressure at a given axle dropped to 5 psi.

Brake rating tests were conducted by towing the test
vehicle on a flat surface at a constant velocity with braking
force equivalent to that required to maintain constant
velocity on a 7 percent descending grade. Towing force,
determined by a towbar dynamometer, was averaged and
corrected for rolling resistance, and used to calculate
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TABLE 40
MINIMUM STOPPING SIGHT DISTANCE

Assumed | Perception and | Coefficient |Braking [Stopping sight distance
Design| speed for | brake reaction of distance . Rounded
speed | condition | Time |[Distance friction |on level] Computed | for design
mph mph sec. feet f feet feet feet

Design Criteria—WET PAVEMENTS
30 28 2.5 103 .36 73 176 200
40 36. 2.5 132 33 131 263 275
50 44 2.5 161 31 208 369 350
60 52 2.5 191 .30 300 491 475
65 55 2.5 202 .30 336 538 550
70 58 2.5 213 .29 387 - 600 600
75% 61 2.5 224 .28 443 667 675
80* 64 2.5 235 27 506 741 750

Comparative Values—DRY PAVEMENTS

30 30 2.5 110 .62 48 158
40 40 2.5 147 .60 . 89° 236
50 50 2.5 183 58 144 327
60 60 2.5 220 .56 214 434
65 65 2.5 238 56 251 489
70 70 25 257 55 297 554
75 75 2.5 275 54 347 622
80 80 25 293 .53 403. 696

* Design speeds of 75 and 80 ‘mph are applicable only to highways with full con-
trol of access or where such control is planned in the future. .
Source: AASHO (102, p. 136).

average braking force, energy (horsepower) absorption various advanced systems. These included trucks with disc
rate of the brake, and total energy absorption. brakes and tractor-trailers equipped with proportioning
Trucks and tractor-trailer components were tested with valves, adaptive brakes to prevent lock-up, and a trailer

TABLE 41
EFFECTIVENESS TEST SUMMARY, BASELINE VEHICLES

MIN, STOPPING DISTANCE (FT) MAX. DECELERATION (FT/SEC?)

v EMPTY LOADED EMPTY LOADED

VEHICLE (MPH) NO® SOME® NO SOME NO SOME NO SOME
Light truck 60 238 150 219 191 20.0 28.0 23.0 250
Medium truck 60 322 282 307 — 13.0 137 12.6 —
Heavy truck 60 316 248 263 262 132 158 155 155
School bus 40 108 84 119 —_ 19.0 220 20.0 —
Intercity bus 60 290 221 202 — 16.3 21.5 19.5 —
City bus 40 93 72 89 — 20.5 240 20.3 —
Tractor-trailer

2-S1 60 291 258 292 — 155 170 15.2 —_
Tractor-trailer

2-S2 60 328 320 322 — 15.0 20.0 20.0 —_
Tractor-trailer

3-82 60 366 247 376 299 14.0 16.0 14.0 16.1
Tractor-double

trailer 60 395 294 309 — 15.0 18.8 16.6 —

a Indicates no wheels locked, or some wheels locked.
Source: Murphy et al. (110).



85

—

207

1545

Deceleration (ft/sec®)

101

Loaded
Loaded

TRURINNY

e TANNYATAARRRNTAVANNNNNNN

Empty

Heavy School giltt:r.

Trucks Buses

Tractor-Trailers

Figure 36. Maximum deceleration capability, baseline vehicles. Source: Murphy et al. (110).

brake synchronizing system. Results of these tests are
shown in Figure 37.

Based on these test results, a three-stage program of
safety standards for braking systems was recommended

TABLE 42

(Table 43). Step 1 represents standards that are achiev-
able by current design practice as demonstrated by baseline
vehicle performance. Before Step 2 can be implemented,
further development and testing of advanced systems, such

PERFORMANCE OF TRUCKS AND BUSES UNDER FAILURE CONDITIONS

MAX. DECEL. MIN. STOPPING
v (FT/SEC?) DISTANCE (FT)
VEHICLE TYPE OF FAILURE BRAKES USED (MPH) EMPTY LOADED EMPTY LOADED
Trucks:
Light Front brakes Rear only 60 11.5* 73 380 620
Rear brakes Front only 60 15.5 9.0 281 484
Power boost Service 60 26.0* 17.0 160 238
Medium  Power boost Service 60 13.0®* 55 352 744
Heavy Service brakes Hand 60 1.5 1.0 1594 2200
Buses:
School Service brakes Emergency 40 9.2 6.0 188 287
Intercity  Service brakes Emergency 60 6.8 5.8 571 710
City Service system Hand 40 8.1 5.0 212 437
Rear door opening Rear 40 8.0 51 235 350

a Lock-up of one or more wheels.
Source: Murphy, et al. (110).
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as load-sensitive proportioning systems for certain vehicles,
are required to attain the limit of tire-road interface tractive
capabilities of truck tires now available, with due regard to
realistic braking efficiencies.

The report also identified certain other factors for seri-
ous consideration. More effective brakes will necessitate
stronger suspensions and adjacent vehicle structures. Larger
brakes on front axles may require new front axles and steer-
ing system designs, including, perhaps, power steering. In-
creasing deceleration capability may require reevaluation of
cargo restraint methods for trucks and passenger restraints
for buses. Stability of vehicles with high center of gravity,
particularly straight trucks, may be critical at higher de-
celerations, and may require further study and evaluation.
Maintainability and reliability of advanced systems in
actual service environments require particular attention.

During the testing program, it was observed that tractor-
trailer combinations presented a special challenge because
of brake balance. A tractor may perform well with one
trailer and not with another. Based on this experience, it
was recommended that tractors be certified to pull only
trailers which, by calculation and test, have been proved
compatible.

Passing Maneuvers.—The classic analysis of passing
maneuvers on two-lane highways divides the maneuver
period into three phases: (1) perception and reaction time;
(2) time the passing vehicle occupies the left lane in pass-
ing the slower vehicle; (3) time required to return to the
right lane. Distances covered during these phases, and the
distance and placement of an opposing vehicle, determine
the passing sight distance to be allowed in highway design.

The distance traveled during the initial maneuver, d,, is:

d, = 1.47tl(v —m +_aEt1—>
in which

t, = time of initial maneuver;

a = average acceleration, mphps;

v = average speed of passing vehicle, mph; and

m = difference in speed of passing vehicle and passed
vehicle, mph.

The distance passing vehicle occupies the left lane, d,, is:
d,=1.47vt,
in which

t, = time passing vehicle occupies left lane, seconds; and
v = average speed of passing vehicle.

The clearance length, d,, is the distance the passing ve-
hicle must proceed beyond the passed vehicle when the
passing vehicle pulls back into the right lane. Passing
studies indicate this distance varies between 110 and 300 ft.

The distance traversed by the opposing vehicle, d,, is
assumed to be %5 d, if the opposing vehicle is traveling at
the same speed as the passing vehicle. Figure 38 shows the
elements of the passing maneuver and the total passing
sight distance for a two-lane highway as a function of pass-
ing vehicle speed. Table 44 gives these elements and total
for various speed groups and average passing speeds.

As a result of acceleration tests of trucks having weight-
to-horsepower ratios of 100 to 400 Ib/ghp, the passing time



TABLE 43
THREE-STAGE IMPLEMENTATION OF BUS, TRUCK, TRACTOR-TRAILER

BRAKING SYSEM SAFETY STANDARDS

87

MIN.
BRAKING

EFFICIENCY THERMAL

AIR BRAKE
RESPONSE TIME

SPECIAL SYSTEMS

STAGE (%) CAPACITY (sec) REQUIRED
Step 1:
Immediate action Per SAE 1786 Application: None
program 65° specs. @ 15 Tractor-0.25.
ft/sec? min. Trailer-0.35.
Release:
Tractor-0.50.
Trailer-0.70.
Step 2: : Application: Static load proportion-

Intermediate program 75° Test upgraded to Tractor-0.25. ing system.

heaviest duty Trailer-0.30.

cycles experi- Release:

enced in class Tractor--0.30.

of service. Trailer-0.40.
Step 3:

Ultimate program (per- No change from No change from Improved tires anti-
formance equaling or step 2. Step 2. lock system.
approaching passenger
cars) 24" 85¢

a2 For surfaces having peak truck tire-road friction coefficients between 0.2 and 0.8.
b With upgraded tires such that peak truck tire-road friction coefficient is at least 0.85.
¢ For surfaces having peak truck tire-road friction coefficients between 0.2 and 0.9.

Source: Murphy et al. (110).

and distance have been graphically determined (see Fig.
39). In this example, it was assumed that a 55-ft tractor-
semitrailer traveling at 20 mph was being passed by a 65-ft
twin-trailer combination accelerating from 20 to 35 mph.
Forty-foot clearance was assumed to apply before and after
the passing maneuver.

From acceleration performance data, the passing dis-
tance vs weight/horsepower ratios were plotted in Fig-
ure 40. The passing time vs weight/horsepower ratios were
plotted in Figure 41. The solid curves show the variance
of test data and are used to develop the passing perform-
ance envelopes shown in Figure 42. For example: a ve-
hicle having 300 lb/ghp ratio probably would require
19.5 sec to pass and a passing distance of 770 ft. How-

ever, passing time could vary from 17 to 22 sec, and pass- -

ing distance could vary from 690 to 830 ft, depending on
vehicle condition, environmental conditions, and driver
performance.

The passing distance of a twin-trailer combination of
65-ft length and that of a semi-trailer combination of 55-ft
length were compared in an American Trucking Associa-
tions report (44). Using the following relationship for
two-lane roads, the passing time is:

T :L,+L8+ 150
? 147V
in which
L; = length of faster vehicle (car=18 ft);

L,=length of slower vehicle (combination truck:
55 or 65 ft);

150’ = 75-ft allowance for puil-out distance and
75-ft allowance for return-to-lane;
1.47 = conversion factor (mph to fps); and
V = speed difference between vehicles (mph).

For four-lane roads, the expression omits the 150-ft
allowance for pull-out and return-to-lane.

The expression assumes a constant speed throughout the
maneuver, and therefore is maximum time. Acceleration,
which is normally encountered by the passing vehicle dur-
ing the maneuver, will reduce the time.

Application of these equations results in the time dif-
ferences given in Table 45.

Geometric Design—Vertical Alignment

The impact of unique truck performance characteristics
that contrast with similar performance characteristics of
other vehicles has been most obvious on the vertical align-
ment of highways, particularly in regard to grades and
truck climbing lanes. '

Truck Performance on Grades

Grades, weight/horsepower ratio of trucks, and the tractive
effort developed by them on grades must be considered in
the establishment of geometric design standards. The
speeds at which trucks negotiate grades depend, for ex-
ample, on the speed at which they enter the grade, and the
steepness, length, and condition of the grade.

Huff and Scrivner conducted road tests to develop a
curve similar to Figure 12 and comparisons were made
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Figure 38. Elements of and total passing sight distance, two-lane highway. Source:
AASHO (102, p. 143).

TABLE 44

ELEMENTS OF SAFE PASSING SIGHT DISTANCE—
2-LANE HIGHWAYS

Speed group, mph 30-40 40-50 50-60 | 60-70
Average passing speed, mph 349 - 43.8 52.6 62.0
Initial maneuver: |
a—average acceleration, mphps* 1.40 1.43 1.47 1.50
1=time, seconds* 3.6 4.0 4.3 4.5
d.=distance traveled, feet | 145 215 290 370
Occupation of left lane:
f.=time, seconds* 9.3 10.0 10.7 11.3
d.=distance traveled, feet 475 640 825 1030
Clearance length: )
ds=distance traveled, feet* 100 180 250 300
Opposing vehicle:
© dy=distance traveled, feet 315 425 550 680
Total distance, d:+d.+ds+d,, feet 1035 1460 1915 2380

* For consistent speed relation, observed values adjusted slightly.
Source: AASHO (102, p. 144).
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TABLE 45

COMPARISONS OF TIME TO PASS A 55-FT
AND A 65-FT COMBINATION *

2-LANE TIME TO PASS 4-LANE TIME TO PASS

)
. | (SEC) (SEC)
I_Qp_ l DIFF. 55-FT  65-FT ADDED  55-FT 65-FT  ADDED
e 4_ |
600 | (MPH) COMB. COMB. TIME COMB. COMB. TIME
. I | 5 30.34 31.70 1.36 9.93 1129 136
q Approximate Tolerance Zone |} | | 10 1517 1585 068 497 565 0.8
Environmental Variables i1 I ! 15 10.11 1057 046 331 376 046
400 { 4 + .
! l H ® Within the range of normal passing speeds (5 to 15 mph difference),
l‘ l l l the added 10 ft in length requires no more than 114 extra sec, and often
- '7-| ‘-'-l T-I ;l less than %2 sec. Further calculations show that, at an auto speed of
' 8 8 g =) 60 mph and a combination speed of 50 mph, only a total of 60 addi-
| "l MI "' tional ft of travel are required to pass the longer 65-ft combinations—
200 1 ] I I less than a 5 percent increase on a two-lane road.
1. [
1| | |
Y Y Y T | T T
5 10 15 ) 20 25 30

Passing Time Sceonds

Figure 42. Passing time and distance for low-speed pass by various weight/
horsepower ratios. Source: WHI (39).

with SAE procedures (/7/1). By using these values of the
ratio of net driving force of driven axles, P, to gross weight,
W, in their equations, similar speed-distance curves were
developed, as shown in Figures 43 and 44.

A comparison of the computed curves with the measured
gradeability curves showed a reasonable degree of con-
sistency. Measured speeds were from 1 to 3 mph greater
than computed speeds. Net driving force acting at any
sustained speed was assumed greater, on the average, than
when the truck was in the process of accelerating or de-
celerating through the same speed. Test curves also con-
tained irregularities in motion which were explained in
some part by gear shifting.

Although these discrepancies were noted, it was con-
cluded that the curves were representative of the perform-
ance of the test truck on grades. These curves are those
employed in the AASHO Policy (102).

In a study and reevaluation of warrants for climbing
lanes, Williston (712) determined the effects of upgrades
on mixed traffic actually encountering three magnitudes of
grades at three separate sites. Vehicle classifications in this
study were: regular passenger cars; compact passenger
cars; panel and pickup trucks; single-unit truck; and tractor-
trailer combinations. Vehicle speed was measured under
normal conditions with radar speed-meter equipment.

The data gathered for each site were processed by the
use of a BPR Speed Check Analysis Computer Program.
The mean speeds of the various vehicle classifications on
the three grades are shown in Figures 45, 46, and 47, and
compared there with existing warrants.

The study considered the results as conclusively support-
ing the fact that truck deceleration speeds have increased

substantially since the establishment of existing decelera-
tion curve warrants, and concluded: “If trucks in the
future continue to increase in speed as much as they have
in the past the need for truck climbing lanes where ap-
proach speed is in the category of 50-60 mph, such as those
found on almost all 4-, 6-, and 8-lane expressways, will be
significantly reduced.”

. However, it pointed out that more research is needed
on various grades where a lower average approach speed
exists. Such data are needed to establish warrants for truck
climbing lanes at lower speed limits, and secondary high-
way systems. Accident history on the grades studied was
missing; the report recommended additional research.

Truck Climbing Lanes.—Climbing lanes on long, sus-
tained upgrades usually are provided where they may be
useful in maintaining traffic service levels approaching that
realized on flat sections of the highway. On these grades,
the difference in speeds between passenger cars and trucks
increases and passing opportunities are less frequent. When
significant truck volumes are encountered, the trucks take
up more space (i.e., have higher passenger-car equivalents)
than on level sections. Drivers of passenger cars tend to
attempt to pass without adequate sight distances. Incidence
of accidents increases as a result of this w111mgness to risk
safety for travel progress.

The AASHO Policy states maximum grades for various
design speeds for main highways (Fig. 48). For short
grades (less than 500 ft and one-way downgrades), the
maximum grade can be about 1 percent steeper. For low-
volume rural highways, grades may be about 2 percent
steeper.

This discussion indicates that the maximum grade is not
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a complete design control. Length of grade affects vehicle
speeds, particularly those of trucks. “Critical length of
grade” indicates the maximum length that a loaded truck
can operate without an “unreasonable” reduction in speed.
AASHO Policy, in establishing the warrant for climbing
lanes, defines this speed reduction as 15 mph, provided
traffic volume and heavy truck mix also justify the added
cost of the climbing lane. Therefore, truck gradeability,
and its effect on the level of traffic service, will determine
the critical length of grade.

To establish design values for critical lengths of grades
for which gradeability of trucks is the limiting factor,
AASHO Policy recommends that the following data be
assembled:

1. Size and power of a representative truck or truck
combination to be used as the design vehicle.

2. Gradeability data for this vehicle.

3. Entrance speed at entrance to critical grade.

4. Minimum speed on grade for reasonable performance.

AASHO Policy recognized that a weight/horsepower
ratio of 400 is a representative value for design. As such,
the speed-distance curves (Fig. 43) determine the grade-
ability norm.

Figure 49 shows the AASHO ratio of average running
speed to design speed. Average running speeds on the level

section preceding the grade can be used as the entrance
speed to the grade. No specific data are available to define
explicitly the minimum tolerable speed. Assuming that un-
reasonable annoyance is not created for drivers unable to
pass on two-lane roads of 40- to 60-mph design speed,
minimum truck speeds of “20 to 35 mph” may be reason-
able, provided the time interval is not excessive. As volume
approaches capacity, however, actual traffic operations may
require reconsideration of these running speed values.-

AASHO Policy also provides for the justification of
climbing lanes on two-lane roads from the standpoint of
highway capacity. Table 46 gives these standards.

This calls for the assignment of a passenger-car equiva-
lent for trucks in the traffic mix according to their speed
on the grade. In so doing, the Policy standards given in
Table 46 indicate percent grade and grade length for two-
way design-hour volumes, including trucks (not passenger-
car equivalents).

A recent study (/13) introduced an interesting evalua-
tion technique that relates speed variation of trucks on
grades to accident involvement rate. This method is dis-
cussed more fully later. By this method, the accident in-
volvement rate for a 15-mph speed differential was com-
puted to be 2,193. This is almost nine times the rate for
zero speed differential, where the involvement rate dropped
to 913, which is more than one-half of that for a 15-mph
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differential. On this basis, the report recommended a
10-mph speed differential criterion rather than a 15-mph
differential. Results of the application of this methodology
are given in Table 47 and shown in Figure 50.

This section summarizes basic principles relating truck
size, weight, and performance characteristics to geometric
design. No specific conclusions are made because of the
lack of detailed methods that permit scaling these influences
on an incremental basis to changes in vehicle weights or
dimensions. The decision-making process, therefore, must
rely on judgment rather than on computed values. To

N

assist in this process, Table 48 gives geometric design im-
pacts that could result from changes in legal limits regulat-
ing length, gross weight, and width.

IMPACTS OF CHANGES IN LEGAL LIMITS ON
TRAFFIC OPERATIONS

Trucks operate on highway systems mixed with other
classes of vehicles. The comparative performance capabili-
ties and characteristics of these classes of vehicles are
related to the highway capacity and the safety of that mixed
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MINIMUM TRAFFIC VOLUMES FOR CONSIDERATION
OF CLIMBING LANES ON GRADES ON TYPICAL
TWO-LANE ROADS, AASHO POLICY *
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TABLE 47

ACCIDENT INVOLVEMENT RATES ON GRADES
COMPARED TO VARIATION FROM AVERAGE
SPEED OF ALL VEHICLES ON A HIGHWAY

MINIMUM TWO-WAY DHY, INCLUDING TRUCKS INVOLVEMENT
(NOT PASSENGER-CAR EQUIVALENTS), RATE RATIO
GRA- LENGTH FOR CONSIDERATION OF CLIMBING LANE SPEED ACCIDENT RELATED TO
DIENT OF GRADE FOR VARIOUS PERCENTAGES REDUCTION INVOLVEMENT 0 SPEED
(%) (M1) OF DUAL-TIRED TRUCKS (MPH) RATE REDUCTION
3% 5% 10% 15% 0 247 1.00
TRUCKS TRUCKS TRUCKS TRUCKS 5 481 1.95
10 913 3.70
4 lanes 4 lanes 4 lanes 4 lanes 15 2193 8.90
4 b% warranted for DHV over 600 over 525 20 3825 15.90
73 for DHV over 700 550 450
% -oover 159 730 670 500 390 Source: Glennon and Joyner (113).
1 750 640 470 370
14 730 610 440 340
2 710 590 420 340
4 lanes 4 lanes 4lanes 4 lanes 4000
S 14 for DHV  over 640 over 550 over 480
15 over 690 620 460 370
Y 650 540 380 300
1 630 510 360 270
112 600 490 340 260
2 600 480 330 250 w
4 lanes 4 lanes :
6 ) over 625 over 580 480 390 o
73 570 470 330 250 -
E2 540 430 290 220 5
1 530 420 280 210 >
1% 520 410 270 200 u
2 510 410 270 200 <>3
7 2] 470 410 310 240 z
%3 400 320 210 160 )
Ya 380 300 200 150
1 360 280 180 140
115 350 270 170 130
2 340 260 160 120

Detailed analysis of each grade is recommended in lieu of tabular values.
a Source: AASHO (102).

traffic, the travel time of highway users, and the economics
of vehicle operation.

Criteria generally accepted in highway design assume
that the operating characteristics of trucks and passenger
cars are not similar, nor can they be designed in the near
future to similar performance standards. Therefore, the
public interest would be served if highways were designed
and constructed for this mixed traffic so that these vehicles
could move without unduly restricting the mobility of
traffic (114).

The ability of trucks to maintain speeds on level high-
ways, in comparison to the cruise speeds of other vehicles,
is directly related to the number of passing maneuvers or
encounters experienced by the highway users.

The performance of trucks on grades influences traffic
flow and capacity. Trucks reach terminal velocities on plus
grades which are slow and depend on: length of grade;
entering speed; the weight/horsepower ratio of the truck;

1 1
o0 5 10 15 20

SPEED REDUCTION

Figure 50. Accident involvement rate vs speed reduction,
average of all vehicles on a highway. Source: Glennon and
Joyner (113).

the traction capability, a function of drive wheel loads;
tire treads; surface type and condition, and the presence of
snow, ice, or moisture thereon; etc.

Some claim that the braking performance of trucks,
compared with that of other vehicles, is offset by the in-
crease in sighting distances. Others claim this is not so.
Braking performance and stability have obvious impacts on
safety. Braking distance is a function of brake design,
number of tires and their tread design, traction between
tires and road surfaces, truck configuration, etc.

Speed Trends

Annual studies performed under FHWA auspices indicate
that the average speed of all types of vehicles on main rural
highways has steadily increased since World War II
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TABLE 48

SUMMARY OF POSSIBLE GEOMETRIC DESIGN IMPACTS

NATURE OF
LIMIT CHANGE

POSSIBLE EFFECT

POSSIBLE IMPACT

ANALYSIS PROCEDURE

Length

a. Offtracking

1.

Pavement widening
of curves.

1.

Compare new limit against present criti-
cal design vehicle.

2. Pavement widths at 2. Compare new limit against present
intersections. critical design vehicle.

. Passing maneuvers 1. Increased sight dis- 1. Compare sight distance required for

tance for passing safe passing maneuver—existing and
Zones. required for proposed limit.
Gross weight . Weight/horsepower ‘1. Performance of truck 1. Compare limiting grade of present criti-
limit ratio on positive grades. cal vehicle against proposed vehicle
performance.
2. Cruise speed on level 2. Compare cruise speed of present critical
tangents. vehicle against proposed vehicle per-
formance—check capacity influence.
3. Acceleration limits on 3. Compare acceleration limits of present
trucks passing other critical vehicle against that of pro-
vehicles. posed vehicle.

. Braking 1. Stopping distance. 1. Compare stopping distances of present
critical vehicle against proposed ve-
hicle performance—analyze impact
of results to passing sight distances,
stopping sight distances on vertical
curves.

Width . Path width 1. Increase lane widths. 1. Compare width limit of present vehicles
2. Decrease in capacity. against proposed widths for influences
3. Safety. on impact areas.
. Vehicle-induced 1. Geometric design.
aerodynamic dis- 2. Safety.
turbances :
. Increased shadow 1. Sign visibility. 1. Study now under way—no conclusive

area

results published.

2. Study extent of vehicle shadow increases
due to new dimensional change.

(Fig. 51). The average speed * of passenger cars and
buses has drifted together, averaging just over 60 mph in
1968. Over the same period, the average speed of trucks
has experienced the same trend; however, it has been
approximately 10 mph slower than that of cars and buses.

The distribution of truck speeds in the percentage of
vehicles exceeding 50 mph on main rural highways has
improved considerably. In 1958, about 61 percent of the
passenger cars exceeded 50 mph, whereas only 32 percent
of the trucks achieved this speed—a difference of about
29 percent. Ten years later, about 85 percent of the cars
and 69 percent of the trucks exceeded 50 mph, or a
difference of only 16 percent.

These trends indicate that, commensurate with improve-
ments in highway design and construction, trucking design
has progressed toward larger engines for heavier loads.

Weight/Horsepower Ratio

Frequency distribution of weight/horsepower among ve-
hicles in use confirmed this trend in a series of brake tests
(Figs. 52 and 53) (114). Net horsepower is shown in

* “Average speed’’ in these data corresponds to the free-running speeds
of vehicles, as opposed to average daily or hourly average speeds.

these series. Other studies have considered net brake horse-
power, advertised gross or nameplate horsepower, and
wheel horsepower for application in this ratio. Standards
for the control of truck performance have been recom-
mended by AASHO and FHWA. Only Michigan and
Pennsylvania have enacted legislation universally regulat-
ing a maximum weight/horsepower ratio for trucks. Idaho
requires a maximum of 400 Ib/net bhp for 98-ft multiple
combinations. Oregon requires that combinations of three
trailers or semi-trailers on designated highways have a
maximum of 400 Ib/net horsepower. Nevada stipulates
that longer truck combinations either have a 350 to 1
weight/horsepower ratio or be able to maintain a minimum
speed of 30 mph. '

Gross weights can be either actual gross vehicle or gross
combination scale weights, maximum gross weight for
which the vehicle is licensed, or legal maximum gross
weights.

As in any regulatory procedure, a standard for both
horsepower and weight should be uniform, easy to deter-
mine, and regulated and established under standard en-
vironmental conditions (e.g., temperature and altitude).
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Figure 52. Cumulative frequency distributions of weight/horsepower

brake test. Source: Wright and Tignor (114).

Regulation also opens the question of what constitutes
adequate performance. The performance standard/horse-
power requirement problem can be stated in four parts

(39):
1. Amount of horsepower needed to obtain x perform-

ance under y conditions.
2. Determination of desired performance standards on

x roads under y conditions.
3. Auvailability of engines with sufficient horsepower to

meet 1 and/or 2.
4. Regulations and enforcement of 1 and/or 2.

Effects of Trucks on Traffic Flow
The capacity of a highway system is defined as:

. . the maximum number of vehicles which has a
reasonable expectation of passing over a given section of
a lane or a roadway (or in both directions for a two-lane
or a three-lane highway) during a given time period
under prevailing roadway and traffic conditions (104).

Thus, the capacity of a roadway depends on a number
of conditions (e.g., composition of traffic, roadway align-
ments, number and width of lanes). Those attributes that
relate to highway design generally are termed roadway
factors; those that relate to traffic are traffic factors.

Level of service is (104):

. . . a term which, broadly interpreted, denotes any
one of an infinite number of differing combinations of
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operating conditions that may occur on a given lane or
roadway when it is accommodating various traffic vol-
umes. Level of service is a qualitative measure of the
effect of a number of factors, which include speed and
travel time, traffic interruptions, freedom to maneuver,
safety, driving comfort and convenience, and operating
costs. In practice, selected specific levels are defined in
terms of particular limiting values of certain of these
factors.

The restrictive physical features incorporated into the
design of a section of roadway adversely affect its capacity
and service volumes. These roadway factors as related to
trucks include lane width, lateral clearance, shoulders,
auxiliary lanes, surface conditions, alignment, and grades.

Traffic factors as they appear to relate to trucks are
summarized here.

Passenger-Car Equivalence

Previous studies have found that trucks reduce the capacity
of a highway in terms of the total vehicles carried per hour.
Under specific conditions, this reduction is thought of as
the e)quivalent number of cars that the truck displaces in
the traffic flow.

Values of car equivalents for truck vary with type of
highway and level of service. On sections of two-lane high-
ways that are flat and where speed differences between
trucks and cars are small, trucks usually are considered
equivalent to two or three passenger cars. On multilane
highways, research indicates that this equivalence can vary
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from 0.8 to 2. On upgrades, there is a wide variation in
car equivalents, depending on steepness and length of
grade, and on the speed differences on grades between
passenger cars and trucks. Published tables give car equiva-
lence factors for trucks on various grades that might be
encountered. These tables assume a weight/horsepower
‘ratio of 400, with no means given for compensating for
higher performance trucks. As stated previously, truck
performance has been improved.

Recent studies indicate the degree of improvement to be
substantial. One of these studied the influence of trucks
on traffic in four locations: (1) downstream from a traffic
signal, (2) downstream from an entrance roadway, (3)
level, tangent roadway, and (4) grade. In location (1) it
was found that as the number of trucks in a stream in-
creases, the average headway of the stream increases, but
the truck equivalence appears to be far less than 2. For
location (2), on a volume basis only, truck equivalence
generally ranged from 0.9 to 1.3. On the level tangent
roadway of location (3), trucks approached the equiva-
lent of two cars as the number of trucks in the stream
approached 100 percent.

Without a program of data collection there apparently
is no means of relating truck equivalence factor to truck
variables such as weight/ horsepower ratio, dimensions, and
configurations.

IMPACTS OF CHANGES IN LEGAL LIMITS
ON SOCIAL COSTS

The impacts of changes in legal limits of motor vehicles
on the physical structures of the highway were well docu-
mented in the literature. This is interpreted as an aware-
ness of highway officials of the observed deterioration of
the highway system caused by heavily loaded vehicles, and
their responsibilities provide facilities to accommodate all
traffic within the permitted limits.

In recent years, the relationships between highway sys-
tem construction, design, and operation and the social
aspects of life have become increasingly important. These
aspects of life (e.g., safety, clean environment, aesthetic
appearance of highway structures and rights-of-way, noise,
division of neighborhoods, displacement of persons due to
right-of-way acquisition) are related to social costs that
must be considered in evaluating the highway system.

Social costs, in this study, were viewed as all costs related
to both users and nonusers of the highway system, which
can or shouid be quantified in relation to changes in legal
limits. Topically, these include:

1. Safety—The influence of changes in legal limits on
accident incidence, accident severity, fatalities, injuries, and
property loss.

2. Noise—The influence on traffic noise level and spec-
trum of the new trucks, annoyance created by this addition



102

to the traffic stream, the loss of property value to owners
adjacent to highway facilities, and the loss of efficiency in
performing tasks in offices, homes, etc.

3. Traffic Operations—The influence of new trucks on
new criteria for traffic operations, the effect of traffic flow
on travel time of automobile travelers, and the estimate of
value of time lost or gained.

4. Air Pollution—The increase in air pollution levels,
nature and composition of pollutants, and associated costs.

5. Vibration—The increase in ground-conducted vibra-
tion from traffic consisting of trucks operating under the
new legal limits.

Safety Aspects of Legal Limits

Safety of highway operation is an immediate concern that
is intimately related to proposed changes in legal vehicle
limits. The records of accidents involving trucks have been
examined by a number of investigators. In reviewing these
studies, it is important to ascertain whether the approach
is an incremental analysis, or would lead to that analysis
format.

As Baker (115) points out, the terms “safe” and “un-
safe” frequently are used in an absolute sense. Rarely is
the distinction precise. Although one may reject his prin-
ciple initially, further reflection leads to acceptance of the
viewpoint that safety and the willingness to take risks are
interrelated.

To live is to be in danger of not living, and in that
sense one can never be “safe.” It is necessary, therefore,
to operate on the basis that “perfectly safe” is not a
description that is applicable in a literal sense to any of
our activities, let alone the job of transportation in the
real world.

Safety must be judged in a relative sense. Therefore, in
evaluating the safety aspects of a proposed change in legal
limits, one must determine whether the safety aspects of
the highway system are enhanced or degraded as a result
of the changes. To merely quote safety indices of present
safety records does not answer the question adequately.
This incremental analysis method has been applied in other
value judgments related to legal limit changes and appears
appropriate in regard to safety.

Such an approach requires an understanding of the
highway system function as a means of moving people and
goods from one place to another so as to enhance people’s
economic, social, and cultural lives. The resulting mobility
that must be provided is defined by the desires of many
different individuals, groups, and institutions. “Safety is
therefore a measure of how well individuals are being
served rather than the end point or objective of the
transportation system.”

Although there is need for a suitable measure of safety,
there has been no generally accepted approach to an indi-
cator. The number of fatalities, severity of accidents,
severity of collision, suffering and emotional impacts, and
economic losses in income and property have all been used
as indicators of highway safety.

Indiscriminate use of rates used in these indicators can
often be misleading. Investigating highway safety, May,

Chief Counsel of the Special House Subcommittee, said
(116):

The reason the staff is having dificulty with rates is
that we are not quite so sure that the rate is a real indi-
cation of whether or not a highway was designed and
built safely.

We are concerned because the Beltway right here in
Washington had 30 people killed last year, and we have
checked and during rush hours from 6 to 9 in the morn-
ing and 4:30 to 6:30 at night, no motorist was killed.
If we knew the rate, it would probably run about 2.5.

We just challenged the fact that somebody suggested a
rate would indicate whether or not the highway is safe.
In rush hour, nobody was Kkilled; on the same highway,
and other hours, 30 people were killed.

Baker continues:

From this example, one can conclude that the risk of
a fatal accident was less during the times of greatest ac-
cumulation of miles of travel. Gross rates of fatalities
can obscure the true nature of the risk.

The need for a technical measurement of how the level
of mobility is affected by safety measures must be com-
bined with the judgment of the level of safety achieved.
Baker cites an example. If no level of mobility impact is
introduced in the evaluation, accident rates can be reduced
by merely limiting travel.

Baker (/15) continues:

If safety measures do not improve transport efficiency,
there also will be national and international economic
impacts related to the cost increase produced in trans-
portation. Corrective measures which tend to increase
transport productivity as well as to improve safety are
therefore preferred. For example, increasing truck per-
formance requirements for such behavior as acceleration
capability might be a costly way to reduce accident in-
volvement, but increased productivity would accompany
the safety advance. Safety correctives directed toward
reducing the severity of accidents, do not increase trans-
port productivity and are therefore pure increases in
cost.

The general lack of methods to relate changes in legal
limits to any of the safety indicators was substantiated in
the literature search of truck accident studies. None ap-
plied the visibility of trucks, weight, width, length, or per-
formance characteristics to the safety experience of trucks
operating in mixed traffic. This serious gap in knowledge
is probably due to the difficulty in specifying as the cause
of the accident any one of the many factors and situations
involved. Accident report procedures generally class the
vehicle, if it is a truck, in gross terms, such as light,
medium, or heavy, without documenting the parameter.

Robinson et al. (117) performed a safety study for the
National Highway Safety Bureau, DOT, that analyzed data
on truck accidents in two states. Although data and con-
clusions in that report no doubt are useful—particularly
with regard to driver ejection frequencies, need for driver
and passenger restraints, types and nature of impacts in
truck-related accidents—they did not provide methods or
relationships useful in evaluating the size or weight relation-
ships in accidents involving trucks.

Numerous data were presented in Congressional hearings
in consideration of the various bills, as discussed earlier.
Evaluation of these data likewise revealed no method in



their preparation in line with the incremental evaluation
and analysis techniques.

Safety on the highways requires the comprehension of
all issues. Emotionalism, introduced by those for and
against changes in legal limits, is no substitute for intelli-
gent and realistic analyses. However, these issues appar-
ently have not been addressed in research programs at this
time. Further research, data collection, and evaluation are
necessary if analyses of safety, particularly with regard to
truck size and weight, are to be accomplished in an
objective and meaningful manner.

Accident Incidence

Since there is speed differential, the involvement rate of a
vehicle in accidents has been related to the variation of
that vehicle from the average speed of the traffic stream.
Figure 54 shows this relationship for daytime and night-
time travel (/18).

The relationship has been used to relate accident inci-
dence potential to trucks of various classes in evaluating
climbing lane warrants (//3). In these computations, the
average speed of all vehicles on level grade is used as a
basic reference. A distribution of speeds within a given
grouping of speed categories is compared with the average
speed to develop the difference from average. The dis-
tribution of trucks within each speed category is deter-
mined from a survey. The speed difference from average
for each speed category is converted to involvement rate
by using Figure 54. The involvement rate for each cate-
gory is the product of the percentage of trucks within that

“speed category and the involvement rate for that category.
The summation of each of these prorated involvements
divided by 100 equals the involvement rate prediction for
trucks with a given speed below average for that grade.

The application of this method is illustrated in Appen-
dix F.

Although the foregoing study applied the technique to
climbing lanes only, a similar procedure might be applied
to evaluate other geometric configurations and distributions
of truck characteristics where trucks and vehicles operate
at speeds different from average speed of traffic flow.

The principal data input required for this computation is
the speed distribution in discrete speed intervals of trucks
in each visual truck olassification. This distribution should
also be related to the variable of the legal limit being
considered (e.g., length, axle weight, weight/horsepower).

Speed distribution would then have to be projected to
develop the new distribution should the new limit apply.
Comparisons of the accident incidence under present and
proposed limits would then be possible.

The development of such a technique of projection is
only conceptually given here. To develop the complete
method would require data collection, analysis, and veri-
fication not within the scope of this study. Further research
is required.

Highway Truck Noise

Basic to the evaluation of the effects of truck size, horse-
power, type of engine, tread-roadway interaction noise, and
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other sources of noise emitted by vehicles on highways, are
the factors of this composite noise, which is perceived as
annoying to the individual. The mechanisms for the gen-
eration of traffic noise are complex, and the responses to
noise are influenced by many factors. These include ex-
pressions of annoyance, difficulties in speech comprehen-
sion, degradation of task performances, noise-induced
stress, loss of or interference with sleep, and, although not
apparently involved in traffic noise, noise-induced tem-
porary and permanent loss of hearing.

Loudness, temporary variations of loudness, the fre-
quency spectrum of the noise, the location and activity of
the individuals, their interpretation of who is responsible
for the noise, its necessity and resulting value, and even the
psychological perceptive aspects of the facility generating
the noise all have important relationships to the annoyance
one feels to noise exposure.

Among the conclusions of a Road Research Laboratory
report on traffic noise (119), the following are considered
pertinent here.

Present levels of noise from road traffic have an adverse
effect on living conditions in the United Kingdom, but have
not been shown to be a significant hazard to health. There
are virtually no reliable data on the economic value of the
loss of amenity in homes and the loss of efficiency in offices,
etc.

There is a fair knowledge of sources and levels of noise
generated in individual vehicles, the manner of noise trans-
mission from the source, and possible methods of lessening
noise by building design. Less is known about how indi-
vidual vehicle-generated noises combine into traffic noise.

Some general, fundamental relationships are given to
relate sound level and vehicle speed, engine noises, the
effect of engine size, fan, scavenging blower, inlet and
exhaust noise, road surface, and tire reaction noise. The
most effective manner of traffic noise reduction should be
the attenuation of these components at their source.

Means are given of attenuating traffic noise by highway
geometric design and construction of noise barriers and
planting in strategic locations along the right-of-way.

Costs and cost-effectiveness of noise reduction are com-
plex. No comprehensive costs are available for these vari-
ous methods of noise reduction. Valuation of noise re-
duction benefits presents major difficulties in view of “the
intangible and often unquantifiable nature of the benefit.”
Possible techniques include a study to determine the influ-
ence of environmental factors on house prices.

Plowden (120) sought to establish, in ILondon, “the
amount of money a person would have to be given, upon
the imposition of a noise nuisance alone, if he was, in his
own estimation, to be as well off after as before the nuisance
arose.”

In the survey, alternative courses of action were open to
him—stay and endure the noise, spend money for partial
protection, or move. If he chose the first, “endurance”
costs, borne by the owner/occupants, should be related
only to the effects of a change in noise level, as distinct
from other amenity costs such as the transport advantages
of a “motorway” nearby.

The expense of exercising the moving alternative in-
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cluded the decrease in sales price of one’s house, and
moving expenses.

In this study, some caution was applied in interpreting
the results, because of problems involving “actuality” and
“purity” of survey data gathered.

Galloway et al. (127) presented guidelines for use by

highway design engineers in creating new facilities; showed
how noise abatement might be achieved through the design
of less noisy tires and automotive units; and provided data
for building design as related, considering traffic noise
attenuation. A standard technique for roadside noise level
measurement also is given.



The study presented “ample” evidence that people can
reliably judge the relative loudness and noisiness of sounds.
Within limits, an absolute scale of subjective noisiness can
be constructed for noises in some context. “The data failed
to show a simple, strong relationship between objectively
measured noise and reactions to that noise by freeway-
proximal residents in their natural settings.” To illustrate,
the report pointed to the fact that 51 percent of residents
in the relatively noisiest area complained of noise, while
67 percent of residents in the relatively quiet area com-
plained. Actual measurements showed that the perceived
noisiness of the noisier area was about four times as great
as that of the quiet area.

Peoples’ general attitude toward freeways and toward
living near a freeway were related to their attitudes of
freeway noise specifically, and complaints about noise
may be a socially acceptable way to complain about
freeways in general.

It seems probable that by also taking into account
a composite socioeconomic or demographic factor, these
predictions (of annnoyance) could be improved but at
present there is not such a single factor constructed.

Although the state of the art does provide models that
predict the contribution to traffic noise of individual ve-
hicles, based on speed, horsepower, load, engine design,
muffler design and other physical factors, which do relate
to legal limits, the application of these data to annoyance,
and therefore to economic values, is not well enough under-
stood to be useful at this time. Much more research and
study are required before methods can be assembled in a
meaningful manner.

The situation was well summarized in a study by the
National Bureau of Standards (122) of the economic
impact of noise:

Because the data at the present time -are, at best, frag-
mentary, the findings of this study should be considered
suggestive rather than exhaustive. A number of reasons
can be cited for this lack of data. One factor is the na-
ture of noise itself. In contrast to water or air pollution,
which can have long-lasting effects on the environment;
noise pollution “decays” rapidly in both time and dis-
tance. As soon as the source of the noise is silenced, the
unwanted sound disappears almost instantaneously.
Moreover, the intensity of sound diminishes rapidly with
distance—a loud roar will be reduced to a muffied rum-
ble by a short distance. A second factor is that the ef-
fects of noise are not as “dramatic” or immediate as the
consequences of other pollutants. The hearing damage
caused by noise generally occurs after exposure over ex-
tended periods of time. Also, many of the consequences
of noise can be attributed to annoyance caused by noise
rather than the threat of imminent hearing loss.*
Thirdly, different individuals exhibit varying levels of
tolerance to noise levels. Finally, one of the reasons
that noise has not been viewed as a form of pollution is
the attitude of the public toward noise as the “price of
progress.” The noise produced by a product is often as-
sociated with efficiency and the ability of a product to

* Because so many aspects of noise are psychological, researchers en-
counter the same problems as those found in the theory of consumer be-
havior. For example, economists and other social scientists have not been
able to estimate or to compare the satisfaction or utility that one might
derive from consuming three dry martinis and the annoyance or dis-
utility of one’s spouse from watching the consumption of three martinis.
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perform its designated function; e.g., a “quiet” vacuum
cleaner was rejected by a test group because it was per-
ceived to clean less effectively than a noisier model of
equal power.

Because many kinds of noise are primarily a source of
“nuisance” or annoyance rather than a danger lo
health, it must be recognized that it might not ever be
possible to obtain precise estimates of either the cost of
noise or the benefits derived from noise abatement. This
is true because nuisance and annoyance are psychologi-
cal states, which to date have defied adequate quantifica-
tion by social scientists.

OVERSIZE /OVERWEIGHT PERMIT OPERATIONS

Oversize/ overweight loads on highways fulfill special and
unique demands for the movement of large prefabricated
items from point of assembly to point of use. Large turbine
and generator assemblies, tanks, and blowers that cannot
be effectively and economically fabricated on-site charac-
terize this type of load. In addition to private industry, the
Department of Defense and NASA use this type of move-
ment to transport missile assemblies and other defense-
related items. :

These movements are made under special permits issued
by each state authority. There is a great diversity among
the states as to authority for issuance, to financial responsi-
bility of the applicant, and in the collection of special
permit fees.

Aside from the basic problem of administration of per-
mit operations, the assessment of special permit fees to
transport oversize vehicles and gross weights and axle loads
in excess of those allowed in regular operation is not
without precedent.

To establish uniformity in the proposed schedule of fees,
the AASHO Committee on Highway Transport (/23)
proposed a method based on the following assumptions:

(a) The permittee should pay a special I&D permit
issuance fee sufficient in amount to cover the administra-
tive cost of handling and enforcing the permit.

(b) The permittee receiving a special I&D permit
should pay for the privilege of transporting gross weight
in excess of the limitations—in proportion to the costs
borne by operators for transporting gross weights in regu-
lar operation.

(c) The permittee receiving a special 1&D permit
when the weight of one or more axles exceeds the lim-
its for axles in regular operation, should pay for the
added wear and tear to the highway in proportion to
the reduction in service life caused by the excessive
loading.

Basic Issuance Fee

The assessment of the fee is a matter of determining the
administration and enforcement costs involved. This may
also be affected if the movement is through a number of
jurisdictions with differing enforcement procedures. Exist-
ing practices indicate that a fee of $5 to $10 should be
assessed for this portion.

Time Extension Fee

For processing an application for a time extension, a cost
in the range of $5 to $10, exclusive of all communication
costs involved, is suggested.
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Supplemental Permit Fee

A fee in the range of $5 to $10 should be charged for each
supplemental special permit issued.

Special Permit Overload Fee

Determination of an equitable charge for movement over
the National System of Interstate and Defense Highways
or other designated highways of a vehicle exceeding the
established limits for gross weight or axle weight may be
based on the following considerations:

(a) The approximate investment in the portion of the
Interstate System affected wholly or partially by vehi-
cular weight.

(b) The relationship of pavement life to weight and
frequency of axle loadings as established by equations
developed in the AASHO Road Test.

(c) The relationship between excess gross weight and
the established maximum gross weight for vehicles, or
vehicles and loads in regular operation.

Investment in Interstate System Related to Vehicle Weight

The cost of the Interstate System was estimated at $860,027
per mile. This figure includes a number of cost items not
affected by vehicle weight., Allocations of these cost items
are given in Table 49. Based on this division of costs, about
50 percent of the total per-mile cost, or $430,000, is
affected by vehicle weight.

Overweight-Axle Fees

Based on total lifetime equivalent 18-kip single-axle appli-
cations (estimated at 6,600,000), the average investment
charge per 18-kip equivalent axle application is (cost/
18 kip-mile) = (investment cost/average 18-kip applica-

TABLE 49
DIVISION OF CONSTRUCTION COSTS

INVESTMENT
COST
INFLUENCED BY
VEHICLE
b
% oF WEIGHT
CONSTRUCTION ITEM TOTAL COST® AMOUNT %
Clearing and grubbing 0.93 None None
Utilities 2.03 None None
Grading and drainage 21.05 %3 10.53
Base, surface, and
shoulders 21.74 All 21.74
RR grade separations 2.74 Va 0.69
Highway grade separations 6.13 Va 1.53
Highway interchanges 15.59 Va 3.90
Bridges 15.21 Ya 3.80
Walls 0.60 None None
Guardrails, etc. 2.78 All 2.78
Roadside improvements 1.52 None None
Other 0.76 %3 0.38
Construction engineering 8.92 15 4.46
Total 100.00 49.81
- (Use 50%)

o Report to Congress by BPR.
b Estimate developed by W. E. Chastain, Illinois Division of Highways.

tion lifetime). The calculation resulted in a cost of $0.0652
per 18-kip equivalent axle load per mile.

Overweight-Gross Fee

The method used here was to estimate the total gross
tonnage carried on the system during its life, based on
ADT, percentage of trucks in mix of traffic, and average
pavement life. Computations on the assumed average con-
ditions of: ADT = 6,000, percent trucks = 25 percent and
average pavement life = 20 years, yielded a total estimated
gross tonnage during life of pavement of 226,446,000 tons.
The cost per gross ton is:

Investment cost of weight-related items ($/mile)
Total gross weight for pavement life (tons)

This cost was estimated as $0.0234 per ton-mile.

Special Permit Oversize Fees

For an oversize vehicle, or vehicle and indivisible load, a
charge should be sufficient to pay for the special privilege
and to compensate for the economic loss to operators of
vehicles in regular operation who suffer delays and in-
conveniences due to movement.

The following estimates, without disclosure of means of
computation or determination, were considered reasonable:

1. Width—A charge per inch-mile for each inch or
fraction thereof of $0.005 to $0.02 per mile.

2. Length—A charge per foot-mile for each foot or
fraction thereof of $0.02 to $0.05 per mile.

3. Height—A charge per foot-mile for each foot or
fraction thereof of $0.02 to $0.05.

A change in legal limits might result in a reduction of
expenses for the administration of oversize-overweight
permit operations.

LINE-HAUL TRUCKING COSTS

Line-haul trucking costs for various vehicle gross weights
were updated by using the procedure used by Stevens when
he updated his original costs from 1956 to 1964 (124, 125,
126). He referred to the ICC Transport Statistics in the
United States, Part 7, Motor Carriers. His scheme was to
update the original cost for the same factors by the ratio
of 1964 costs to 1956 costs, For overhead and indirect
costs, he found the increase for the period 1956 to 1964,
then added this uniform amount to each 1956 cost for each
loaded gross weight. The change was a uniform amount for
the full-load gross-weight range, rather than a variable
amount that would have resulted by using the same index
number for the full range of gross weight, as he had done
in the other items.

The form of some of the statistics on motor carriers as
published by ICC has changed. The carrier operations
have changed. Therefore, the method Stevens originally
used (/25) was not applicable for the period 1964 to 1970.
The carriers have materially increased their use of leased
trucks with and without driver. It is most difficult to arrive
at comparative costs in cents per mile for Stevens’ items
(124, 125) for the span of years. Because of the time



required to even try to work out Stevens’ procedure (125),
other attempts were made. _

With some modifications by judgments, the following
schemes were used to update Stevens’ line-haul trucking
costs (125) to 1970.

Repairs, Servicing, and Lubricants

The updating index was taken as the 1970/1964 ratio given
in the ICC reports for annual wage for mechanics ($9,069/
$7,084 = 1.341). The 1970 annual wage was estimated
because the ICC reports were available only through 1969.

Tires and Tubes

Tires and tubes were updated by use of the Consumers
Wholesale Price Index, published by the Department of
Labor. The index used was that arrived at by the ratio of
the indexes 1970/1964 (107.2/87.7 =1.222). The base
year for the WPI is 1957-1959 = 100.0.

Fuel

For fuel the 1970/1964 Consumers Price Index was used
(119.0/102.1 = 1.166). This procedure neglects to ac-
count for any change in the mileage rate of consumption
of fuel.

Driver Wage and Subsistence

For updating the driver wage and subsistence, the ICC
motor carrier statistics showing the average annual wage
income of truck drivers were used. The ratio was devel-
oped for 1970/1964 ($12,500/9,695 = 1.289). The wage
for 1970 was estimated.

Overhead and Direct Costs

Overhead costs from 1964 to 1970 were updated by using
Stevens’ (125) percentage of overhead costs to total per-
mile cost. Thus, for 1970, the total of the five items not
including overhead and indirect costs were found first. This
total was expanded to the total of all six items by the same
ratio as in Stevens’ report. This expansion was applied to
the cents-per-mile cost at each of the loaded gross weights
in 5-kip increments from 25 to 180 kips.

Depreciation and Interest

Because depreciation essentially is directly related to the
cost new of the vehicle equipment, the ratio of market
prices of trucks for 1970/1964 was used. The ratio used
in the wholesale price index for trucks was 111.6/98.7 =
1.181. To the 1.181 was added a factor for the increase
in market interest rates of 6.5 to 8.5 percent, or 0.096. The
total index used is 1.277.

An examination of the original curves for gasoline and
diesel fuels (124) indicates that the combined curve does
not represent a reasonable combination of the original data
or for the relative proportion of the two types of fuel.
Then the original data (124) were reevaluated and a new
curve for combined fuels was developed. The new curve
was updated to 1964 in accordance with the index of 0.760
(125), then updated from 1964 to 1970 with the factor
1.166.

Talle 50 gives the costs updated to 1970 for all trucks,
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TABLE 50

PAYLOAD AND GROSS TON-MILE COSTS,
BY LOADED GROSS WEIGHT,
ALL TRAILER COMBINATIONS

TON-MILE COSTS ($)

PAYLOAD

LOADED GROSS LOADED, BOTH LOADED, ONE

WEIGHT (LB) DIRECTIONS DIRECTION GROSS
27,500 0.05868 0.1174 0.0325
44,000 0.0328 0.0656 0.0221
58,000 0.0262 0.0524 0.0182
65,000 0.0244 0.0488 0.0169
73,000 0.0228 0.0456 0.0158
82,000 0.0217 0.0434 0.0149
91,000 0.0209 0.0418 0.0142

100,600 0.0202 0.0404 0.0137

123,000 0.0189 0.0378 0.0129

137,000 0.0182 0.0364 0.0127

171,000 0.0174 0.0358 0.0126

a combination of gasoline and diesel fuels. The table was
derived through the use of the following:

1. Repairs, Service, Lubrication

y = 7.14965 — 0.04799x + 0.00120x?
2. Tires, Tubes

y = 1.73999 — 0.01004x + 0.00040x*
3. Fuel

y =2.76861 — 0.00405x + 0.00012x*
4. Driver’s Wages, Subsistence

y = 14.10490 + 0.02741x + 0.00005x2
5. Overhead, Indirect

= 13.87990 + 0.00982x + 0.00006x>

6. Depreciation, Interest

y = 0.28048 + 0.15466x — 0.00027x2
7. Total

y = 39.92790 + 0.12976x + 0.00156x*

The results of the computation were carried to five deci-
mal places. Tabulated data are rounded off to four deci-
mal places. The results of these computations are shown
in Figure 55.

Studies indicate the Stevens’ “loaded gross weight” was
about 80 percent of the vehicle’s practical maximum gross
weight. Therefore, in applying this figure, this relationship
is to be used.

Boundaries of Trucking Cost Study

Attention (124) was devoted primarily to the costs related
to the gross weight of trailer combinations, and secondarily
to variables of axle weight, vehicle type, and cargo ca-
pacity. However:

. vehicle sizes cannot be evaluated costwise, either
with regard to vehicular or highway costs, the com-
mittee’s task is somewhat simplified as only the cost ef-
fects of axle and gross weights on pavements and bridges
need be considered.

Because a decade has passed since this conclusion was
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Figure 55. Line-haul truck costs by gross ton-miles and payload ton-miles (loaded one way,

return empty, and loaded both ways).

reached, it is recommended that this position be reviewed,
and that appropriate studies be implemented, should meth-
odology techniques now available appear promising.

COST/BENEFIT ANALYSIS

Cost/benefit analysis refers to the several procedures of
economic analysis that can be applied to a proposed change
to relate initial and subsequent costs of implementing a new
process, operation, or physical facility to the gross of net
benefits, or gains, expected to be realized therefrom. The
purpose of the cost/benefit analysis is to furnish informa-
tion on a systems analysis basis that can be used by
decision-makers together with other decision aids and
criteria in the authorization or rejection of a proposed
change.

These analysis techniques can be applied to a range of
possible changes in legal vehicle limits as a means of com-
paring the resulting highway costs of capital improvements
and annual maintenance expense with the changes in motor
vehicle operating costs in the transport of goods and people
and other economic effects imposed on nonusers.

Meaning of ‘Benefit”

With specific reference to the consequences of highway
improvements, Winfrey (85) says that “the resulting bene-
fits are generally considered to include those consequences
that are desired and those that reduce transportation cost,
other social or economic cost, or which produce satisfac-
tions not otherwise enjoyed.” He emphasized that this
definition is not that generally used by economists to whom
a benefit is the total cost one pays for a service or satisfac-
tion. Thus, a benefit relates to the pricing of a commodity
or service.

The context intended in this study closely relates savings
with benefits, which infer a before-and-after type of com-
parison, A monetary saving is defined as the reduction in
the cost of a product or service effected by a change to a
process, procedure, or device, thereby accomplishing the
same objective as before but at less cost.

A benefit may be realized without having gained a true
monetary saving by reason of not having the before-after
relationship. Thus, the saving can be a hypothetical one
that does not accrue in a manner that could be applied
toward paying for the facility.

Any action that produces an increase in the cost of



operation or use of a facility over that which was formerly
maintained is a “disbenefit” to the segment of society that
suffers this increase. In this context, disbenefits can be
considered as a cost element, additive to other costs for
implementing the change.

In this analysis technique, the measurement of benefits
is required. Practical measures of benefits are difficult, and
no simple method is available that will result in unique and
unambiguous results. Essentially, the difficulty is that the
normal analytical and empirical tools typified by supply and
demand curves of conventional, static economic analysis
do not convey all information required to perform this
evaluation.

Benefit/Cost Ratio

On the assumption that all benefits and disbenefits derived
from a proposed change in legal vehicle limits can be
quantified in monetary terms, the application of the benefit/
cost ratio method could be a powerful means of evaluating
the wisdom of the proposed change. In fact, this method
has been used extensively in the economic analysis of high-
way improvements since about 1952.

The benefit/cost ratio method provides an abstract di-
mensionless number representing the ratio of net benefits

to net costs. As an index, the ratio calculated using benefits

and costs from a prior or existing situation may be com-
pared with the ratio projected on the basis of the proposed
alternative.

In such a comparison, the emphasis is on benefits that
may accrue to different groups of users and nonusers. To
apply the method, it is not necessary, as in the case of cost
allocation studies, to identify separately benefactors and
beneficiaries. Factors such as taxation and finance are not
a part of the evaluation process.

Application of Assembled Method to B/C Ratic Method

One objective of this study was to identify the benefits and
disbenefits, and to assemble methods that might be applied
to the benefit/cost ratio method of evaluation. To some
degree, this objective has been achieved.

In the consideration of a proposed change in legal limits,
the objective should be that of determining the incremental
change in costs and benefits, rather than absolute total
values. Incremental costs are the cost differentials or in-
crements obtained by computing elemental costs, assumning
(1) no change in legal limits (“before”), and (2) the pro-
posed change is in effect (“after”). The difference between
these “before” and “after” costs is termed the “incremental
costs” attributable to the cost element resulting from the
proposed change.

Table 51 gives the more obvious general consequences
that could result from a change in legal maximum limits.
Code letters indicate the present capabilities or maturity of
methods as an index of conclusions of this study. This table
indicates that gaps in knowledge and developed methods
exist in the present capabilities. Research to overcome
these deficiencies (identified after a literature search) is
beyond the scope of this project.

The numerical example included here deals only with
those transportation costs that can be quantified in terms of
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cost. The environmental factors, general economic factors
of the community, and social consequences are not pres-
ently quantifiable in these terms. The effects on traffic op-
erations and their influence on safety, congestion, and acci-
dent costs are likewise not amenable to quantification at
this time.

The study did uncover methods permitting the estimation
of costs involved in constructing new pavements and
bridges to both present and proposed axle weight and
gross weight limits. A method of predicting possible axle
configurations resulting from changes in legal limits is sug-
gested so that they might be examined and compared with
present critical design vehicles used in bridge design.
Thereby, the likely new vehicles whose characteristics
reflect these proposed limit changes can be judged as being
within present critical design loads or as being new critical
loads. With these methods it is possible to develop equiva-
lent uniform annual capital costs required for these highway
facilities.

Similarly, the line-haul trucking costs, before and after,
and for both base and period end years, can be estimated
to provide the measure of benefits to the motor freight
industry. The benefits are then reduced to equivalent
uniform annual benefits.

The cost/benefit analysis then determines a ratio of
equivalent uniform annual benefits to equivalent uniform
annual capital costs.

Acceptance or rejection of proposed changes in legal
limits should not be decided solely on the strength of this
cost/benefit analysis. As is true with the evaluation tech-
niques of most highway improvements, the decisions re-
quire tradeoffs and evaluations also, often based on sub-
jective judgment of other factors not quantifiable in terms
of costs.

In the numerical example (Appendix D) the concept
determines the change in highway costs and in vehicle
operating costs for one mile of new highway construction,
including a pro rata cost of constructing the average num-
ber of feet of bridges per mile of typical bridges used on
the highway system being considered. Vehicle operating
costs are derived by assuming that the same total tons of
cargo are hauled over that one mile under the “before” and
“after” conditions. This concept produces a relative mea-
sure of transportation economy of the proposed legal limit
changes because the “before” and “after” conditions carry
the same payload tonnage for the same one mile of
highway.

If this analysis indicates a gain in economy, it follows
that there also would be a gain in economy of transporta-
tion from reconstructing, strengthening, upgrading, and
maintaining existing highways. _

Other highway cost items, such as annual pavement and
bridge maintenance under present and proposed load limits,
properly belong in a cost/benefit analysis. The study failed
to uncover a method sensitive to size and weight of trucks
that could be employed to determine how these changes
would affect highway maintenance costs. Maintenance cost
accounting procedures vary among the states; but, more
importantly, these procedures are not capable of differ-
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TABLE 51

CONSEQUENCES OF CHANGING LEGAL MAXIMUM LIMITS OF VEHICLES
AND INDEX TOWARD QUANTIFYING THESE CONSEQUENCES

DIMENSION OR WEIGHT ITEM TO BE INCREASED
OR DECREASED IN LEGAL MAXIMUM LIMIT

Length Width Height
ITEM OF CONSEQUENTIAL CHANGE (BENEFIT OR COST) Axle Gross of of of
Weight Weight Vehicle Vehicle Vehicle
A B (o} D . E F
TRANSPORTATION FACTORS .RELATED TO
THE HIGHWAY AND TO THE VEHICLE
1. Changes in the cost of operating vehicles. A A B B
2, Changes in the total per ton-mile, cost of transport of
payload. A A B B
3. Changes in loading practices of vehicles. B B B
4. Changes in distribution of cargo afforded by multiple unit
conditions. F F B F
5. Changes in packaging and loading of vehicles (stowage,’
containers, modular dimensions) as affecting manufacturing,
size of lot purchases, and warehousing. B B B B
6. Number of vehicle-trips on the highway to transport the
same total tons of cargo or cubic feet of cargo. A A B B
7. Incremental change in future date when added capacity will
be needed to accommodate truck ADT under "before" and
"after" conditions. C C o] C
8. Change in number of special permits to be issued for oversize
and overweight vehicles. B B B B
9. Incremental cost to traffic because of posting existing
bridges against use by vehicle weighing more than a
safe load. C C (o] F
10. Impact on other transport modes due to changes in modal
split resulting from truck transportation factors. C Cc C Cc
HIGHWAY PAVEMENTS
1. Incremental change in cost of new pavement construction
‘ designed for traffic under a change in legal limits. A A C C
2. Incremental cost of constructing or not constructing
_overlays to existing pavements. a A B F
3. Incremental change in years of probable remaining usefulness
of existing pavements as compared to expectancy under
existing legal limits. A F F F
4, Incremental change in cost of pavement designed for a change in
legal limits. A A B B
5. Incremental change in cost to maintain existing pavements. c c o] Cc
HIGHWAY BRIDGES ’
1. Incremental change in cost of constructing new bridges
designed for the change in legal limits. A A o]
2. Incremental changes in cost of strengthening existing bridges. A A A ' F
3. 1Incremental change in cost to maintain bridges designed for
a change in legal limits. [o] (o] C Cc
4. Incremental change in cost to. maintain existing bridges. (o C Cc Cc

entiating the maintenance costs by size and weight of
vehicles.

Although no universal method is included here, it may
be possible under some applications to develop incremental
maintenance costs of pavements and bridges. In these
cases, their inclusion is encouraged, but these items are
omitted in the numerical example.

Figure 56 shows the logic flow in performing a cost/
benefit analysis. Should maintenance costs be determinable
in a specific application, it would be preferable to subtract
these cost increments, reduced to equivalent uniform an-
nual operating costs, from the benefit prior to calculating
the benefit/cost ratio. The method used in the numerical
example in Appendix D follows this general flow.
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T - - 7 DIMENSION OR WEIGHT ITEM TO BE INCREASED
OR DECREASED IN LEGAL MAXIMUM LIMIT

' Length width Height
ITEM OF CONSEQUENTIAL CHANGE (BENEFIT OR COST) Axle Gross of of of
) Weight - Weight Vehicle Vehicle Vehicle
A B c D E F
HIGHWAY GEOMETRICS
1. Incremental change in cost of widening traffic lanes of
existing pavements, earlier or later in time than they
would be under existing legal limits. D D D D F,
2. Incremental change in cost to increase or decrease vertical
clearance on existing highways and future highway construction. F F F F D
3. Incremental change in cost to construct horizontal curves and
access ramps to accommodate change in off-tracking and lane
clearance. F F D D F
. . ]
4. Incremental cost to construct intersections to accommodate
changes in off-tracking and lane clearance. F F D D F
5. Incremental change in cost to construct highways at
different vertical gradients and/or to construct up-hill '
truck lanes. o C c C F
HIGHWAY TRAFFIC OPERATIONS
1. Incremental impacts on vehicle running costs and travel time,
including the effects of changed ADT of trucks under the
changed legal limits. : A A B B B
2. 1Incremental impact of changes in driver sight distances
affecting traffic operations. F F (o] C C
3. 1Incremental impacts upon incidence and severity of traffic
accidents. C Cc (o] o] o]
SOCIAL, COMMUNITY, AND ENVIRONMENTAL
1. Change in consumer prices for goods resulting from change
in cost per ton-mile to haul cargo, or deferred price
changes from inflation because of change in cost of
transportation and distribution. D D D D D
2.. Incremental cost due to a change in traffic noise levels. E E E E E
3. Incremental costs due to a change in air pollution levels. E E E E E
4. Incremental costs due to a change in land and building )
vibration resulting from moving vehicles. E E E E E
5. Incremental change in the availability of goods, either .
in quantity or in timing of delivery. D D D D D
6. Incremental change in the type, quality, class, or form }
of goods available to a given community. E E E E E
7. Incremental costs in travel time due to impact of trucks
on traffic operations. C [o] C C C
KEY TO LETTER MATURITY CODES USED IN TABLE 51
A. Methodology included in report from computing influence of an increase or decrease in legal limits.
B. Methodology is not included in report because data not available; adaptation of existing methodology and data collection
thought feasible within state-of-the-art.
C. Methodology is not included in report because of deficiency in state-of-the-art in one or more significaht influence areas.
D. No general methodology is included; incremental values cannot be quantified or method lacks sensitivity; some indication of
magnitude of influence can be. obtained from gross computations. .
E. Methodology does not exist in present state-of-the-art; values can neither be quantified nor influences grossly estimated;
present evaluation solely by subjective judgment.
F. Item appears to have little or no influence on legal limit parameter.
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Figure 56. Logic flow in performing cost/benefit analysis.

UNDER PRESENT
ESTIMATE LIMITS o
PAVEMENT CosT
CONSTRUCTION DIFFERENTIAL |
COSTS , OF PAVEMENTS
: .| UNDER PROPOSED |
LIMITS
REDUCE TO
—| EQUIVALENT |
| uNIFORM [
» | ANNUAL
UNDER PRESENT CAPITAL
coST
- ——»
ESTIMATE LIMITS cosT
BR1DGE DIFFERENTIAL | |
CONSTRUCTION , OF
COSTS : BRIDGES
UNDER PROPOSED
> LIMITS ’
CALCULATE
—|B/C RATIO:
7
BENEFIT
™| “cosT
.| UNDER PRESENT
LINE-HAUL " LIMITS >
OPERATING
TRUCKING Cosy
gg;T_PER DIFFERENTIAL [
1970 L | UNDER PROPOSED |— o 1870 EXPAND
LIMITS TO FULL
L—»| YEAR AND
REDUCE TO | |
EQUIVALENT
—| UNIFORM
ANNUAL
CINE—rAUL UNDER PRESENT ANNEAL
LIMITS " | operATING
TRUCKING
ne cosT i
COST P '?éFFERENTIAL
T5%o [ | unpEr ProPOSED [ 0
LIMITS >

CHAPTER THREE

INTERPRETATION, APPRAISAL, APPLICATION

In scaling economic impacts of changes in legal vehicle
weights and dimensions, the approach should be that of
comparing “before and after” impacts. Such an approach
is termed an incremental method here—similar, but not
restricted to that interpretation of the incremental method
of cost allocation-

Any valid method used to estimate the impact should
be capable of estimating the economic effects of decreases
as well as increases in existing limits. The methods as-
sembled in the study appear to meet this requirement.

In making these no-change/with-change comparisons, an

estimate should be made of benefits and costs that would
accrue if the highway system were to operate without a
change in existing legal limits. Using the same inputs and
assumptions, another estimate is made of the effect should
the changes be implemented.

The nature of the change should be analyzed for possible
impacts on the physical properties of the highway system,
on beneficiaries of the change, on other highway users, to
the socioeconomic climate, and on nonusers of the highway
facility. The extent of these analyses is presently limited by
existing methods.



ESTIMATE OF MOTOR FREIGHT TONS AND TON-MILES

The method assembled in this study provides an estimate
of tons of motor freight and ton-miles generated in its
transport, based on the relationship between GNP and Lhe
tonnage and ton-miles of motor freight. Extrapolation of
these factors generally has been accepted and applied to
many economic forecasts.

The national figure is then prorated to each state in a
proportion of the consumption of special fuels in that state
to the total national special fuel consumption. Thus, na-
tional projections are related to the states in a manner that
reflects present and projected freight movements in each
state. The method reflects unique state differences in motor
transport due to industrial, agricultural, and other eco-
nomic activity. An illustrative example of such a project
appears in Chapter Two.

The simplified method was chosen after an evaluation of
more sophisticated econometric modeling techniques. Al-
though these more complex methods are valuable for other
purposes, they appeared to require extensive data, calibra-
tion, and data processing. Suitable econometric modeling
admittedly would be more flexible, and possibly more sensi-
tive, but did not appear in the literature. Should a simpler
model emerge that provides this desirable flexibility, it
should be substituted for the rather simple form included
here.

FORECASTING EXTENT OF APPLICATION OF A
NEW LIMIT

The extent of application of new limits depends on the
nature of the cargo being carried within the jurisdiction
and the future nature of that cargo should new limits be
enacted. Comparisons should be made of legal limits of
surrounding states and the present and proposed limits of
the state being considered. Differences in these limits could
affect future highway loadings. Through-state movements
of vehicles and loads not now permitted under existing
limits obviously will not be reflected in present data. There-
fore, the increase in through-state truck traffic cannot be
predicted from present state truck-weight study data.
Changes in dimensional limits without changes in axle-
load limits may result in changes in the distributions of axle
loads. Such trends will affect pavement wear and average
performance of the vehicle in the traffic stream, but can-
not be predicted from present truck-weight study data.
The study method relies on truck-weight study data to
obtain axle weight distributions, empty weights, gross
weights, payloads carried, and frequency of truck classes
on various types of highways. The practical maximum
gross weight (PMGW) of present vehicles is compared
with the PMGW of vehicles expected to be employed under
the proposed limits. From these comparisons, new axle
weight distributions,. gross weights, and payloads for each
class of vehicle on each type of highway are projected.
Axle weight distributions under present limits and under
proposed limits are converted into equivalent 18-Kip single-
axle load applications for each class of truck and type of
highway. The number of vehicles required to carry the
projected motor freight over the planning period is com-
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puted assuming (1) no change in legal limits, and (2) the
proposed change is in effect.

The number of vehicles by types is associated with the
equivalent 18-kip single-axle load applications and is
summed to obtained the total load experience anticipated -
under present and proposed load limits. These computa-
tions are made for all types of highways in the system. An
example of this method is given in Appendix D.

The procedure necessarily assumes that the truck-weight
studies adequately reflect the existing truck mix and load-
ing. Care should be taken to ensure that the weight sam-

- ples represent reasonable samples of the actual truck

population.

An analysis must be made of how changes in legal limits
of gross weight may affect vehicle axle configuration. This
is a vehicle design problem that can best be determined by
consultation with automotive engineers, manufacturers, and
vehicle operators. Any new configuration anticipated under
new size and weight limits must be compared with existing
critical vehicles used in present bridge design. The applica-
tion of such a method is described and illustrated in
Appendix D.

Changes in length that would permit double- or triple-
bottom combinations on the highway can affect the num-
bers of trucks and their axle weight distributions. Adjust-
ments must be made to the computations of axle weight
distribution to account for these new vehicle classes. Judg-
ment based on distributions of comparable truck types in
truck weight study data of other states is the recommended
approach. The format of this analysis follows that illustrated
in Appendix D.

The results of changes in length affecting truck combina-
tions and vehicle designs also must be analyzed for vehicle-
handling and performance characteristics. This is an auto-
motive design problem also. Likely dimensions of these
new vehicles can best be determined by automotive engi-
neers and vehicle operators.

ESTIMATING PHYSICAL IMPACTS ON PAVEMENTS,
AND COSTS

Projections of total highway load experience under exist-
ing and proposed limits permit an estimate of the costs that
would result from a change in legal limits. '

The method employed here assumes that the principles
relating highway design and wear to axle load applications
as found in the AASHO Road Test are valid; viz., highways
deteriorate in a predictable fashion as a function of the
accumulation of equivalent 18-kip single-axle load applica-
tions. It further assumes that remaining service life of
highway pavements, both flexible and rigid, can be evalu-
ated by first determining present serviceability index (PSI)
through measurement, or present serviceability rating
(PSR) through visual inspection by a rating panel. PSR
is assumed to be convertible to PSI. ;

By applying appropriate factors in accordance with the
type of pavement and its design and composition, includ-
ing thickness, and, in the case of flexible pavements, the
base, subbase, and soil types, PSI can be used to compute
the number of equivalent 18-kip axle load applications
corresponding to the remaining service life of existing pave-
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ments. Further, maintenance costs are assumed to be a
function of these equivalent 18-kip axle load applications.
Maintenance costs may be adjusted in proportion to the
magnitude of this total load experience. New pavements
may be designed to these anticipated equivalent single-axle
load applications to provide satisfactory service for a given
expected “life.’

It further assumes that the results of the AASHO Road
Test (which was for one type of meteorological environ-
ment, soil condition, and type of load application) can be
translated to meet local conditions and traffic mix prevail-
ing in the state being considered.

Finally, it assumes that highway classification and need
studies provide an inventory of highway types, design fac-
tors, lengths, serviceability ratings, and costs that can be
used as input to the method. This inventory should not
only reflect the present condition of existing highways, but
also indicate the type and length of highways planned to be
constructed over the planning period.

With these data inputs, the cost analysis can be made as
illustrated in Appendix C. Two alternative methods are
illustrated in this example, with preferences for their ap-

plication given. Costs are estimated for highway load ex-

periences projected on the no-change/with-change basis.
The difference between these two estimates is the pavement
cost that can be anticipated if the new change is enacted.

ESTIMATING PHYSICAL IMPACTS ON STRUCTURES,
AND COSTS

Changes in axle spacing and axle load distribution of ve-
hicles will have the greatest effect on structures. While this
is indirectly related to gross vehicle weight, it must be
translated to axle load configuration.

In the assembled methods, a compromise was required
between accuracy and detailed analysis, and the economics
of application of the method. An underlying hypothesis in
assembling the methods was that structural cost elements
could be estimated for most bridge types found in highway
system inventories. Some specialized structural types would
require specific rather than general cost analysis.

The method is statistical rather than specific—oriented
to office-type procedures. Sound engineering assumptions
were balanced against mathematical rigor to minimize
mathematical complexity. The method cannot be expected
to substitute for detailed engineering analysis of an indi-
vidual structure to determine its specific, individual struc-

- tural integrity.
The method covers flat slab, reinforced concrete T beam,
. reinforced concrete box girder, prestressed concrete girder,

and steel girder type bridges. The deck, pier, and founda-
tion of these bridge types also are considered.

Structures in the inventory are analyzed and placed
into one of three categories: requires immediate replace-
ment; can continue in service with modification; or can
continue in service without change.

The summary of vehicle weight/size and anticipated new
axle configurations is used to calculate the overstress factor.
Based on the establishment of a permissible overstress fac-
tor, the designs for existing bridges are compared with these
criteria to permit the previous categorization.

Bridges planned for construction are assumed to be in-
cluded in the needs studies. Their designs are similarly
analyzed to determine the need for increased load ratings
commensurate with projected loads. The cost of upgrading
the load ratings must then be estimated. The construction
costs of the planned bridges can then be related to the
proposed limit change.

Secondary structures are analyzed. Items such as cul-
verts and retaining walls may be affected by changes in
legal limits.

Maintenance cost increments must be identified, and
judgment factors must be applied to determine increases
in these costs if the legal limits are changed.

- Appendix B gives the procedure for analysis and esti-
mating structural cost impacts. '

IMPACTS OF CHANGES IN LEGAL LiMITS ON
GEOMETRIC DESIGN

Methods for determining the impacts of legal limits on
geometric design are not as specific as those related to
physical properties of pavements and bridges. The com-
plexities of this analysis are caused by interactions be-
tween possible combinations of changes in legal limits and
geometric ‘design principles. Specific step-by-step method-
ology must be replaced by engineering evaluation. Many
of the geometric design standards were based on studies
that did not evaluate the influence of truck parameters
specifically. The review of geometric design parameters
was included in this report to furnish the basis of this
engineering judgment.

DECISION FACTORS DEVELOPED BY
RECOMMENDED METHOD

The study results in an assembly of methods for conserva-
tively estimating the incremental cost impact on physical
highway facilities. The magnitude of these differences
thereby becomes the primary decision factor to be used in
the judgment of the economic impact of changes in legal
vehicle weights and dimensions.
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CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

1. Any measure of economic impacts of changes in legal
vehicle limits must be based on an incremental computa-
tional procedure—one that permits a calculation of impacts
over the planning period with no change in limits, and one
that calculates the impacts, assuming legal limits are
changed. This no-change/with-change procedure would
provide the cost increment attributable to the proposed
legal limit change.

2. Methods are assembled here that relate to the cost
impacts on physical facilities of highways of proposed
changes in legal limits.

3. Economic impacts on highway operations cannot be
calculated by present methods because they are not suf-
ficiently sensitive to changes in vehicle dimensions or
weights. Engineering judgment based on established design
parameters must be substituted for formal methods in
judging most geometric design standards.

4. Benefits and disbenefits relating to motor vehicle
freight operations, safety, noise, property values, and other
socioeconomic environments cannot be accurately mea-
sured and the cost impacts cannot be estimated by existing
means because of their lack of sensitivity to vehicle weights
and dimensions.

5. It follows, therefore, that the necessary benefit/cost
method of analysis related to changes in legal vehicle limits
and reflecting all areas of possible benefits and disbenefits
cannot be formulated within the present knowledge and
art.

6. Decision factors can be developed for evaluating the
economic impact of changes in legal limits based on cost
differentials of the pavements and bridges that must be
reconstructed, constructed, replaced, and maintained to
accommodate new limit loads. These methods are pre-
sented herein. _

7. Extensive research is required in a number of disci-
plines in order to realize an improved total comprehen-
sive method of evaluation.

RECOMMENDED RESEARCH

Research is required in a number of disciplines so that a
more sophisticated and sensitive evaluation of total eco-
nomic jmpacts of changes in legal vehicle limits can be
made. These areas are as follows.

Transport Economics

1. Research is required to develop a simplified means of
determining the economic benefits accruing to the motor
freight carrier that result from increases in legal vehicle
limits.

2. A program needs to be established that permits

modeling, in a simple form and with minimum data require-
ments, of the motor freight tonnage, ton-miles and routes
over which the cargo is carried, sensitivity to changes in
economic activity, commodities carried, percent loaded,
and other realistic variables.

3. Studies should be continued of the effects of increased
motor freight operations resulting from liberalized legal
limits on other freight transport modes.

Determining Total Highway Load Experience

1. A research program is recommended to determine the
feasibility of applying statistical analysis of axle weight
distributions, performed by computer processing that uses
existing statistical programs rather than manual plotting
and curve fitting required in the proposed method.

2. Present truck weight studies gather data related to
rural and urban highway traffic. The scarcity of comparable
data on truck movements on urban streets inhibits the eval-
uation of economic impacts of changes in legal limits on
those facilities. Therefore, a study should be made to de-
velop a practical means of gathering these truck data.

Pavement Performance

The method for determining the effects on pavements ‘is
based primarily on the application of the axle load equiva-
lence factors developed from the AASHO Road Test. The
limitations and possible errors in these factors are dis-
cussed elsewhere. It is recommended that research be
conducted to verify the reliability of the AASHO equiva-
lence factors and, if necessary, to modify these factors or
to develop a more precise method for representing the ap-
plied loads in pavement design and evaluation. Both
theoretical and experimental investigations are required to
establish the basic relationships among all variables affect-
ing pavement performance. Specifically, the effects on
pavements of variations in wheel and axle configurations
and weights are to be quantified. Findings from the sug-
gested research should permit refinements in pavement
design methods in general, and improvements in the proce-
dures for determining the effects of changes in particular.

Bridge Structure Evaluation

1. The methods described here could be beneficially re-
duced to a computer program to perform the necessary
calculations and data processing. Bridge inventories and
new axle configurations would be the input to such a pro-
gram. The output would be the cost estimates and sum-
maries required for the structural cost analysis.

2. A research study should be implemented on a statisti-
cal analysis of the proposed method to confirm the validity
of this mathematically derived method.

3. Continued research into structural fatigue life of
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bridges is recommended. Although estimate procedures
are included in this report, substantial refinement in the
state of the art is required to improve this accuracy of the
method.

Economic Impacts of Highway Noise

1. Continued research is recommended into highway
noise components and levels as they relate to annoyance
complaints attributed to highway noise. Although acoustic
values can be adequately measured, the physiological and
psychological aspects of the composite noise are not ade-
quately identified and correlated to annoyance and
complaints.

2. Continued research is encouraged into the economic
impacts on property values, apartment rents, and fatigue
and working inefficiencies induced by highway noise. Such
research probably will be achievable only after problem (1)
is better defined.

3. Research is required to establish and determine the
relationship between truck and bus size and/or weight and
their contribution to the composite highway noise dis-
covered as a result of problem (1).

Safety Research

1. Research studies are recommended to relate the im-
pacts of discrete changes in vehicle sizes and weights to
highway safety. Accident incidence rates alone are not

considered sufficient indices of highway safety. Combina-
tions of other indices (e.g., severity, property damage,
property loss, and nature and direction of collision) must
be interpreted with skill. Pre-crash, crash, and post-crash
phases of the accident should be considered as a possible
approach to define the contributions of vehicle size and/or
weight to the occurrence. Comparative studies of accidents
in states with different legal limits might be beneficial.

Traffic Operations and Geometric Design

1. The relationship between vehicle dimensions and weights
and traffic operations should be the subject of a series of
comprehensive traffic operation studies. The concept of
car equivalency factors of trucks in mixed traffic has been
useful, but does not relate to vehicle weights and dimen-
sions. The influences of increased vehicle dimensions on
traffic flow, capacity, and other traffic operations require
better definition. The consideration of the value of time to
other highway users, a concept often used in urban trans-
portation and toll road feasibility studies, could be related
to new dimensions of vehicles operating under new legal
limits, if better insight into the operational aspects can be
developed.

2. Continued research is required in the area of geo-
metric design principles to more specifically relate vehicle
size and weight changes to such geometric considerations
as lane widths, curve widths, and shoulders.
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APPENDIX A
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The equations at the end of the section on “Line-Haul
Trucking Costs” in Chapter Two were extended by com-
puter to produce Table A-1.
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LINE~-HAUL OPERATING COSTS--CENTS PER VEHICLE-MILE

LOADED FOR GASOLINE AND DIESEL FUEL TRUCKS COMBINED
GROSS Repair,
VEHICLE Servicing Tires Driver Overhead Depreciation
weicHT (1) & Lubri- and Wage and and and
KIPS , cants Tubes Fuel Subsistence Indirect Interest TOTAL

~{Factor) (Factor) (Factor) (Factor) (Factor)

1,341 1.222 1.166 1.289 - 1.277

20 6.67 1.70 2.74 14.67 14.190 3.27 43.15
21 6.67 1.71 2.74 14.70 14.11 3.41 43.34
22 6.67 1.7 2.74 14.73 14.12 3.55 43.52
23 6.68 1.72 2.74 14.76 14.14 3.69 43.73
24 © 6.69 1.73 2.74 14.79 14.15 3.84 43.94
25 6.70 1.74 2.74 14.82 14.16 3.98 44.14
26 6.71 1.75 2,74 14.85 14.18 4.12 44.35
27 6.73 1.76 2.75 14.88 14.19 4.26 44.57
28 6.75 1,77 2.75 14.91 14.20 4.40 44,78
29 6.77 . 1.79 2.75 14,94 14.21 4.54 45.00
30 6.79 1.80 2.76 14.97 14.23 4.68 45.23
31 6.82 1.81 2.76 15.00 14.24 4.82 45.45
32 6.84 1.83 2.76 15.03 14.26 4.95 45.67
33 6.87 1.85 2.77 15.06 14.27 5.09 45.91
34 6.91 1.86 2.77 15.09 14.28 5.23 46.14
35 6.94 1.88 2.77 15.13 14.30 5.36 46.38
36 6.98 1.90 2.78 15.16 14.31 5.50 46.63
37 7.02 1.92 2.78 15.19 14.33 5.63 46.87
38 7.05 1.94 2.79 15.22 14,34 5.77 47.11
39 7.10 1.96 2.79 15.25 14.35 5.90 47.35
40 7.15 1.98 2.80 15.28 14.37 6.03 47.62
41 7.20 2.00 2,80 15.31 14.38 6.17 47.86
42 7.25 2.03 2.81 15.34 14.40 6.30 48.13
43 7.30 2.05 2.82 15.38 14.41 6.43 48.39
44 7.36 2.07 2.82 15.41 14.43 6.56 48.64
45 7.42 2.10 2.83 15.44 14.44 6.69 48.92
46 7.48 2.13 2.84 15.47 14.46 6.82 49.20
47 7.55 2.15 2.84 15.50 14.47 6.95 49.46
48 7.61 2.18 2.85 15.54 14.49 7.08 49.75
49 7.68 2.21 2.86 - 15.57 14.51 7.21 50.04
S0 7.75 2.24 2.87 15.60 14.52 7.34 50.32
51 7.82 2.27 2.87 15.63 14.54 7.47 50.60
52 7.90 2.30 2.88 15.67 14.55 7.59 50.89
53 7.98 2.33 2.89 15.70 14.57 7.72 51.19
54 8.06 2.37 2.90 15.73 14.59 7.84 $1.49
55 8.14 2.40 2.91 15.76 14.60 7.97 51.78
56 §.23 2.43 2.92 15.80 14.62 8.09 52.09
57 8.31 2.47 2.93 15.83 14.63 8.22 52.39
58 8.40 2.51 2.94 15.86 14.65 8.34 52.70
59 8:49 2.54 2.95 15.90 14.67 8.47 53.02
60 8.59 2,58 2.96 15.93 14.68 8.59 53.33
61 8.69 2.62 2.97 15.96 14.70 8.71 53.65
62 8.79 2,66 2.98 16.00 14.72 8.83 53.98
63 8.89 2.70 2.99 16.03 14.74 8.95 54.30
64 8.99 2.74 3.00 16.06 14.75 9.07 54.61
65 9.10 2.78 3.01 16.10 14.77 9.19 54.95
66 9.21 2.82 3.02 16.13 14.79 9.31 55.28
67 9.32 2.87 3.04 16.17 14.81 9.43 55.64
68 9.44 2.91 3.05 16.20 14.82 9.55 55.97
69 9.55 2.95 3.06 16.23 14.84 9.67 56.30
70 9.67 3.00 3.07 16.27 14.86 9.78 56.65
71 9.79 3.05 3.09 16.30 14.88 9.90 57.01
72 9.91 3.09 3.10 16.34 14.90 10.02 57.36
73 10.04 3,14 3.11 16.37 14.92 10.13 57.71
74 10.17 3.19 3.13 16.41 14.93 10.25 58.08
75 10.30 3.24 3.14 16.44 14.95 10.36 58.43
76 10.43 3.29 3.15 16.48 14.97 10.48 58.80
77 10.57 3.34 3.17 16.51 14.99 10.59 59.17
78 10.71 3.39 3.18 16.55 15.01 10.70 59.54
79 10.85 3.45 3.20 16.58 15.03 10.81 59.92
80 10.99 3.50 3.21 16.62 15.05 10.93 60.30
8l 11.14 3.55 3.23 16.65 15.07 11.04 60.68
82 11.28 2.61 3.24 16.69 15.09 11.15 61.06
83 11.43 3.67 3.26 16.72 15,11 11.26 61.45
84 11.59 3.72 3.27 16.76 15.13 11.37 61.84
85 11.74 3.78 3.29 16.80 15.15 11.47 62.23
36 11.90 3.84 3.31 16.83 15.17 11.58 62.63
87 12.06 3.90 3.32 16.87 15.19 11.69 63.03
88 12,22 3.96 3.34 16.90 15.21 11.80 63.43
89 12.38 4.02 3.36 16.94 15.23 11.91 63.84
30 12.55 4.08 3.37 16.98 15.25 12,01 164,24
91 12.72 4.14 3.39 17.01 15.27 12.12 1 64.65
92 12.89 4.21 3.41 17.05 15.29 12.22 65.07
93 13.07 4.27 3.43 17.09 15.31 12.33 65.50
94 13.24 4.33 3.45 17.12 15.33 12.43 65.90
95 13.42 4.40 3.47 17.16 15.35 12.54 66.34
96 13.60 4.47 3.48 17.20 15.38 12.64 66.77
97 13.79 4.53 3.50 17.23 15.40 12.74 67.19
98 13.97 4.60 3.52 17.27 15.42 12.84 67.62
99 14.16 4.67 3.54 17.31 15.44 12.95 68.07
100 14.35 4.74 3.56 17.35 15.46 13.05 68.51
101 14,54 4.81 3.58 17.38 15.48 13.15 68.94
102 14.74 3.60 17.42 15.51 13.25 69.40

4.88
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TABLE A-1 (Continued)

LINE-HAUL OPERATING COSTS--CENTS PER VEHICLE~MILE

1.0ADED FOR GASOLINE AND DIESEL FUEL TRUCKS COMBINED
GROSS Repair, R
VEHRICLE Servicing Tires Driver Overhead Depreciation
WEIGHT & Lubri- and Wage and and and
KIPS cants Tubes Fuel Subsistence Indirect Interest TOTAL
103 14.94 4.95 3.62 17.46 15.53 13.35 69.85
104 15.14 5.03 3.64 17.50 15.55 13.44 70.30
105 15.34 5.10 3.67 17.53 15,57 13.54 70.75
106 15.55 5.17 3.69 17.57 15.59 13.64 71.21
197 15.75 5.25 3.1 17.61 15.62 13.74 71.68
i08 15.96 5.33 3.73 17.65 15.64 13.83 72.14
109 16.18 5.40 3.75 17.69 15.66 13.93 72.61
110 16.39 5.48 3.77 17.72 15.69 14.03 73.08
111 16.61 5.56 3.80 17.76 15.71 14.12 73.56
112 16.83 5.64 3.82 17.80 15.73 14,21 74,03
113 17.05 5.72 3.84 17.84 15.76 14.31 .74.52
114 17.27 5.80 3.87 17.88 15.78 14.40 75.00
115 17.50 5.88 3.89 17.92 15.80 14.50 75.49
116 . 17.73 5.96 3.91 17.96 15.83 14.59 75.98
117 17.96 6.04 3.94 18.00 15.85 14.68 76.47
118 18.20 6.13 3.96 18,04 15.87 14.77 76.97
119 18.43 6.21 3.99 18.07 15.90 14.86 77.46
120 18.67 6.30 4.01 18.11 15.92 14.95 77.96
121 18.91 6.39 4.03 18.15 15.95 15.04 78.47
122 19.16 6.47 4.06 18.19 15.97 15.13 78.98
123 19.40 6.56 4.08 18.23 16.00 15.22 79.49
124 19.65 6.65 4,11 18.27 16.02 15.31 80.01
125 19.90 6.74 4.14 18.31 16.04 15.39 80.52
126 20.15 6.83 4.16 18.35 16.07 15.48 81.04
127 20,41 6.92 4.19 18.39 16.09 15.57 81.56
ize 20.66 7.01 4.22 18.43 16.12 15.65 .82.09
129 .20.93 7.11 4.24 18.47 16.14 15.74 82.63
130 21.19 7.20 4.27 18.51 16.17 15.82 83.16
131 21.46 7.29 4.30 18.55 16.19 15.91 83.70
132 21.72 7.39 4.33 18.59 19.22 15.99 84.24
133 21.99 7.49 4.35 18.63 16.25 16.07 84.78
134 22,27 7.58 4,38 18.67 16.27 16.16 85.33
135 22.54 7.68 4.41 18,71 16.30 16.24 85.88
136 22.82 7.78 4.44 18.76 16.32 16.32 86.44
137 23.10 7.98 4.47 18.80 16.35 16. 40 87.00
138 23.38 8.08 4.49 18.84 16.38 16.48 87.55
139 23.66 8.18 4.52 18.88 16.40 16.56 88.10
140 23.95 8.28 4.55 18.92 16.43 16.64 88.67
141 24.24 8.39 4.58 18.96 16.46 16.72 89.24
142 24.53 8.49 4.61 19.00 16.48 16.80 89.81
143 24.83 8.59 4.64 19.05 16.51 16.87 90. 39
144 25.12 8.70 4.67 19.09 16.54 16.95 96.96
145 25.42 8.81 4.70 19.13 16.57 17.03 91.55
246 25.72 8.91 4.73 19.17 16.59 17.11 92.13
147 26.03 9.02 4.77 19.21 16.62 17.18 92.72
148 26.33 9.13 4.80 19.25 16.65 17.26 93.31
149 26.64 9.24 4.83 19.30 16.67 17.33 93.90
150 26.95 9.35 4.86 19.34 16.70 17.40 94.49
151 27.26 9.46 4.89 19.38 16.73 17.48 95.09
162 27.58 9.57 4.92 19.43 16.76 17.55 95.70
153 27.90 9.69 4.96 19.47 16.79 17.62 96.31
154 28.22 9.80 4.99 19.51 16.81 17.69 96.91
155 28.54 9.91 5.02 19.55 16.84 17.77 97.52
156 28.86 10.03 5.06 19.60 16.87 17.84 98.14
157 29.19 10.15 5.09 19.64 16.90 17.91 98.76
158 29.52 10.26 5.12 19.68 16.93 17.98 99.38
159 29.85 10.38 5.16 19.73 16.96 18.04 100.00
160 30.19 10.38 5.19 19.77 16.99 18.11 100.63
161 30.52 10.50 $.23 19.81 17.02 18.18 101.26
162 30.87 10.62 5.26 19.85 17.04 18.25 101.89
163 3l.21 10.74 5.29 19.90 17.07 18.32 102.53
164 31.55 10.86 5.33 19,94 17.10 18.38 103.16
165 31.90 10.98 5.37 19.99 17.13 18.44 103.81
166 32.25 11.10 5.40 20.03 17.16 18.51 104.45
167 32.60 11.22 5.44 20.07 17.19 18.58 105.10
168 32.96 11.35 5.47 20.12 17.22 18.64 105.76
169 33.31 11.47 5.51 20.17 17.25 18.71 106.42
170 33.67 11.60 5.55 20.21 17.28 18.77 107.08
17 34.03 11.73 5.58 20.25 17.31 18.83 107.73
172 34.40 11.85 5.62 20.30 17.34 18.89 108.40
173 34.76 11.98 5.66 20.34 17.37 18,96 109.07
174 35.13 12.11 5.70 20.39 17.40 19.01 109.74
175 35.50 12.24 5.73 20.43 17.43 19.08 110.41
176 35.87 12.37 5.77 20.48 17.46 19.14 111.09
177 36.25 12.50 5.81 20.52 17.50 19.19 111.77
178 36.63 12.63 5.85 20,57 17.53 19,25 112.46
179 37.01 12.76 5.89 20.61 17.56 19.31 113.14
180 ° 37.39 12.90 5.92 20.66 17.59 19.37 113.83
{1) See and HRR 127 for definition of Loaded Gross Weight which is

about 80 per cent of Practical Loaded Gross Weight.
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STRUCTURAL DESIGN AND COST ANALYSIS METHODOLOGY

The evolved methodology for evaluation of highway struc-
tural design was based on computation of.structural cost
elements for most types of bridge structures found in cur-
rent highway system inventories. The five most commonly
used general types of bridges included in the analysis
methodology are:

1. Flat slab.

2. Reinforced concrete T Beam.
3. Reinforced concrete box girder.
4. Prestressed concrete girder.

5. Steel girder.

In addition to the girder system, other major structural
parts must be included in the analysis; i.e., deck, pier, and
foundation.

The change in live load, resulting from an increase in
legal vehicle weight limits or a change in axle configuration
such as might result from changes in maximum vehicle
length limits, probably will have an adverse structural effect
on existing bridges.

Following the logic flow diagram of the proposed method
(Fig. 28) it is required that present structures be classified
by bridge type, original design load, span group, and the
recorded material quantities of the original bridge design
in the inventory. Overstress factors must be calculated for
each applicable type, depending on new load limits, These
must be compared with a permissible overstress factor, as
established by the methodology user. These comparisons
then permit bridges to be assigned to one of four general
categories:

1. Need immediate replacement.

2. Post bridge to original limit.

3. Strengthen to serve new limit.

4. Upgrade load rating to serve new load limit without
modification.

Cost elements for each of these categories are then
computed and employed in the incremental cost study.

This appendix is divided into two major parts: Deriva-
tion of Computation Method, and Numerical Example of
Method Application.

DERIVATION OF COMPUTATION METHOD
Table B-1 gives definitions of symbols used.
Live Load Conversion

Major Properties of an Axle Group (90) >

Figure B-1 shows a general axle group, To describe the
effects of such an axle group on simply supported beams,
the following parameters can be used:

n = number of axles in an axle group;

Y
[ n .
W= zi:1 Pi
— 2 i=n1 Pi|xil .
T Wb ’

Conversion of Given Axle Group to Equivalent
Load Pattern (Fig. B-2)

Let

B,, = equivalent base length for moment, over which
length the total weight must be uniformly dis-
tributed in order to generate the same maximum
bending moment in a simply supported beam as
the axle load itself;

B, = equivalent base length for shear;

L = span length of the beam;
M,, = maximum bending moment; and
V, = maximum end shear.

A given axle group may be converted into an equivalent
load pattern through the following:

Truck load:
Bn= 26— (b/L)p*b
B,= 28
WL B,
M, = T( 1 _i>
— B,
"= W( T ‘ﬁ)
Lane load:
__ W/b .
M, = T7S—(O.OSL + 4.5L)
W/b
V,= 2—75—(26 + 0.32L)

Maximum moment, M, and maximum shear, ¥, asso-
ciated with the new load group may be defined as:

M, = maximum of either M,, of truck load or M,, of
lane load times (1 + I).

'V, = maximum of either ¥, of truck load or ¥, of lane
load times (1 4 I).

in which I (impact factor) = 50/ (125 + L).
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TABLE B-1

DEFINITIONS OF SYMBOLS USED IN
STRUCTURAL ANALYSIS COMPUTATION METHOD

A =plan area of bridge (sq ft).
b= vehicle wheelbase.
B..= equivalent base length for moment.
B.= equivalent base length for shear.
C = total cost of new construction for a bridge.
C,= cost attributable to new load limits.
C.—= miscellaneous costs of a bridge, for parapet, railing,
curb, etc.
C,= original cost of bridge.
C,= cost for strengthening.
F — fatigue life of bridge.
fo= concrete stress associated with new load limits.
fo= concrete stress associated with original design load.
f.'= 28-day concrete cylinder strength.
fer= compression strength of concrete at initial prestress.
fy= yield stress of reinforcing or structural steel.
K.n=permissible flexural overstress factor for reinforced
concrete.

K..,—permissible shearing overstress factor for reinforced
concrete.

K...— permissible flexural overstress factor for structural steel.
K,»= permissible shearing overstress factor for structural

steel.

K,»— permissible flexural overstress factor for prestressed
concrete.

K,,= permissible shearing overstress factor for prestressed
concrete.

L=span length of beam.
Mp= maximum moment due to dead load.
M= live load moment plus impact due to original desig
load (AASHO). .
M= live load moment plus impact due to new loading under
new limit,
M., = maximum bending moment.
M= total design moment due to original design load.
n=number of axles.
P—= wheel loads under new limits.
P—= wheel loads assumed in original design.
Q,— average material quantity ratio for all structural ele-
ments.
rmin= distance between C.G. and reference (see Fig. B-1).
T — time elapsed between date of construction and date new
limits are implemented.
U = unit material cost.
U, = original unit cost of construction ($/sq ft).
V.= maximum end shear.
Vb= maximum end dead load shear.
V.= original maximum end live load shear.
V.= live load shear ratio of new load group under new limit.
W = gross vehicle weight.
o = ratio of maximum new live load moment to original
maximum live load moment.
o.,= ratio of maximum new live load end shear to original
maximum live load end shear.
Bm = ratio of dead load to live load moments.
B.= ratio of dead load to live load shear.
v = material quantity ratio of a structural element.
v.= average material quantity ratio of all structural ele-
ments.
vspy= material quantity ratio of a structural steel girder.
8, — sectional modulus ratio for bottom fiber of composite
section to noncomposite section of girder.
¢=ratio of C.G. location to half of wheelbase.
Q= overstress factor.
Q8= flexural moment overstress factor for slab.
Qn6= flexural moment overstress factor for girder.
Q,=— overstress factor for foundation.
Q,= overstress factor for pier.

Conversion of AASHO Loadings to Equivalent
Simple Load Patterns

HS20-44.—
K
: =3
Ie,= s @! ¢
in which B,, = 11.2 ft; B, = 5.6 ft.
Truck load for L = 28 ft:
M, = (10L — 56)
2.8
Lane load:
M,, = (0.08L% + 4.5L)
V,= (26 + 0.32L)
HS20-44.—
K K K
Resd Aaem2 B 32
* .
l 14! 1 18" *
— — —
Truck load:
M, = (18L — 280 + 14%)
670
=72 -2
Vo= (- )
Lane load:
72
=—— (0. 2 .
M, 08 (275) (0.08L2 + 4.5L)
72
V,= W(ZG + 0.32L)
HS15-44—
M, = 75% of M,, for HS20-44 loading

V,= 75% of V, for HS20-44 loading

75% of M,, for H20-44 loading
V,= 75% of V, for H20-44 loading

I

Live Load Ratio

AASHO considers impact as a percentage of the total live
load. Assume that this percentage applies also to the new
load. In addition, assume that the lateral load-distribution
criteria set forth by AASHO apply to the new loads as well.

Consequently, the live load moment and shear ratio of
the new loads to AASHO loadings may be defined as:

a,, = M /M; = live load moment ratio of new load
group against AASHO design load.

* This spacing is taken to be 14 ft to produce critical effect.
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Figure B-1. Loads of general axle group.

o, = V/V;, = live load shear ratio of new load group
against AASHO design load.

After several investigations, the load ratio for continuous
bridges with end spans 75 percent of interior spans was
found to be fairly close to the load ratio for the simple span
case. Because this type is fairly typical, these ratios will be
used for both simple span bridges and continuous bridges.

Determine Overstress Factor
Dead Load to Live Load Stress Ratio for
AASHO Bridges
Bm == MD/ML
B,=Vp/Vy

Typical dead load to live load ratios for various types of
bridges are shown in Figures B-3 through B-11.

Overstress Factor Under New Load Limits

Overstress factor, , is used here to denote the ratio of
incremental stress caused by higher live load limits in ex-
cess of the original design live load to the original total
design stress of a structural element.

Deck Slab.—For the same girder spacing, the moment
due to wheel load on slab is linearly proportional to maxi-
mum wheel load. Because the stress is proportional to
moment, flexural overstress factor for deck slabs can be
represented as:

P Pz Pm Pna Pn
l ' ‘ ~——THE NEW AXLE LOAD GROUP
b
Bm
' A +«—EQUIVALENT LOAD FOR
MAXIMUM MOMENT
L
Bv
Ae_EQUIVALENT LOAD FOR
MAXIMUM  SHEAR
L

Figure B-2. Equivalent simple load patterns.
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2. Steel Girders with Composite Design:
Case I: Flexural overstress factor of steel beam. For the
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listed types of girders this may be found as:



ey, — 1
1 + 01):8111

in which @, is the sectional modulus ratio for bottom fiber
of composite section versus noncomposite section of the
girder. "

For average conditions, the value of §, may be assumed
to equal 1.30, or may be refined for a particular family of
spans.

Case II: Shear overstress factor of steel beam. This may
be found in the same way as for the case of noncomposite
design.

3. Flat Slab—T Beam and Box Girders:

Q))LG

o, — 1
‘Q'nG: m
" 1+:B'm
o, — 1
06¢=_""Y_"
v 1+ 8,

4. Prestressed Concrete Girders of Composite Design:

Case I. Flexural overstress factor. This usually is gov-
erned by the stress condition at the bottom fibers.

AASHO girders are designed generally to develop a
stress of 0.4 f,” = 2,000 psi due to dead and live load only,
of which 1,200 psi is due to live load. This corresponds to:

My = M, + M, = 2,000S in.-Ib
=0.167S in.-1b

The overstress factor thus is:

My — My My(cm—1)

¢ — =
Do M, 0.1675

Generally, M/, corresponds to
My, ~ 0.24f, ~ 1,2005§ = 0.10S

Therefore,
0,%~0.6(a, —1)

Case 11. Shear overstress factor.

Q6= o, — 1
YT 1+ 0.68,

Piers.—The dead load to live load ratio for piers will be
greater than that of girders because the former includes
also the weight of the pier. Except possibly in the case of
AASHO load Group III, the overstress factor in the pier
under new proposed load limits for all loading combina-
tions will be less than the overstress factor in girders. Even
when AASHO Group I1I loading governs the design of the
pier, the overstress factor in the pier under normal circum-
stances would be less than that in the girder for the same
new load limits.

For all practical purposes, the overstress factor of the
pier may be safely taken as the overstress factor of the
bridge girder.

Foundations.—The overstress ratio in foundations will
be assumed to be less than the one in piers because the dead
load on foundations is more than the dead load on piers.
For all practical purposes, it will also be taken as the
overstress factor of the bridge girder.
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Permissible Overload Criteria
Permissible Overstress Factors *

The actual load-carrying capacity of a bridge depends on
the sectional properties and the stress that the material of
the structural member can endure. If these allowable
stresses are frequently exceeded, the accumulation of
damage will significantly reduce its service life. The
AASHO Road Test on bridges, the American Concrete
Institute recommendations, and the DIN standards pre-
vailing in Europe suggest stress limits that vary in some
small magnitude. A conservative limitation may be con-
cluded therefrom for purposes here.

1. Reinforced concrete:

Concrete: 70 percent of cylinder strength X ®.

Re-bar: 75 percent of yield stress X &.

2. Structural steel: T5 percent of yield stress X &.

3. Prestressed concrete: 75 percent of modulus of rup-
ture X ® or 5.50Vf,, in which ® is taken to be 0.9 to
account for the allowance of reasonable frequent over-
loading.

With the limiting stresses decided, the permissible over-
stress factors may be determined by comparing the limiting
service stresses given heré to the working stresses used in
the original design criteria.

1. Reinforced Concrete: Design working stress of
AASHO:

Concrete: 40 percent of cylinder strength.

Re-bar: 50 percent of yield stress.

The permissible overstress factor for moment, K,,, may

be calculated by:

K., = min. | of either£0r£ —1
fc fs
0.7 X 0.9f,
0.4f,

= min. [:either 0.9 X 0'75f”:| -1
0.51,
The permissible overstress factor for shear, K,,, may be
safely taken as 0.3.
2. Structural Steel: Because design working stress of
structural steel given in the AASHO specifications is 0.55

f,» the permissible overstress factor may be found as:

_0.75f,X 0.9

snl——o.s?f—;——lzo.23

Permissible shear overstress factor, K,, also may be
taken as 0.23. ‘

3. Prestressed Concrete: It is estimated that this bridge
type can endure an overstress of 12 percent (K, = 0.12)
with little or no relevant cracking of the tensile zone of the
girders. . The permissible overstress factor for shear, K,
may be taken to be the same as that for reinforced concrete;
i.e., equal to 0.30.

* Suggested allowable overstress factors are shown in this report whére

necessary. These suggested allowable overstress values may be adjusted to
conform with local practice or the judgment of the user.
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Bridge Serviceability Under New Load Limits

In new or good condition, any bridge with indicated over-
stress factors less than the permissible overstress factors
under new load limits is considered to be serviceable with-
out any modification to the structure. Bridges not meeting
this criterion are considered to require either immediate
replacement or strengthening to serve the new load limits.

Strengthening Bridges to Serve New Load Limits

The problem of developing a precise criterion that governs
the strengthening of bridges to serve new load limits in-
volves many subjective factors that vary greatly, such as
labor costs, material costs, and, above all, engineering
practice. However, necessary assumptions are made to
develop the methodology:

1. Strengthening of bridges with concrete superstructure
is not considered feasible because of the difficulties in-
volved in revising the concrete structure.

2. Strengthening of steel girder bridges with stress fac-
tors, given below for the major elements of the structure,
is considered feasible.

(a) Deckslab: @,5 < 0.35.

(b) Steel girder: 0.23 < 9, < 0.30.

(c) Piers and foundations: Q,=Q; < 0.35.

3. Therefore, the contribution to incremental cost due to
new loads is essentially from steel girders. From the stress
factors for girders, the material quantity ratio (ratio of
material quantities required by new loads to those required
by AASHO design loads)

vso = Y2[(1 + @,%) + (1 + 2,9
4. The cost of strengthening is then expressed as:
Cy = v,0,U
in which

ye, = Mmaterial quantity ratio for structural steel of
girder;

Q. = original structural steel quantity; and

U = unit cost of structural steel.

The estimate of costs for strengthening a bridge should
be compared to the estimate of costs for replacement, and
the lesser cost should be used in the final summation.

Cost of New Construction

For new construction, the precise cost evaluation in general
terms is a complex problem involving subjective factors
such as choice of type of bridge structure and arrange-
ment of its structural elements. The costs of elements of
construction vary from state to state, and from region to
region within a state. Therefore, compromise is necessary
to reduce the problem to manageable dimensions and to
develop a method that could give meaningful, although
approximate, results. R

A useful relationship between material quantities of new
construction and of the bridge found unserviceable with
new loads can be established with reasonable assumptions
that (1) the new construction will be of the same type and

arrangement of structural elements as the original, and
(2) the state has the information regarding construction
quantities of the original bridge. After this relationship is
established, the cost of new construction is obtained in
terms of increased quantities required and the present cost
of construction in the respective regions.

Material Quantity Ratio

The material quantity ratio is defined as the ratio of ma-

terial quantities required by the new load limits to those

required by AASHO design loads. The ratio is a compara-
tive measure of construction costs between the two loading
systems. To relate the material quantity ratio to the over-
stress factors is a complex matter. A semi-rational ap-
proach is adopted here in which certain assumptions are
made regarding each of the four fundamental structural
elements of a bridge.

1. Deck:

Case I—Slab: The material quantity ratio for the deck
slab may be expressed in terms of wheel loads:

vs = (P/P)* but not less than 1

Case II—F1lat slabs:
Vs — (1 + 'Q'm,‘g)é

2. Girders:
Case I—T beams and box girders:

ve = Y2[(1 + 0,5) + (1 + 0,)4]

Case II—Steel girders: A realistic estimate of the ma-
terial quantity ratio may be expressed as:

Ysg — (1 + Q‘DG) + (1 +‘ﬂ'mG)ﬂ

Case III—Prestressed concrete girders: There are four
standard types of AASHO prestressed concrete girders,
with service spans overlapping between any two consecu-
tive types. For purposes of this study, upgrading the ca-
pacity of a prestressed concrete girder is not considered
practical. In practical terms, the overstress can be re-
lieved either by increasing the number of girders or by
changing the girder type. Strengthening prestressed con-
crete bridges is considered to be impractical—replacement
is necessary if overstress ratio is more than permissible. An
approximate expression for material quantity is:

vee = Y2[1 + (1 + Q,9)1]

3. Piers: The material quantity ratio for piers is con-
servatively expressed in shearing overstress factor as:

'yp-——l-l-QvG

4. Foundations: The conservative expression for piers
applies also to foundations, as:

Vf:1+‘0‘vG

Summary

The cost of new construction is a function of original ma-
terial quantity ratios of the major structural elements and
the unit material cost at the time new construction is to
be implemented. A general expression for the cost may be:



c=C,+ 3x0Qvy
in which

C,, = cost of miscellaneous items (rails, parapet) not
affected by new load limits;
U = unit material cost of a structural element;
Q = original quantity of a structural element;
y = material quantity ratio of a structural element; and
x = inflation factor of material cost. '

Incremental cost due to new loads may be expressed as:
AC=3(y—1)QU

The summation covers all the structural elements of a
bridge—namely; deck, girder, pier, and foundation.

If material quantity data for structural elements cannot
be obtained from past records, a lump-sum cost estimate
will have to suffice. In this case the cost estimate is based
on:

C = xo(Cp, + vaU,A)

in which
x, = average inflation factor of materials;
U, = original cost of construction, $/sq ft;
A = plan area of bridge, sq ft; and
v, = average material quantity ratio of all structural

elements.

Fatigue Life of Bridges

The fatigue life of a structure is affected by a combination
of many factors, the most important of which are load
spectrum, nature and condition of structural member, and
environment of the structure.

A relatively precise estimation of fatigue life of a bridge
requires: collecting the design data of the bridge; obtain-
ing the loading and stress range history through field ob-
servation and testing; projecting past and present traffic
data to obtain future expected traffic volume; and making
theoretical analysis.

Several studies (128, 129, 130) reveal that under cur-
rent traffic conditions the bridges examined have fatigue
lives well above 1,000 years. The heaviest traffic in these
~ studies had an annual commerecial traffic volume of 860,000.
Assuming commercial traffic is 40 percent of total traffic,
total traftic volume amounts to 2,150,000 vehicles per year,
or an ADT of approximately 6,000 vehicles. Because of
the difference in the load spectrum of the bridges, fatigue
life has no direct relationship to truck volume alone.
Bridges that have less traffic volume but with high damage
range would have shorter lives than the ones that have more
traffic volume with low damage range.

In the cited studies, the bridges investigated include:

1. Simple span, rolled beam with welded cover plate.

2. Suspended center span, rolled beam with welded
cover plate.

3. Simple span, prestressed concrete I beam.

4. Welded plate girder with flange thickness transition. -

5. Continuous spans, wide-flange beam with cover plate.

Each bridge was designed for AASHO HS20-44 loading.
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Assuming that the relationship between the logarithmic
value of the fatigue cycles and the stress range is linear and
the stress range value at 2 X 108 cycles for zero-to-tension
stresses is equal to one-third the value at 2 X 10¢ cycles,
an overload at a stress level of 30 percent will reduce the
fatigue life of a bridge to about one-fifth of its original
value. Thus, if the original fatigue life of a bridge under
current traffic conditions is 1,000 years, an overload of
30 percent at all vehicle load levels with the same traffic
volume will reduce the expected life to 200 years.

It may be concluded that bridges with a normal distribu-
tion of trucks loaded to new permissible load limits (say,
10 percent of the truck traffic or 4 percent of the total
traffic, and with an ADT under 20,000) should have a
fatigue life of SO years or more.

The fatigue life of a bridge with an ADT exceeding
20,000 and yet classified as serviceable without modifica-
tion under new load limits may be estimated by the follow-
ing, regardless of the original design load:

Fatigue life = F = (20,000/ ADT) 50 yr

Assuming that the expected life span of the bridge is
50 years from the date of construction, and the cost of
construction is spread uniformly over the expected life span
of 50 years, the cost apportioned to the shortened life due
to accommodating new loads can be approximated by

C;,=(50—-F—T)C,/50
in which
F = fatigue life of the bridge;
T = time elapsed between date of construction and
date new legal load limits are implemented;

C, = original cost of the bridge; and
C; = cost attributable to new load limits.

NUMERICAL EXAMPLE OF METHOD APPLICATION

Numerical examples are given to illustrate the application
of the assembled methods to arrive at a rational cost analy-
sis of bridge structures for arbitrarily chosen new vehicle
load limits.

Two new loads are used throughout the examples. The
Type I new load, although improbable, serves to demon-
strate the method’s flexibility.

Bridges are chosen with different types of construction
such that they will yield different conclusions as to whether
the bridge:

1. May be considered serviceable for the new loads.

2. May be considered to need strengthening to serve the
new loads.

3. Needs new construction to serve the new loads.

For the last two cases, computations of costs also are
shown.

Although all the bridges given in the examples are
assumed to have been originally designed for standard
AASHO loadings, this condition is not necessary for the
method to apply. Should a highway department have
bridges designed with load standards different from
AASHO loads, the method is still applicable. In this case
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the overstress factors are calculated using the original de- Z 2 Pz
sign load as an input parameter, in lieu of the AASHO 8= % =0.333
design load.

In Example II, fatigue life is estimated by using the B,, = 2[¢ — (b/L)p*1b = 30.62 ft
formula given. The current traffic conditions are assumed B, = 28b = 18.67 ft
for use of the formula, If the user has developed a better ' WL B
method than the one illustrated, that method may be used M, = —4-(1 - z}j) = 1,342 ft-kips
instead. B

- v R :

Example | V,= W<1 — ZL) = 64.5 kips
1. Bridge type: Simple-span WF composite girder with Step 2: Determine load parameters for Type I new load:
concrete slab, bents, and spread footings. Girder span .
length = 90 f. ‘ prz1o" . pas20" p3s20"

2. Load data: Bridge designed for HS20-44 loading, as
per AASHO specification. Present ADT =2,000. ‘ 8 ‘ 8'

3. Present condition: Good.

4. Assumed new loads: :

Type I new load (this improbable truck configuration TYPE I NEW LOAD
is selected to demonstrate the method’s flexibility) :

3
i oK &= _ZZ“—lp'lx'l_ =0.6
Wb
zOK ’ljl P'l'fxi

L‘:_l| 20" R =01

s——__z*':1 P _ o4
- Wb

8 8 B,, = 2[¢ — (b/L)u?1b ~ 18.6 ft
= -t ' B, =128b=12.8 ft
' WL B
'ype II new loa M, 2 ( 1 2L> 1,010 ft-kips
K " B
10 I— — v )= i
V. W(l 2L) 46.5 kips
375"
5'
13’ _I_ nr'
Step 1: Determine load parameters for original design
load: Under HS20-44 AASHO loading; with 90-ft span,
truck load controls: '
pi=gX p2e32X p3s32%

‘ 14 ‘ 14’ ‘



Because M, ! <M, and V,I1 <V, it is concluded that
the Type I new load is less severe than the original designed
load HS20-44. Therefore, the bridge is safer under Type I
new load.

Step 3: Determine load parameters for Type II new load:
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pI=iO" p2e37.8% p3=375"
1 13 l l

TYPE JI NEW LOAD

2 2 Plx;
g:__z_iﬂzo.soz

Wb
3
2 p,
”:z;;b © =0.199
PIR
) ‘;I‘,b“ = 0.368

B, = 2[¢ — (b/L)u?lb = 35.4 ft
B, =28b=22.11t

WL 1 B,, .
M, =-—7-\ 1735 )] =1,530 ft-kips

B, .
v, i=w\1—5 ) =745kips

Because M,,' > M,, and V,'X > V,, the bridge designed
for HS20-44 will be overstressed under Type II new load.

Step 4: Determine live load ratios:

Live load moment ratio of Type 1I new load to H§20-44
loading:

a, =M, /M, = 1.14

Live load shear ratio of Type II new load to HS20-44
loading:

a, = V,/V, =115

Step 5: Determine overstress factors:
1. Girder:

B,, = ratio of dead load moment to live load moment
(including impact) for HS20-44 loading for a
90-ft-span steel composite bridge girder = 0.98
(from Fig. B-7).

6, = ratio of sectional modulus of composite section to
noncomposite section at bottom flange = 1.30.

The flexural overstress factor may be found as

@, — 1 1.14—1

=11 8.6, 1+13(0098) — 0616

Q,%

Similarly, the shearing overstress factor may be found as

but is not critical because the shear stress in WF beam
generally is well below the maximum allowable stress.

2. Deck Slab: Because the single wheel load in either
type of new loading under consideration is less than the
16-kip design load, the slab will not be subjected to over-
stress, and hence is safe.

3. Piers and Foundations: Overstress in piers and foun-
dations generally is less severe than the shearing stress in
superstructure and can be taken conservatively as:

a, — 1 0.15

== G = —
&= <O =T =TT 084

= 0.082

Step 6: Determine serviceability of bridge:

1. Deck Slab: - Because it is not overstressed as a result
of new proposed loading, the slab certainly is serviceable
under new loads.

2. Girder: The overstress factor for girder in flexure is
less than the permissible overstress factor:

9,,¢=0.0616 < K,,, = 0.23

Therefore, the girder also is serviceable under new loads.

3. Piers and Foundations: The overstress for piers and
foundations is less than the overstress factor for girder:
Use @, or 9, < 0.082, which is < K, = 0.35; therefore,
the bridge is serviceable.

Step 7: Fatigue life estimation: Because the ADT of the
bridge is fairly low, fatigue life need not be examined.

Conclusion: The bridge under consideration for the
assumed two types of new loads is found to be safe and
serviceable.

Example I

Consider a bridge that has the same features as the bridge
in Example I, except for the following:

1. Bridge span is 60 ft instead of 90 ft.

2. Noncomposite between girder and slab. .

3. Bridge was designed for HS15-44 loading and has
been in service for 10 years. Present ADT = 40,000, of
which 40 percent is commercial traffic and 5 percent is
multi-axle trucks with gross weight between 80 and 130 per-
cent of original design load.
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Step 1: Determine load parameters for HS15-44 loading:

p1= gk -~ Pe=24K

l 4 1 14

P3= 24K

l

£=04;8=02;,=02

B, ~ 30.6 ft
B, ~ 18.7ft
_ (54)(60)( . 30.6\ _ :
Mm— 4 \1 120 =610 ft-klpS
18.7 .
V" = 54(1 —_ m) =455 klpS

Step 2: Determine load parameters for Type I loading:
£=06;.=0.1;8=04
B, =19 ft; B, = 12.8 ft
WL

B
I~ _ m —_— ki
Mt == (1 2L) 630 ft-kips

B .
VvV, = W(l — 2—2) = 45.3 kips

Step 3: Determine load parameters for Type II loading:
£=10.602; p = 0.2; 5 = 0.368
B, =343f1t;B,=22.1ft

WL B
HI—_"""{1 -_M™)—=4 ki
M, 1= (1 2L) 86 ftvklps

B
m— I i
V., = W(l ZL) 69.5 kips

Step 4: Determine live load ratio:

M, X vl
I— m___ . - n .
O M, 1.04,‘ a, V. 1.0
MmII Vv II
o, 1= M =144;a 1= V"L,, =1.53

Step 5: Determine overstress factors:

1. Girder: Overstress factor for noncomposite steel
girder in flexure is given by:

a,—1 1.44—10

" 1+8, 1+07
Overstress factor in shear is given by:
o =1 _153—1

v T 148, 1+065
in which

B, = ratio of dead to live load moment (including im-
pact) for 60-ft-span noncomposite WF girder
(from Fig. B-7 =0.70); and

B, = ratio of dead to live load shear (including im-
pact) for 60-ft-span noncomposite WF girder
(from Fig. B-8) =0.65.

2. Deck Slab: Because the single wheel load in either
loading is less than 16 kips, for which the slab is designed,
the overstress factor need not be considered.

3. Piers and Foundations:

Q, =0, < 0%=032

Step 6: Determine serviceability of bridge: Because the
flexural overstress factor computed is between 0.23 and
0.30 and the shearing overstress factor is slightly greater
than 0.30, it can be concluded that strengthening the bridge
is feasible.

Step 7: Predict fatigue life of bridge: Because the ADT
exceeds 20,000 and the traffic has a normal mix of heavy
trucks, fatigue life may be estimated by:

Fatigue life = F = (20,000/ ADT)50 yr
= (20,000/40,000) 50 = 25 yr

The bridge thus will have 15 years or more of life left;
it is considered feasible to strengthen the bridge to serve
the new load limits.

Step 8: Compute material quantity ratio for steel girder:
vsg = Y2[(1 + 2,%) + (1 + 2,9)3]
=1401.32+ (1.26)#] =1.22
Step 9: Compute cost of strengthening:
Cs = (y5y — 1) QU = 0.22QU

Therefore, 22 percent of the original cost of the bridge is
chargeable to the legal limit change. ‘

Example I

Substitute composite prestressed concrete girder for steel
girder; assume same design data as in Example II.

Step 1: Determine load parameters for H20 loading
(same as Example II):

M, = 610 ft-kips
V, = 45.5 kips

Step 2: Determine load parameters for Type I loading
(same as Example II):

M, = 630 ftkips
VI = 45.3 kips

Step 3: Determine load parameters for Type II loading
(same as Example II):

M, I = 905 ft-kips
V, I = 69.5 kips



Step 4: Determine live load ratios (same as Example II):
a,f=1.03;a,1=1.00
a, = 148;0,1=1.53
Step 5: Determine overstress factors (same as Example II) :
For 60-ft span:
1. Girder:
B, = 1.30 (from Fig. B-11)
Thus, the overstress factors may be found as:
w® = 0.60(1.03 — 1) = 0.018;
0,61 =0.6(1.48 —1) =0.268
" Q,1=0.41; 0, = 0.081

Therefore: Type II load governs.

2. Deck Slab: As in Example II, slab is safe.

3. Piers and Foundations: As in Example II, the over-
stress factor may be safely assumed as that of the pre-
stressed girder.

Step 6: Determine serviceability of bridge: Because the
permissible overstress factor in flexure, K,,, = 0.12, is less
than the actual flexural overstress, ©,11= 0.268, and the
permissible overstress factor in shear, K,, = 0.20, is less
than the actual shearing overstress, Q,,1f = 0.41, it is con-
cluded that the bridge needs new construction to serve the
new loads.

Step 7: Determine cost of new construction:

Let x = cost index in material and labor based on origi-
nal construction cost = 1.2.

For girder:
=1[1 + (1 + 0.268)% = 1.065
C¢ = xy,,C,% = 1.28C,¢
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For slab:
C8=xC,8=1.5C,8
For substructure:
=1.065
1.2 X 1.065C,58
= 1.28C,%%

C88 = xy,C 58 =

Therefore, the total cost of new construction = 1.5 X
original cost of slab 4 1.28 X original cost of girder +
1.28 X original cost of pier and foundation.

These three examples demonstrate the sensitivity of the
proposed method.

The serviceability of an existing bridge under new legal
load limits is affected by many factors (e.g., configuration
and axle arrangement of the new loads; original design load
of the bridge; span, type, and composition of construction;
bridge’s present condition; and traffic spectrum). The ex-
amples are designed to reflect explicitly or implicitly all
these factors, and hence their impact on bridge costs.

Total Structural Cost Impact for the System

To determine the total cost impact of a proposed change
in legal limits on structures, the inventory of highway struc-
tures within the system must be divided into types, span
ranges, and original design load classes, etc. The foregoing
cost analysis procedures then would be applied to each
structure in these groups. The costs derived from each of
these categories are then summed to obtain the total system
cost related to highway structures.

The procedure outlined herein is intended to illustrate a
technique that can be applied with reasonable accuracy.
Additional refinements and expanded applicability can be
implemented to suit particular needs.

APPENDIX C

NUMERICAL EXAMPLE-—PROCEDURES FOR DETERMINING

EFFECTS OF CHANGES ON PAVEMENTS

The methods of analysis illustrated in this example are dis-
cussed in Chapter Two. All numerical values given here
are primarily for illustration. They are not necessarily the
typical values for a specific analysis.

EFFECT OF CHANGES ON REMAINING SERVICE LIFE
OF EXISTING PAVEMENTS

. Two methods for estimating the remaining service life of
existing pavements are illustrated. The first method is ap-

plicable to the group of highways of a specific category in
a jurisdiction or cost analysis area. The second method is
suitable for an individual pavement section.

The first method was developed for highway needs stud-
ies; consequently, its use provides very approximate esti-
mates for transportation planning purposes. The second
method is preferable if more precise analyses are desired.
For each method, the procedures for determining the re-
maining service life of flexible as well as rigid pavements
are described.
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Method |—Flexible Pavements

For a given cost analysis area, such as a county, the follow-
ing information is assumed to be available from the in-
ventory in highway planning studies:

® Flexible pavements with “medium” pavement struc-
tures (SN = 3.1 to 4.5).

® The soil support values of the subgrade soils are sub-
stantially greater than that of the AASHO Road Test sub-
grade soil. In the AASHO Road Test, S=3. In this ex-
ample, S = 6 or more.

® Present pavement condition is rated as “fair” (PSR or
PSI = 2.1 t0 3.0).

¢ Minimum tolerable pavement condition is represented

by PSR = 2.1.

e Number of present equivalent annual 18-kip single-
axle applications (EALA) = 189,216 * if there is no change
in legal limits.

® Annual traffic growth rate = 4 percent.

The procedure for estimating the remaining service life
of the group of flexible pavements is:

1. According to the data in Table 33, it is necessary to
increase the medium pavement structure (SN = 3.1 to 4.5)
with an § value of 6 or more to a heavy pavement structure
(SN =4.6 to 6.0).

2. From Table 32, the remaining service life is found to
be 11 to 15 years in the general section identified as “Heavy
Pavement Structure” and under the column “Annual Traf-
fic Growth—4 to 6 Percent” and “Pavement Condition—
Fair.” The remaining service life given here is based on the
assumption of no change in legal limits.

3. To estimate the remaining service life of the pave-
ments, provided there would be changes in legal limits, it
is necessary to determine the effect of the changes on the
equivalent 18-kip single-axle load applications during the
remaining service life of the pavements. In this example,
assume that all data given here remain unchanged, except
that the equivalent 18-kip single-axle load applications dur-
ing the remaining service life of the pavements would be
increased by 65 percent due to increases in legal limits. To
make it possible to use Table 32 for the desired analysis,
this 65 percent increase may be applied to the EALA value.
In this example, EALA = 189,216(1 + 0.65) = 312,206.

With the increased value of EALA, Table 32 shows that
the remaining service life of the pavements will be reduced
to the range of 6 to 10 years. If the influence on the
equivalent 18-kip single-axle load applications due to
changes in legal limits would become effective gradually
in a number of years, the specific effect (65 percent in-
crease in this example) is necessarily dependent on the
years of remaining service life of the pavements. In this
case, a trial-and-error procedure is required to determine
the increase in EALA during the remaining service life.

* The procedure for determining the EALA value is explained in a

numerical example in “Manual B” (36, p. H-10). The EALA and other
values given in the above example are the same as those in the example
in “Manual B.” Another method is illustrated in the numerical example
of Appendix D.

Use of this procedure provides a very approximate esti-
mate of the effect of changes on the remaining service life
of existing pavements. For instance, if the increase is
50 percent instead of 65 percent, then EALA = 189,216
(1 + 0.50) = 283,824.

With this value of EALA, Table 32 shows that the re-
maining service life will be 11 to 15 years, instead of 6 to
10 years. Obviously, this substantial difference is due to the
fact that in one case the estimated remaining service life is -
near the lowest value in the 11 to 15 years range, whereas
in the other case it is very close to. the highest value in the
6 to 10 years range. When a large number of cost analysis
areas or counties are analyzed in a statewide study, these
errors tend to compensate each other somewhat. One way
to minimize this type of error is to use the method of inter-
polation for determining a specific value of the remaining
service life within the range obtained from Table 32. The
method for estimating remaining service life is approxi-
mate, using Table 32. If a more precise approximation is
desired, it is preferable to use Method II (described later)
to determine the effects of limit changes on the remaining
service life of existing pavements.

Method I—Rigid Pavements

A similar procedure is followed in estimating the remaining
service life of rigid pavements, except that no soil support
value data are needed. In this example, assume tshat all data
concerning pavement conditions, EALA, and tegffic growth
rate are the same as those for flexible pavements. Assume
also that the highways have heavy pavement structures
(D=09.1 to 11.0 in.). From Table 31, the remaining
service life will be in the range of 11 to 15 years, provided
there is no change in legal limits. If the equivalent 18-kip
single-axle load applications were increased by either 50 or
65 percent as a result of the changes in legal limits, the
expected remaining service life, as indicated by the infor-
mation in Table 31, would be in the range of 6 to 10 years.

Similar to the evaluation of flexible pavements, the use
of Method II, which follows, provides a more precise
analysis of the effect of changes on the remaining service
life of rigid pavements.

Method 1l—Flexible Pavements

In the method reported by Corvi and Bullard (75) a series
of charts is available for the analysis of flexible pavements
with various present serviceability indices (PSI). This
method is applicable for determining the remaining service
life of individual pavement sections. In the evaluation of
the effect of changes on the remaining serviee life of all
existing pavements in a state, it is necessary to repeat the
same procedure for each pavement section having the same
thickness, characteristics, and traffic. To minimize the
work required in this type of study, consideration may be
given to the alternative of conducting the analysis only for
the typical pavement sections in a state, instead of for all
existing pavements.

The following procedure of analysis refers to a particu-
lar section of an existing highway, such as a two-lane high-
way one mile in length.



Given

o Accumulated number of equivalent 18-kip single-axle
load applications from time pavement was opened to traffic
to the present = 1,000,000.

® Present serviceability index = 3.5.

Solution

1. Determine the structural number (SN) of the existing
pavements, In this example, the SN is assumed to be 2.85.

2. Find the soil support value of the subgrade by using
Figure 20, for flexible pavements with a PSI of 3.5. The
dashed line in Figure 20 indicates that, based on the traffic
data and structural number given, the soil support value is
30. The soil support value used in the Corvi and Bullard
method is different from that in the “AASHO Interim
‘Guide for the Design of Flexible Pavement Structures.”
Furthermore, soil support values required for the design
of flexible pavement structures usually are determined by
field or laboratory tests on the subgrade materials. For
this reason the soil support value determined by the fore-
going procedure may be considered as an equivalent or
hypothetical value because it is not based on experimental
data obtained from tests on the actual subgrade material.

3. Find the total equivalent 18-kip single-axle load ap-
plications from the time the pavement was opened to traffic
to the end of service life when a prescribed terminal
serviceability index will have been reached. In this ex-
ample, the terminal serviceability index is assumed to be
2.5. The dashed line in Figure 21 shows that, based on the
SN and the soil support value given, total equivalent 18-kip
single-axle load applications are 4,700,000.

4. Compute the number of equivalent 18-kip single-axle
load applications remaining (before the pavement section
requires reconstruction or resurfacing). This is done by
subtracting the accumulated number up to the present time
from the total number determined in Step 3: Number of
equivalent 18-kip single-axle load applications remaining =
4,700,000 — 1,000,000 = 3,700,000.

5. Determine the difference in the remaining service life
of the pavement section between the following cases:

Case A. No change in legal vehicle limits.

Case B. With specific changes in legal vehicle limits.

In each case, the remaining service life in years may be
computed on the basis of the projected annual equivalent
18-kip single-axle load applications. An increase in legal
limits in Case B will result in a shortening of the remaining
service life of the pavement section because of the increase
in the projected annual equivalent 18-kip single-axle load
applications, as illustrated elsewhere in this example. The
difference in the remaining service life of the pavement sec-
tion between Cases A and B is one of the factors related to
pavements that should be included in the incremental cost
analysis for determining the effects of changes in vehicle
weights and dimensions.

For illustration, the followmg prOJected traffic data are
assumed: '
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Case A. Annual equivalent 18-kip single-axle load appli-
cations = 370,000.

Case B. Annual equivalent 18-kip single-axle load appli-
cations = 740,000.

Therefore,
.. L. 3,700,000
Case A. Remaining service life = m_ 10 years.
. . ... 3,700,000
Case B. Remaining service life = 740,000 5 years.

The use of this information to determine the effect of
changes on the cost related to pavements in a 20-year
analysis period is illustrated later in this example.

Method ll—Rigid Pavements

For rigid pavements, the procedure for the desired analysis
is similar to that for flexible pavements, except the parame-
ters related to subgrade and pavement structure are dif-
ferent. The following data are assumed to have been ob-
tained from the studies of a particular pavement section:

® Accumulated number of equivalent 18-kip single-axle
load applications from time pavement was opened to traffic
to the present = 900,000. -

® Present serviceability index = 4.0.

® Thickness of concrete slab = 8 in.

® Working stress in concrete = 490 psi.

Solution

1. Find the k value (modulus of subgrade reaction) by
using Figure 22. The dashed line shows a k value of
150 pci. Similar to the soil support value in connection
with flexible pavement analysis, the k value determined in
this manner may be considered as an equivalent or hy-
pothetical value because it is not based on experimental
data obtained from tests on the actual subgrade material.

2. Find the total equivalent 18-kip single-axle load ap-
plications from the time the pavement was opened to traffic
to the end of service life when a prescribed terminal ser-
viceability index will have been reached. A terminal ser-
viceability index of 2.5 is assumed in this example. The
dashed line in Figure 23 shows that, based on the informa-
tion available, the total equivalent 18-kip smgle -axle load
applications are 2,750,000.

3. Compute the number of equivalent 18-kip single-axle
load applications remaining (before the pavement section
requires reconstruction or resurfacing). This is done. by
subtracting the accumulated number up to the present time
from the total number determined in Step 2: Number of
equivalent 18-kip single axle-load applications remaining =
2,750,000 — 900,000 == 1,850,000.

4. Determine the difference in the remaining service life
of the pavement section between the following cases:

Case A. No change in legal vehicle limits.

Case B. With specific changes in legal vehicle limits.

The computations in this step are similar to those in
Step 5 for the analysis of flexible pavements.
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EFFECT OF CHANGES ON DESIGN OF NEW PAVEMENTS

The procedures described herein for determining the effect
of changes are applicable to the design of pavements either
for new highways or for reconstruction of existing high-
ways. Again, the procedures for flexible and rigid pave-
ments are presented separately, For either type of pave-
ment, the method of analysis is based on the AAHSO In-
terim Guides for the design of pavement structures (127,
128).*

Flexible Pavements

For a particular highway section, the following data are
assumed to have been obtained from pertinent studies
described elsewhere in this report:

® Estimated total number of equivalent 18-kip single-
axle load applications in a particular analysis period (a
20-year analysis period used in this example), provided
there would be no change in legal vehicle limits = 328,500.

® Soil support value in the particular highway section =
6.0.

® Regional factor = 3.0.

® Terminal serviceability index = 2.0.

With the assumption of no change in legal limits, the design

~

of the flexible pavement is carried out by the following
steps:

1. Convert total equivalent load applications in the 20-
year analysis period to equivalent daily 18-kip single-axle
load applications.t That is: 328,500/ (20 X 365) = 45.

2. Find the weighted structural number (SN) by using
Figure 17, which is for the design of flexible pavements
with a terminal serviceability index of 2.0. The dashed lines
in the figure show that, based on the traffic data, soil
support value, and regional factor given previously, the
weighted SN is 2.50.

3. Determine the thickness of each pavement compo-
nent. The weighted SN given here represents the combina-
tion of all components in. the flexible pavement structure.
For each pavement component, the thickness may be de-
termined according to the coefficients of relative strength,
such as those given in Table 30. In this example, a possi-
ble combination of three pavement components (surface
course, base course, and subbase) is given:

* The Interim Guides were reviewed in “Evaluation of AASHO Interim
Guides for Design of Pavement Structures” (129).

+ Although the total number of applications is shown in a scale in Fig-
ure 17, it is more convenient to use the scale in equivalent daily applica-
tions.

Co-
EFFICIENT
THICK- OF RELA-
PAVEMENT . NESS  TIVE COMPUTATION
COMPONENT (IN.) STRENGTH OF SN
Asphaltic concrete 3 0.44 3% 0.44 =1.32
surface
Crushed stone 5 0.14 5X0.14=0.70
base
Sandy clay sub- 6 0.08 6 X 0.08 = 0.48
base (avg.
quality)
Total 2.50

This procedure also may be applied for the design of the
flexible pavement for the same highway section with the
assumption that there would be certain changes in legal
vehicle limits. In this case, the equivalent 18-kip single-axle
load applications would be increased if the changes are to
allow increases in legal limits. The difference in the re-
quired thicknesses of pavements with or without changes
in legal limits should be included in the incremental cost
analysis concerning flexible pavements.

Rigid Pavements

The following data are assumed for a particular section of
highway:

® Estimated total number of equivalent 18-kip single-
axle load applications in a 20-year analysis period, provided
there would be no change in legal vehicle limits =
8,979,000.

® Modulus of subgrade reaction (k) = 100 psi.

® Working stress in concrete = 490 psi.

® Terminal serviceability index = 2.5.

The following design procedure for rigid pavements is
similar to that for flexible pavements.

1. For convenience in applying the design chart (Fig.
C-1), convert the total equivalent load applications to
equivalent daily applications: 8,979,000/ (20 X 365) =
1,230. )

2. Find the required thickness of the concrete slab for
the pavement section. The dashed lines in Figure C-1 show
that, based on the traffic data, modulus of subgrade re-
action, and the working stress in concrete given above, the
slab thickness is 10 in. (The design chart in Figure C-1 is
for a terminal serviceability index of 2.5. The AASHO
Interim Guide provides a separate design chart for a
terminal serviceability index of 2.0.)

The design of rigid pavements with anticipated changes
in legal vehicle limits may be carried out in a similar man-
ner. In this case, a thickness greater than 10 in. would be
required if the changes result in an increase in the equiva-
lent 18-kip single-axle load applications.
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Figure C-1. Design chart, rigfd pavements.
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EFFECT OF CHANGES ON DESIGN OF
OVERLAYS ABOVE EXISTING PAVEMENTS

Flexible overlays usually are constructed above existing
pavements of either the flexible or the rigid type, after the
pavements have reached the end of their service life. The
thickness of a flexible overlay above either type of pave-
ment may be determined by AASHO Interim Guide design
charts. The procedure is similar to that for the design of
flexible pavements described previously, except that rela-
tively low coefficients of relative strength are used because
the pavement components of the existing highway at the
end of the service life are normally inferior to those at the
time of construction. The following data illustrate the
necessary analysis for determining the effect of changes on
the required thickness of the overlay above an existing
pavement (e.g., a two-lane one-mile section of flexible
pavement).
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Figure C-2. Design chart, flexible pavements.

Given

® Estimated total number of equivalent 18-kip single-
axle load applications in a 20-year period after completion
of the overlay, provided there would be no change in legal
limits = 10,000,000.

® Same as above, except that certain increases in legal
limits are assumed = 22,000,000.

® Soil support value = 7.5.

® Regional factor = 1.0.

® Terminal serviceability index = 2.5. °

® SN * of existing pavement structure before resurfac-
ing = 1.92.

Solution:

1. From the AASHO design chart (Fig. C-2) the SN is
found to be 3.24, as indicated by a dashed line.
2. The required overlay should provide a portion of this

* In this case, the SN and the weighted SN are the same because the
regional factor is 1.0.
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Figure C-3. Comparisons of overlay construction costs, Cases A and B.

SN: 3.4 (total SN) — 1.92 (SN of existing pavement) =
1.32.

3. If asphaltic concrete with a coefficient of relative
strength of 0.44 is used for the construction of the overlay,
the required thickness is 3 in.: 3 X 0.44 = 1.32 (SN of the
overlay). The 3-in. asphaltic concrete overlay is based on
the assumption of no change in legal limits.

4. The thickness of the required asphaltic concrete over-
lay with the assumption of certain increases in legal limits
may be determined by repeating Steps 1, 2, and 3. In this
case, the required SN of the overlay is computed as fol-
lows: 3.68 (total SN) — 1.92 (SN existing pavement) =
1.76. Therefore, 4-in. asphaltic concrete overlay is re-
quired: 4 X 0.44 =1.76 (SN of the overlay).

The application of this information for incremental cost
analysis is illustrated in the following section.

DETERMINATION OF INCREMENTAL COST
RELATED TO PAVEMENTS

In this example, a 20-year analysis period is assumed. The
total cost related to pavements in the 20-year period is to
be computed for each of the following cases:

Case .A. No change in legal vehicle limits.

Case B. With specific increases in legal vehicle limits.

The difference between the total pavement costs in these
cases is the incremental cost in regard to the changes in
legal limits.

Figure C-3 shows the computation of some of the costs
related to the pavement section in a two-lane highway,
one mile in length. The remaining service life of 10 or
5 years and the overlay thickness of 3 or 4 in. shown in the
figure are in accordance with the values obtained from the
analyses described previously. The portion of the origihal

construction cost of the existing pavement to be charged
against the 20-year period may be considered to be the same
for Cases A and B. The incremental cost related to the
overlay may be determined as follows:

e Assumed service life of pavement section after con-
struction of overlay . .. ... ...... ... ... .. ... .. 20 years.

e Assumed total construction cost of overlay and related
work for Case A. .. ... ... ... .. ... ... ... $40,000.

e Assumed total construction cost of overlay and related
work for Case B. ... ... ... ... ... ... ... ..... $50,000.
- @ If cost related to the interest of the capital investment
is not included in this analysis, annual cost of the overlay
within the 20-year service life in Case A = 40,000/20=
$2,000.

® Similarly, annual cost of the overlay within the 20-year
service life in Case B = 50,000/20 = $2,500.

® In the 20-year period shown in Figure C-3, cost of the
overlay in Case A = 10 (yr) X 2,000 = $20,000.

¢ Similarly, cost of the overlay in Case B in the 20-year
period = 15 (yr) X 2,500 = $37,500.

e Therefore, incremental cost related to overlay con-
struction in the 20-year period = 37,500 — 20,000 =
$17,500.

If the existing pavement is reconstructed, instead of re-
surfaced, at the end of its service life, the incremental cost
related to reconstruction may be determined in a similar
manner.

In addition to the incremental cost analysis related to the
resurfacing or reconstruction of existing pavements, the
evaluation of the effects of changes on pavements also
should include the incremental costs related to the con-
struction of new pavements and the maintenance of existing
pavements, as discussed elsewhere herein.
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APPENDIX D

NUMERICAL EXAMPLE—APPLICATION OF COST/BENEFIT ANALYSIS METHODOLOGY

PROBLEM STATEMENT

This appendix sets forth in detail the application of meth-
ods described in Chapter Two, and illustrated in principle
in Appendices B and C. Data tabulated in Appendix A
are used to estimate benefits and costs that might result
from an increase in axle weight limits from the present
18-kip single-axle and 32-kip tandem-axle legal limits to
20-kip single-axle and 34-kip tandem-axle limits.

To estimate the cost impacts of this change, as discussed
in Chapter Two, one mile of a typical roadway in a specific
highway system is used as the input to the problem. Using
the incremental approach, the highway costs for the con-
struction of this one mile of roadway to handle present and
proposed limits must be estimated. The cost differentials
include pavement construction and the average cost of
bridges per mile, based on the types of bridges on the entire
mileage of that highway system. '

Other costs in highway construction may be incurred as
a result of changes in legal limits. These costs might be for
additional earthwork, drainage, shoulders, increased curve
width at ramps and intersections, etc. Although these items
do not appear in the specific example chosen, they are
included here.

In this example, benefits are restricted to the operational
cost differentials to truck operators under proposed legal
limits as compared to present limits.

Both of these cost differentials are then reduced to
equivalent uniform annual capital costs and benefits. The
ratio of these two elements provides a benefit/cost ratio
resulting from the proposed change for that highway sys-
tem. This procedure follows the logic flow shown in
Figure 56.

The resulting benefit/cost ratio will be applicable to the
specific highway system used. For a complete cost/benefit
analysis, the process should be recycled for all highway sys-
tems in the state or region being studied. Judgmental fac-
tors, not quantified in this analysis, are then melded with
these data to arrive at a decision.

NUMERICAL EXAMPLE

In this numerical example, several qualifications and state-
ments are first appropriate:

1. In compiling inputs, such as those related to the truck
weight study, data from several states were combined to
provide a reasonable sample data base, for no single state
had what was considered a sufficient sampling of all truck
classifications, empty and loaded, to be used alone, Other
data, such as costs for materials, bridges in the inventory,
and paving costs, were generated hypothetically for the
example and were checked against experiences and records

available to approach what might reasonably be expected
in a specific case. However, the results of the sample cal-
culations should not be assumed to be representative of a
real-world situation, and therefore should not be used in
justifying a specific proposal for change.

2. The numerical example demonstrates the application
of a process only once. For a complete computation, many
recycles of the same process (using other inputs but fol-
lowing the general steps shown) may be required. Values
summarized in the example given that would result from
these operations were estimated but, for brevity, were not
included. ’

3. The example estimates only that situation relating to
the primary rural system. The entire process must be re-
peated for all highway systems, following the same general
steps used here. :

4. The example given uses 1970 and 1990 as initial and
terminal years of a 20-year planning period. Flexibility in
both years and period is provided in the method, with
appropriate changes in the constants used in arriving at the
equivalent uniform annual capital costs and benefits.

Figure D-1 shows general concepts to be used in the
example to estimate the incremental cost of new pavement
construction, due to the proposed limit change, and the
incremental transportation benefit. Figure D-2 shows gen-
eral concepts for estimating the average bridge cost per
mile by highway system.

PROBABLE GROSS VEHICLE WEIGHT AND AXLE WEIGHT
DISTRIBUTIONS RESULTING FROM A CHANGE IN
LEGAL AXLE WEIGHT LIMITS

In this example, the procedure for estimating the effects
of a change in legal axle weight limits from 18/32 kips to
20/34 kips is applied to vehicle class 2-S2. This class was
selected because it has each of the three types of axle con-
figuration normally found in typical trucks: steering axle,
single load axle, and tandem axle. In actual application,
the procedures would be repeated for all vehicle classes to
provide the estimates for probable gross weight and axle
weight distributions for the entire vehicle spectrum. The
objective is to present the basic concepts, assumptions, and
procedures to be employed for these computations.

The procedures have not been fully and completely
tested; however, calculations, concepts, and procedures
indicate that the results are reasonable and should yield
reliable results.

Adjusted Average Empty Weight

As Figure D-3 shows, the input to the estimation of ad-
justed average empty weight stems basically from truck
weight study data that have been combined by highway
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Figure D-1. General concepts used in estimating the incremental cost of new pavement and incremental transportation benefits.
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system and aggregated by vehicle class. In this example, Step 4. Plot the accumulated percentages in Col. D as

the estimations are for the 2-S2 vehicle on Highway Sys- the ordinate, and the end-of-interval weight as the abscissa.

tem 3 (primary rural). This calculation uses Table D-1. See Figure D-4.

The entries in each column of the table are shown in the Step 5. Smooth the curve of Step 4 to eliminate any

figure. roughness resulting from inadequate samples of roadside
weighings.

Step 1. Record in Table D-1, Col. B, the number of
empty vehicles weighed in each 1-kip gross empty weight

interval. TRuCK- Gt
Step 2. Calculate the percentage of total number of )
empty vehicles weighed for the vehicles in Col. B for each l
1-kip interval and record in Col. C. COMBINE STATION
. N DATA BY HIGHWAY
Step 3. Calculate the cumulative percentages in Col. C SYSTEM AND TRUCK
and record in Col. D. FOR RDEQUATE

—— A —
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Figure D-3. Procedures for calculating average empty weight and average payload by highway system and vehicle class—present
limits.
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TABLE D-1

CALCULATION OF ADJUSTED AVERAGE EMPTY WEIGHT

VEHICLES WEIGHED EMPTY TOTAL
GROSS EMPTY
VEHICLE ADJUSTED AVG, GROSS WEIGHT
WEIGHT ACCUMU- ACCUMU- ADJUSTED EMPTY FOR ALL
INTERVAL % OF LATED LATED NO. OF _WEIGHT VEHICLES
(KIPS) NO. TOTAL PERCENT PERCENT VEHICLES (LB) (LB)
A B c D E F G H
13-13.9 0.00 0.60
14-149 1 0.86 0.86 0.90 0.90 14,500 13,050
15-15.9 1 0.86 1.72 1.00 0.10 15,500 1,550
16-16.9 0 0.00 1.72 1.50 0.50 16,500 8,250
17-17.9 0 0.00 1.72 2.00 0.50 17,500 8,750
18-18.9 1 0.86 2.58 3.00 1.60 18,500 18,500
19-19.9 3 2.59 517 5.00 2.00 19,500 39,000
20-20.9 5 4.31 9.48 14.00 9.00 20,500 184,500
21-21.9 9 7.76 17.24 24.00 10.00 21,500 215,000
. 22229 18 15.52 32.76 35.00 11.00 22,560 247,560
23-23.9 13 1121 43,97 46.00 11.00 23,500 258,500
24-249 15 12.93 56.90 58.00 12.00 24,500 294,000
25-25.9 13 11.21 68.11 68.00 10.00 25,500 255,000
26-26.9 6 5.17 73.28 75.00 7.60 26,500 185,500
27-279 7 6.04 79.32 79.00 4.00 27,500 110,000
28-28.9 4 345 82.77 83.00 4.00 28,500 114,000
29-29.9 3 2.59 85.36 86.00 3.60 29,500 88,500
30-30.9 3 2.59 87.95 89.00 3.00 30,500 91,500
31-31.9 -4 3.45 91.40 91.00 2.60 31,560 63,000
32-329 2 1.72 93.12 93.00 2.00 - 32,500 65,000
33-33.9 2 1.72 94.84 95.00 2.00 33,500 67,000
34-349 2 1.72 96.56 96.00 1.00 34,560 34,500
35-359° 0 0.00 96.56 97.00 1.00 35,500 35,500
36-36.9 2 1.72 98.28 98.00 1.00 36,500 36,500
37-379 1 0.86 99.14 99.00 1.00 37,500 37,500
38-38.9 1 0.86 100.00 100.00 1.00 38,500 38,500
39-39.9
40-40.9
Total 116 100.00 2,510,600
Average 25,106

Note: The main purpose of Table D-1 is to calculate
the average empty weight of the vehicle. If the roadside
weighings are adequate for this purpose, the average empty
weight may be calculated directly by adding the actual field
empty weights of the vehicles weighed and dividing by the
same number weighed.

Step 6. Read the smoothed curve of Figure D-4 at the
interval ends and record in Col. E, Table D-1, as the
adjusted accumulated percentage.

Step 7. Successively subtract the entries in Col. E to get
the number (percentage) of vehicles weighed in each 1-kip
interval. Record these differences in Col. F, Table D-1, as
the adjusted number weighed empty in each 1-kip interval.

Step 8. Record in Col. G the midpoint of the weight
interval in Col. A, Table D-1, and assume that this mid-
point is the average weight of the vehicles in the interval.

Step 9. Multiply the adjusted number weighed in Col. F
by the average interval weight in Col. G and record the
product in Col. H, Table D-1.

Step 10. Sum Col. H and divide the total by 100 to get

the average empty weight of the vehicles weighed empty,
25,106 1b.

Note: It is assumed that the loaded vehicles will have
an empty weight on the average equal to the average weight
of the empty vehicles weighed.

Adjusted Gross Weight and Total Payload Carried—
Present Limits

Together with Figure D-3, Table D-2 is used in these
calculations of adjusted gross weight distributions.

Step 11. Record in Col. B, Table D-2, the number of
vehicles weighed (empty plus loaded) in each of the 1-kip
intervals of Col. A.

Step 12. Calculate the percentage of total number of
vehicles weighed (sum of Col. B = 388) in each weight
interval and record in Col. C, Table D-2. Accumulate
these interval percentages, top to bottom, and record in
Col. D.

Step 13. Plot the accumulated percentages in Col. D,
with the percentage as the ordinate and the gross weight
at the end of the interval as the abscissa. See Figure D-5.
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TABLE D-2

CALCULATION OF ADJUSTED GROSS WEIGHT (EMPTY PLUS LOADED
VEHICLES) AND TOTAL PAYLOAD CARRIED—PRESENT LIMITS

VEHICLES WEIGHED,

EMPTY + LOADED TOTAL

GROSS AVG. PAYLOAD
VEHICLE ADJUSTED AD- PAYLOAD FOR ALL
WEIGHT ACCUMU- ACCUMU-  JUSTED AVG. GROSS PER VEHICLES
INTERVAL % OF LATED LATED NO.OF WEIGHT VEHICLE AT PMGW
(x1PS) NO. TOTAL PERCENT PERCENT  VEHICLES (LB) (LB) (LB)
A B c D E F G H I
13-13.9 1 0.26 0.26 0.3 0.3 13,500 0
14-14.9 1 0.26 0.52 0.5 0.2 14,500 0
15-15.9 1 0.26 0.78 0.6 0.1 15,500 0
16-16.9 0 0.00 0.78 0.7 0.1 16,500 0
17-17.9 0 0.00 0.78 0.8 0.1 17,500 0
18-18.9 2 0.52 1.30 1.5 0.7 18,500 0
19-19.9 4 1.03 2.33 2.4 09 - 19,500 0
20-20.9 6 1.55 3.88 3.9 1.5 20,500 0
21-21.9 10 2.58 6.46 6.5 2.6 21,500 0
22-22.9 19 4.90 11.36 114 4.9 22,500 0
23-239 14 3.61 14.97 15.2 38 23,500 0
24-24.9 16 4.12 19.09 19.0 3.8 24,500 0
25-259 16 4.12 23.21 232 42 25,500 394 1,655
26-26.9 11 2.83 26.04 26.1 2.9 26,500 1,394 4,043
27-27.9 12 3.09 29.13 29.1 3.0 27,500 2,394 7,182
28-28.9 10 2.58 31.71 32.0 29 28,500 3,394 9,843
29-29.9 9 2.32 34.03 34.7 2.7 29,500 4,394 11,864
30-30.9 14 3.61 37.64 37.0 23 30,500 5,394 12,406
31-31.9 10 2.58 40.22 399 2.9 31,500 6,394 18,543
32-32.9 8 2.06 42.28 42.1 22 32,500 7,394 16,267
33-33.9 6 1.55 43 83 44.6 2.5 33,500 8,394 20,985
34-349 10 2.58 46.41 47.1 2.5 34,500 9,394 23,485
35-359 11 2.83 49.24 49.7 2.6 35,500 10,394 27,024
36-36.9 16 4,12 53.36 52.2 2.5 36,500 11,394 28,485
37-37.9 8 2.06 55.42 55.0 2.8 37,500 12,394 34,703
38-38.9 6 1.55 56.97 57.0 2.0 38,500 13,394 26,788
39-39.9 8 2.06 59.03 - 60.0 3.0 39,500 14,394 43,182
40-40.9 8 2.06 61.09 62.2 2.2 40,500 15,394 33,867
41-41.9 7 1.80 62.89 65.0 2.8 41,500 16,394 45,903
42429 13 3.35 66.24 67.2 2.2 42,500 17,394 38,267
43-43.9 14 3.61 69.85 69.9 2.7 43,500 18,394 49,664
44-449 9 2.32 72.17 72.0 23 44,500 19,394 44,606
45-459 8 2.06 74.23 74.0 2.0 45,500 20,394 40,788
46-46.9 6 1.55 75.78 759 1.9 46,500 21,394 40,649
47-47.9 4 1.03 76.81 77.5 1.6 47,500 22,394 35,830
48-48.9 7 1.80 78.61 79.4 19 48,500 . 23,394 44,449
49-49.9 4 1.03 79.64 81.2 1.8 49,500 24,394 43,909
50-50.9 2 0.51 80.15 83.0 1.8 50,500 25,394 45,709
51-51.9 5 1.29 81.44 84.9 19 51,500 26,394 50,149
52-52.9 11 2.83 84.27 86.5 1.6 52,500 27,394 43,830
53-53.9 5 1.29 85.56 88.0 1.5 53,500 28,394 42,591
54-54.9 5 1.29 86.85 89.8 1.8 54,500 29,394 52,909
55-55.9 12 3.09 89.94 91.0 1.2 55,500 30,394 36,473
56-56.9 9 2.32 92.26 92.3 1.3 56,500 31,394 40,812
57-57.9 7 1.80 94.06 93.8 1.5 57,500 32,394 48,591
58-58.9 8 2.06 96.12 94.9 1.1 58,500 33,394 36,733
59--59.9 6 1.55 97.67 96.0 1.1 59,500 34,394 37,833
60-60.9 4 1.03 98.70 97.0 1.0 60,500 35,394 35,394
61-61.9 0 0.00 98.70 97.8 0.8 61,500 36,394 29,115
62-62.9 0 0.00 98.70 98.2 0.4 62,500 37,394 14,958
63-63.9 1 0.26 98.96 98.9 0.7 63,500 38,394 26,876
64-64.9 2 0.52 99.48 . 99.2 03 64,500 39,394 11,818
65-65.9 1 0.26 99.74 99.6 0.4 65,500 40,394 16,158
66—66.9 0 0.00 99.74 99.8 0.2 66,500 41,394 8,279
67-67.9 0 0.00 99.74 99.9 0.1 67,500 42,394 4,239
68-68.9 1 0.26 100.00 100.0 0.1 68,500 43,394 4,339

Total 388 1,291,193

Average : 12,912
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Figure D-5. Smoothed data for empty plus loaded weights—vehicle class
GROSS WEIGHT (KIPS) 2-52.

Figure D-4. Smoothed plot of empty weights—vehicle class

Step 14. Smooth the curve of Step 13, Figure D-5, to
adjust for the errors in the sample of weighings, assuming
that the curve will follow a smooth regression.

Step 15. Read the smoothed curve at the end of the
1-kip intervals and record the percentages in Col. E, Table
D-2.

Step 16. Take successive differences in the entries in
Col. E and record in Col. F. These interval percentages,
on the basis of weighing 100 vehicles, become the adjusted
number of vehicles whose gross weight falls into each of
the 1-kip weight intervals of Col. A.

Step 17. In Col. G, Table D-2, record the midpoint of
the interval in Col. A as being the average gross weight of
the vehicles in each of the 1-kip weight intervals,

Note: This assumption introduces a slight error because
the curve across an interval is not strictly a straight line in
every case.

Step 18. Subtract the average empty weight (Table D-1,
Step 10) from each of the average gross weights in Col. G,
Table D-2, to produce the average weight of payload in
each of the 1-kip weight intervals and record in Col. H.
This step assumes that the loaded vehicles have an empty

weight equal to the average empty weight of the empty
vehicles weighed (Table D-2, Col. B). '

Step 19. Multiply the number of vehicles in Col. F by
the payload weight carried (Col. H) to produce the total
payload carried by each set of vehicles in each gross weight
interval. Record the product in Col. I, Table D-2.

Step 20. Sum Col. I to get the grand total of pounds of
payload (cargo) carried by the 100 vehicles given in Col. F
and divide by 100 to get the average payload per vehicle,
12,912 1b, Col. H, Table D-2.

Adjusted Gross Weight and Total Payload Carried—
Proposed Limits )

The procedures for calculation of gross weight and total
payload carried follow those shown in Figure D-6 and use
Table D-3.

Step 21. From Table D-2, Col. E, pick up the accumu-
lated percentage and record in Col. B, Table D-3.

Step 22. By reference to manufacturers’ specifications,
analysis of empty weight of vehicles, practical maximum
gross weight (PMGW), payloads, and other information
and judgment, determine an average empty weight for the
2-S2 vehicle under a legal axle weight limit of 20-kip single
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TABLE D-3

CALCULATION OF GROSS WEIGHT
AND TOTAL PAYLOAD CARRIED--PROPOSED LIMITS

GR. WT. AT
ADJUSTED MULTI- END OF ACCUMU-
ACCUMU- PLYING NEW IN- LATED %
LATED FACTOR TERVAL OF GROSS
GROSS PERCENT TO GET FOR % IN  WEIGHT, VEHI- . TOTAL
VEHICLE OF VEHI- NEW COL. B, END OF CLES IN PAYLOAD  PAYLOAD
WEIGHT CLES, AT  END-OF- 20/34 INTER- INTER- PER FOR ALL
INTERVAL END OF INTERVAL  LIMITS VAL IN VAL VEHICLE  VEHICLES
(x1PS) INTERVAL (KIPS) (xIPS) COL. A (%) (x1Ps) (k1PS)
A B c D E F G H
13-13.9 0.3 1.0016 14.022 0.2 0.2 0 0
14-14.9 0.5 1.0032 15.048 0.3 0.1 0 0
15-15.9 0.6 1.0048 16.077 0.4 0.1 0 0
16-16.9 0.7 1.0064 17.109 0.5 0.1 0 0
17-17.9 0.8 1.0080 18.144 0.7 0.2 0 0
18-18.9 1.5 1.0096 19.182 1.4 0.7 0 0
19-19.9 24 1.0112 20.224 2.3 0.9 0 0
20-20.9 39 1.0128 21.269 3.8 1.5 0 0
21-219 6.5 1.0144 22.317 6.1 23 0 0
22-229 11.4 1.0160 23.368 9.2 31 0 0
23-239 152 1.0176 24.422 13.9 4.7 0 0
24-249 19.0 1.0192 25.480 18.0 4.1 0 0
25-25.9 232 1.0208 26.541 21.2 3.2 0 0
26-26.9 26.1 1.0224 27.605 25.0 3.8 0.500 1.900
27-279 29.1 1.0240 28,672 27.9 29 1.500 4.350
28-28.9 32.0 1.0256 29.742 30.6 2.7 2.500 6.750
29-29.9 - 347 1.0272 30.816 329 2.3 3.500 8.050
30-30.9 37.0 1.0288 31.893 35.0 2.1 4.500 9.450
31-31.9 39.9 1.0304 32.973 37.2 2.2 5.500 12.100
32-32.9 42.1 1.0320 33.997 39.8 2.6 6.500 16.900
33-339 44.6 1.0336 35.142 42.0 2.4 7.500 18.000
34-349 47.1 1.0352 36.232 443 23 8.500 19.550
35-359 49.7 1.0368 37.325 46.7 2.4 9.500 22.800
36-36.9 522 1.0384 38.421 48.9 22 10.500 23.100
37-37.9 55.0 1.0400 39.520 51.1 2.2 11.500 25.300
38-38.9 57.0 1.0416 40.622 53.4 23 12.500 28.750
39-39.9 60.0 1.0432 41.728 557 2.3 13.500 31.050
40-40.8 62.2 1.0448 42.837 58.4 2.7 14.500 39.150
41-41.9 65.0 1.0464 43.949 60.9 2.5 15.500 38.750
42-429 67.2 1.0480 45.064 63.2 23 16.500 37.950
43-43.9 69.9 1.0496 46.182 65.3 2.1 17.500 36.750
44-449 72.0 1.0512 47.304 67.3 2.0 18.500 37.000
45-459 74.0 1.0528 48.429 69.5 2.2 19.500 42.900
46-46.9 75.9 1.0544 49.557 712 1.7 20.500 34.850
47-47.9 77.5 1.0560 50.688 73.0 1.8 21.500 38.700
48-48.9 79.4 1.0576 51.822 75.0 2.0 22.500 45.000
49-49.9 81.2 1.0592 52.960 76.7 1.7 23.500 39.950
50-50.9 83.0 1.0608 54.101 78.2 1.5 . 24500 36.750
51-51.9 849 1.0624 55.245 80.0 1.8 25.500 45.900
52-52.9 86.5 1.0640 56.392 81.4 14 26.500 37.100
53-53.9 88.0 1.0656 57.542 83.2 1.8 27.500 49.500
54-54.9 89.8 1.0672 58.696 84.8 1.6 28.500 45.600
55-55.9 91.0 1.0688 59.853 86.1 1.3 29.500 38.350
56-56.9 92.3 1.0704 61.013 87.8 1.7 30.500 51.850
57-57.9 93.8 1.0720 62.176 89.0 1.2 31.500 37.800
58-58.9 94.9 1.0736 63.342 90.1 1.1 32.500 35.750
59-59.9 96.0 1.0736 64.416 912 1.1 33.500 36.850
60-60.9 97.0 1.0736 65.490 92.5 1.3 34.500 44,850
61-61.9 97.8 1.0736 66.563 93.6 1.1 35.500 39.050
62-62.9 98.2 1.0736 67.637 94.5 0.9 36.500 32.850
63-63.9 98.9 1.0736 68.710 95.4 0.9 37.500 - 33.750
64-64.9 99.2 1.0736 69.784 96.2 0.8 38.500 30.800
65-65.9 99.6 1.0736 70.858 97.0 0.8 39.500 31.600
66—-66.9 99.8 1.0736 71.931 97.8 0.8 40.500 32.400
67-67.9 99.9 1.0736 73.005 98.2 0.4 41.500 16.600
68-68.9 100.0 1.0736 74.078 98.8 0.6 42.500 25.500
69-69.9 99.2 0.4 43.500 17.400
70-70.9 99.5 0.3 44.500 13.350
71-71.9 99.8 0.3 45.500 13.650
72-72.9 99.9 0.1 46.500 4.650
73-739 100.0 0.1 47.500 4.750
Total 1,375.700

Average 13.757




axle and 34-kip tandem. In this sample, 26,000 1b (Table
D-4, Col. E) was selected. The increase would be a margi-
nal increase rather than an increase proportional to the
PMGW increase.

Step 23. At the present limits (18/32 kips) average

gross empty weight as calculated in Table D-1 is 25,106 1b.
Enter in Col. E, Table D-4.

Step 24. By reference to the axle weight and gross weight
data in the truck weight study data, the 2-S2 was deter-
mined to have a front axle weight of 8,420 1b when that
vehicle class was loaded to maximum limits on the other
axles. Enter this in Col. A, Table D-4. The single-axle
weight limit under present limits is 18 kips, which is en-
tered in Col. B. The present tandem-axle weight limit is
32 kips, and is entered in Col. C. The PMGW is the sum
of Cols. A, B, and C, and-is entered in Col. D.

Step 25. Repeat Step 24 but use instead the axle weight
limits under the proposed limit. The front axle weight was
estimated by a similar procedure to be 8,720 Ib. The aver-
age empty weight of the 2-S2 vehicle under present limits
was estimated at 25,106 1b. Under the new limits of 20/
34 kips, the average empty weight was estimated at
26,000 Ib.

Using the PMGW under present limits of 58,420 1b
(Col. D, Table D-4) and under proposed limits of
62,720 Ib, the ratio of these two PMGW’s was calculated
as 1.0736. The ratio of the empty gross weights was
calculated as 1.0356.

Step 26. For the 1-kip intervals between 14 and 58 kips,
linearly distribute the ratio (1.0736) of the two PMGW’s
of Step 25 and record in Col. C, Table D-3. This step
assumes that the PMGW ratio will increase linearly from
1.0000 to 1.0736 in the 46 1-kip intervals between 13 and
59 kips. After the 59-kip interval (the PMGW of present
limits), the ratio is assumed to hold constant.

Step 27. Multiply the end-of-interval kips in Col. A,
Table D-3, by the multiplying factor in Col. C to produce
the end-of-interval weight in Col. D for the new limits of
20/ 34 kips.

Step 28. Plot a curve with the accumulated percentages
in Col. B as the ordinate and the end-of-interval weight in
Col. D as the abscissa. See Figure D-5.

Step 29. Read the curve plotted in Step 28, Figure D-5,
at integral 1-kip intervals and record the percentage in
Col. E, Table D-3.

Step 30. Take successive differences in the interval per-
centage in Col. E and record in Col. F.

Step 31. Subtract from the midpoint of each interval in
Col. A, Table D-3, the 26 kips of empty weight at 20/
34-kip limits (see Table D-4) and record the result (pay-
load per vehicle) in Col. G.

Step 32. Multiply Col. F by Col. G to get the total kips
of payload carried by the vehicles in each weight interval.
Record in Col. H.

Step 33. Sum Col. H and divide by 100 vehicles to get
the average payload carried per vehicle (13,757 1b) under
the new 20/34-kip limits, a gain of 845 Ib per vehicle.
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TABLE D-4
PRACTICAL MAXIMUM GROSS VEHICLE WEIGHT—
PRESENT AND PROPOSED LIMITS

TOTAL LEGAL
AXLE WEIGHT

(KIPS)

PRACTICAL

WEIGHT  ALL

ON STEER- OTHER ALL EMPTY
VEHICLE ING AXLE A SINGLE TANDEM  PMGW WEIGHT
CLASS (x1PSs) AXLES PAIRS (KIPS) (KIPS)

A B c D E

Present axle weight limits of 18/32 kips

2D 6.50 18.00 None 24.60 9.699
3A 10.26 None  32.00 42.26 17.684
2-S1 8.62 36.00 . None 44.62 20.082
2-S2 8.42 18.00 32.00 58.42 25.106
3-S2 9.54 None 64.00 73.54 28.173

Proposed axle weight limits of 20/34 kips
2D 7.22 20.00 None 27.22 10.000
3A 10.90 None 34.00 44.90 18.400
2-S1 9.08 40.00 None 49.08 20.900
2-S1 8.72 20.00 34.00 62.72 26.000
3-82 10.12 None 68.00 78.12 29.500

Number of Vehicles Required to Carry
Total Payload (Cargo)—Proposed Limits

Step 34. Refer to Table D-2 for the calculated pounds of
payload per vehicle and the total of 1,291,193 1b of pay-
load transported by the 100 class 2-S2 vehicles at present
axle weight limits of 18/32 kips.

Step 35. Refer to Table D-3 for the calculation of
pounds of payload per vehicle (13,757) at the new limits
of 20/34 kips. At the new limits, the number of vehicle
trips necessary to transport the 1,291,193 Ib is 1,291,193/
13,757 = 93.86 vehicles.

Distribution of Axle Weights—Present Limits

Figure D-9 shows the procedures to be used in Table D-5
to determine the axle weight distributions under present
limits.

Step 36. Enter in Cols. B, C, and E, Table D-5, the axles

~weighed at the roadside, according to 1-kip intervals of

weight, for the 2-S2 vehicle. The “A” axle is the front of
the vehicle, etc.

Step 37. Enter in Col. D the total number of single axles
weighed by the 1-kip weight intervals (Col. D is the sum of
Cols. Band C).

Step 38. Calculate the percentage of the total number of
single axles weighed that fall into each 1-kip interval as
shown in Col. D and enter in Col. F. Likewise, compute
percentages in Col. E for tandem axles and enter in Col. G.

Step 39. Accumulate the percentages in Cols. F and G
and record in Cols. H and I, respectively.

Step 40. Plot the accumulated percentages of Cols. H
and I and draw in a smooth curve to eliminate any sam-
pling errors. See Figures D-7 and D-8.
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Figure D-7. Smoothed plot of single axle weights—vehicle

AXLE WEIGHT (KIPS)

class 2-82.

Step 41. From Figures D-7 and D-8 read the smooth
curve at each 1-kip interval and record the percentages in
Cols. J and K, Table D-5.

Step 42. Take the successive differences in Col. J and
record in Col. L. Col. L is the number (based on 100
axles) of single axles to be found in each weight interval
for the 2-S2 vehicle at present limits of 18/32 kips. Repeat
this procedure for tandem axles, recording the differences
in Col. M, Table D-5.

Distribution of Single/Tandem Axle Weights—
Proposed Limits

Procedures to be used are shown in Figure D-10; Table D-6
is used.

Step 43. Enter in Col. A, Table D-6, a series of selected
accumulated percentages so chosen that the gross weight
and axle weight curves are well-defined. A 5 percent inter-
val series is sufficient, except at the beginning and for the
percentages upward from about 85 percent.

Step 44. For the percentages recorded in Col. A, read
from the 18/32-kip base gross weight curve of Figure D-5
the corresponding gross weights and record in Col. B. The

0 |

30

10 20
AXLE WEIGHT (KIPS)
Figure D-8. Smoothed plot of tandem axle weights—vehicle class 2-S2.

Figure D-5 curve is the one from which the smoothed
percentages were read and recorded in Table D-2, Col. E.

Step 45. Read from Figures D-7 and D-8, for the
18/32-kip limits, the single- and tandem-axle weights cor-
responding to the percentages in Col. A and record in
Cols. D and E, Table D-6.

Step 46. Calculate the ratios of the axle weights in
Cols. D and E to the gross weights in Col. B and record
in Cols. G and H, Table D-6.

Step 47. From Table D-3, Col. E, plot the gross weight
curve for the 20/34-kip limits on Figure D-5. Read this
curve for the percentages in Col. A, Table D-6, and record
in Col. 1.

Step 48. Multiply Cols. G and I to produce the single-
axle weights in Col. K, and similarly multiply Cols. H and
I to produce the tandem-axle weight distribution in Col. L
at the proposed limits of 20/34 kips.

Axle Weight Distributions by Vehicle Classification—
Proposed Limits

Continue with flow of procedures shown in Figure D-10.
Table D-7 is used to obtain the axle weight distributions
under proposed limits.

40
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TABLE D-5

DISTRIBUTION OF SINGLE/TANDEM AXLE WEIGHTS—PRESENT LIMITS

AXLES WEIGHED

COMPUTED SMOOTHED SMOOTHED
NUMBER ACCUMULATED ACCUMULATED PERCENT OF
AXLE COMPUTED PERCENT PERCENT OF PERCENT OF TOTAL AXLES
WEIGHT STEER- TOTAL OF TOTAL TOTAL AXLES TOTAL AXLES _—
INTERVAL ING  SINGLE SINGLE TANDEM TAN-
(KIPS) AXLES AXLES AXLES AXLES SINGLE TANDEM SINGLE  TANDEM SINGLE TANDEM SINGLE DEM
A B c D E F G H I J K L M
2-29
3- 39 5 5 0.65 0.65 0.6 0.6
4- 49 22 1 23 1 2.96 0.26 3.61 0.26 T 36 0.2 3.0 0.2
5- 59 56 6 62 1 7.99 0.26 11.60 0.52 11.5 0.4 7.9 0.2
6- 6.9 62 21 83 2 10.70 0.52 22.30 1.04 22.3 1.0 10.8 0.6
7- 79 77 48 125 10 16.11 2.58 38.41 3.62 384 3.5 16.1 2.5
8- 8.9 91 42 133 19 17.14 4,90 55.55 8.52 55.5 8.4 17.1 4.9
9- 9.9 49 18 67 43 8.63 11.08 64.18 19.60 64.2 19.5 8.7 11.1
10-10.9 20 21 41 29 5.28 7.47 69.46 27.07 69.4 27.0 52 7.5
11-11.9 3 23 26 24 3.35 6.19 72.81 33.26 73.4 33.2 4.0 6.2
12-12.9 2 31 33 18 425 4.64 77.06 37.90 77.1 37.8 3.7 4.6
13-139 1 28 29 16 - 374 4.12 80.80 42.02 80.8 42.0 37 4.2
14-14.9 . 20 20 19 2.58 4.90 83.38 46.92 83.4 46.5 2.6 4.5
15-15.9 23 23 12 2.96 3.09 86.34 50.01 86.4 50.0 3.0 3.5
16-16.9 33 33 13 425 3.35 90.59 53.36 90.7 53.3 4.3 33
17-17.9 30 30 16 3.87 4.12 94.46 57.48 94.6 57.6 3.9 4.3
18-18.9 28 28 15 3.61 3.86 98.07 61.34 97.5 61.2 2.9 3.6
19-19.9 11 11 9 1.41 2.32 99.48 63.66 994 63.8 1.9 2.6
20-20.9 2 2 13 0.26 3.35 99.94 67.01 99.8 67.0 0.4 32
21-21.9 1 1 13 0.13 3.35 99.87 70.36 99.9 70.4 0.1 34
22-22.9 1 1 9 0.13 2.32 100.00 72.68 100.0 72.7 0.1 2.3
23-23.9 10 2.58 75.26 75.3 2.6
24249 . 11 2.84 78.10 78.1 : 2.8
25-25.9 7 1.80 79.90 80.4 2.3
26-26.9 6 1.55 81.45 83.5 3.1
27-27.9 7 1.80 83.25 86.2 2.7
28-28.9 10 2.58 85.83 89.0 2.8
29-29.9 15 3.86 - 89.69 92.0 3.0
30-30.9 16 4.12 93.81 943 2.3
31-31.9 13 335 97.16 96.7 24
32-32.9 4 1.03 98.19 97.9 1.2
33-33.9 0 0.00 98.19 98.5 0.6
34-34.9 3 0.77 98.96 99.1 0.6
35-35.9 2 0.52 99.48 99.6 0.5
36-36.9 3 0.52 100.00 100.0 0.4
Total 388 388 776 389 100.00 100.00 100.0 100.0

Step 49. Plot the axle weight distribution of Cols. K and
L, Table D-6, for the 20/34-kip limits on Figures D-7 and
D-8, together with the axle weight distribution for the
18/32-kip limits.

Step 50. Read the percentage for each 1-kip interval of
weight on Figures D-7 and D-8 for the 20/34-kip distribu-
tion and record in Cols. B and D, Table D-7.

Step 51. Take successive differences in Cols. B and D,
Table D-7, and record in Cols. C and E. The frequency
distributions in Cols. C and E provide the basis of calculat-
ing the equivalent 18-kip axle weight applications for use
in pavement design for the new limits of 20/34 Kips.

EQUIVALENT 18-KIP AXLE LOAD APPLICATIONS
FOR 2-S2 VEHICLE

The computation of equivalent 18-kip axle load applica-
tions relates to Table D-8, using Figure D-11 procedures.

Step 52. Enter in Table D-8, Cols. B and C, the equiva-
lent 18-kip single- and tandem-axle factors for the midpoint
of the axle weight intervals in Col. A, by 1-kip intervals.
These factors are chosen for the specific pavement type, soil
conditions, and PSI factors applicable. A good source of
these factors is: Federal Highway Administration, High-
way Planning Program Manual (Transmittal 86), Vol. 4,
Chap. 7, Appendix A, “Guide for Forecasting Traffic on
the Interstate System for the 1970 Cost Estimate” (Jan.
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Figure D-10. Procedure for calculating single/tandem axle weights

1969). The values of the equivalence factors in this refer-
ence are for integral values of the axle weight, usually to
three or four significant digits. Computer programs are
available for calculating the factors for decimal weights
(e.g., 2.5, 3.5, 4.5) as needed for the procedure given
herein. In the specific example shown, a flexible pavement

and distributions—proposed limits.

is to be constructed with a structural number (SN = 3.0)
and with a terminal PSI of 2.0. The 18-kip equivalent
factors for these conditions are ‘entered in Cols. B and C.

Step 53. For the present limits of 18/32 Kkips, bring
forward from Table D-5, Cols. L and M, the percentage
distribution of axle weights for each of the 1-kip weight
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TABLE D-6

DISTRIBUTION OF SINGLE/TANDEM AXLE WEIGHTS—PROPOSED LIMITS

PRESENT AXLE WEIGHT LIMITS OF 18/32 KIPS

PROPOSED AXLE WEIGHT LIMITS -
OF 20/34 x1ps

ACCUMU- AXLE WEIGHT (KIPS) RATIO TO GROSS WEIGHT AXLE WEIGHT (KIPS)
LATED
PERCENT GROSS SINGLE SINGLE GROSS SINGLE  TAN-
OF WEIGHT STEERING LOAD TANDEM STEERING LOAD TANDEM WEIGHT  STEERING LOAD DEM
VEHICLES (KIPS) ALLE AXLE AXLE AXLE AXLE AXLE (KIPS) AXLE AXLE AXLE
A B c D E F G H I J K L
0 12.0 INCLUDED 2.5 3.6 INCLUDED 0.208 0.300 12.5 INCLUDED 2.60 3.75
2 19.4 IN COL. 3.6 6.5 IN COL. 0.186 0.335 19.7 IN COL. 3.66 6.60
5 21.2 D 43 7.4 G 0.203 0.349 21.6 K 4.33 7.54
10 22.8 49 8.3 0.215 0.364 233 5.01 8.48
15 23.8 ) 5.6 8.9 0.225 0374 243 5.71 9.09
20 25.1 6.0 9.2 0.239 0.367 25.5 6.09 9.36
25 26.5 6.2 9.8 0.234 0.370 27.1 6.34 10.03
30 28.2 6.5 105 0.230 0.372 28.9 6.65 10.75
35 30.1 68 114 0.226 0.379 31.0 7.01 11.75
40 32.1 7.1 12,5 0.221 0.389 33.2 7.34 12.91
45 34.1 74 137 0.217  1.402 353 7.66 14.19
50 36.0 7.7 15.0 0.214 0417 37.6 8.05 15.68
55 38.0 8.0 165 0211 0.434 39.7 - 8.38 17.23
60 40.0 85 178 0.212 0.445 41.7 8.84 18.56
65 42.0 9.1 193 0.217 0.460 439 : 9.53 20.19
70 44.1 102 209 0.231 0474 46.3 10.70 2195
75 46.6 11.5 229 0247 0.491 49.0 12.10 24.06
80 49.3 . 12.7 25.8 0.258 0.523 52.0 13.42 27.20
85 52.0 144  26.5 0.277 0.510 55.2 15.29 28.15
88 54.0 153 276 0.283 0.511 57.4 16.24 29.33
90 552 158 284 0286 0.514 59.0 16.87 30.33
92 56.8 164 29.0 0.289 0.511 60.7 17.54 31.02
94 58.1 169 29.8 0.290 0.512 62.5 18.13 32.00
95 58.2 17.2 303 0.291 0.513 63.6 18.51 32.63
96 60.0 17.5 30.6 0.292 0.510 64.8 18.92 33.05
97 61.0 18.0 312 0.295 0.511 66.0 19.47 33.73
98 62.5 184 322 0.294 0.515 69.6 19.87. 34.81
99 64.6 189 346 0.293 0.536 69.5 20.36 37.25
100 69.0 22.0 36.0 0319 0522 74.0 ' 23.61 38.63

_intervals in Col. A, and enter these percentages in Table
D-8, Cols. D and F, respectively.

Step 53A. For the proposed limits of 20/34 kips, bring
forward from Cols. C and E, Table D-7, the percentage
distributions, and enter in Cols. H and J, respectively.

Step 54. Multiply Col. B by Col. D and enter the
product in Col. E; multiply Col. C by Col. F and enter
the product in Col. G. Likewise, for the new limits of
20/34 kips, multiply Cols. B and H, and enter product
in Col. I; and Cols. C and J, and enter product in Col. K.

Step 55. Sum Cols. E and G and enter the totals at the
bottom of the columns. The total is the number of equiva-
lent 18-Kip single and tandem axles corresponding to 100
single and tandem axles. The single-axle totals multiplied
by two and added to the tandem-axle total give the total
equivalent 18-kip axles for 100 vehicles of the 2-S2 class
for axle weight limits of 18/32 and 20/ 34 kips, respectively.

Step 56. Prepare Table D-9 as a summary of the results
of the foregoing steps and tables. Note that, for this ex-
ample, the hauling of 1,291,193 1b of cargo under the limits
of 18/32 kips applies 61.37 equivalent 18-kip single-axle
loadings to the pavement. Hauling the identical pounds of

payload under the limits of 20/34 kips would apply 80.95
equivalent 18-kip single-axle loadings.

Note: This numerical example provides the information
necessary to calculate the operating cost of the 2-S2 ve-
hicle under the 18/32-kip limits and the 20/34-kip limits.
The applicable vehicle operating costs are given in Table
A-1 for gross weights above 20 kips.

The foregoing calculations are to be repeated for each
class of vehicle that would be affected by a change in legal
limits of axle or gross weight or dimension.

ADT AND PAYLOAD HAULED [N 1970 AND 1990

Step 57. From all sources of ADT and classification by
vehicle type, determine the present ADT (1970) by vehicle
class for an average mile of the highway system under
study. Prepare Table D-10, and record in Col. B the
present ADT for each vehicle type, not just trucks.

Step 58. Fill in Table D-10, Col. C, from the payload
analysis results in Table D-2, and multiply Cols. B and C
to get Col. D.

Step 59. From roadside truck weighings for past years,



reports on the trucking industry, and all other available
information, estimate for 1990 the percentage productivity
increase in payload per vehicle over the 20-year period.
This increase comes about through increased productivity
of the trucking industry through a higher percentage of
fully loaded vehicles, better packaging and loading tech-
niques, and job lot purchasing and shipping practices, and
vehicle design. Enter in Table D-10, Col. E, these estimates
of percentage increased payload per vehicle trip.

Step 60. Multiply the average payload per vehicle in
1970 of Col. C by unity plus the percentage in Col. E, and
enter the product in Col. F.

Step 61. Develop the daily tons or ton-miles of intercity
payload to be hauled in 1990 on an average mile of the
highway system under study. Possible useful estimates to
make are: '

1. For all modes of goods transport, estimate the total
tons of payload (or ton-miles) intercity (in this case for
the primary rural system) movement 20 years hence.

2. Estimate the percentage of the total tons arrived at
in Item 1 that will be hauled by highway vehicles.

3. Estimate the percentage (or tons arrived at in Item 2)
that will be hauled on the highway system under study
(primary rural in this case).

4. Estimate the total daily payload tons for 20 years
hence that will be hauled over an average mile of the
highway system under study.

Step 62. Following estimating the total daily tons of
payload that are to be transported over an average mile of
the highway system under study as arrived at in Step 61,
the next step is to estimate the percentage of the total tons
that will be hauled by each line-haul vehicle type. Guides
for this step can be found in the percentages carried in past
years by vehicle type, trucking industry trends, trends in
the number of each vehicle type found in the ADT trends,
and other available information. When these percentages
are arrived at, multiply them by the total tons of payload
for the average mile and enter the results in Table D-10,
Col. G.

Step 63. From the usual practices applied to forecasting
ADT, estimate the 1990 ADT by each type of vehicle,
passenger carriers and trucks, and enter the results in
Table D-10, Col. H.

Step 64. For the cargo-carrying vehicles, divide the total
tons (or pounds) of payload to be carried daily by each
class of vehicle in Col. F into the estimated total daily cargo
to be hauled by each truck class in Col. G. Compare these
totals with the 1990 ADT already entered in Col. H from
Step 63, from the traffic forecast of ADT. Adjust the two
forecasts for 1990 to give a final forecast that seems to be
reasonable, and enter in Col. H (adjusting as necessary the
entries already recorded there from Step 63).

Note: Steps 63 and 64 are two different approaches to
estimating the line-haul ADT vehicles in Col. H.

Step 65. Prepare Table D-11 for recording the calcula-
tions of payload and ADT for 1990 with the increases in
axle weight limits, For 1970 bring forward from Table
D-3, Col. H, payload pounds per vehicle, and enter in
Col. B. From Col. D, Table D-10, bring forward to Table
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TABLE D-7
AXLE WEIGHT DISTRIBUTION—PROPOSED LIMITS

SINGLE AXLE TANDEM AXLE

ACCUMU-  NO. OF

LATED VEHICLES
AXLE WEIGHT PERCENT OF IN INTER-
INTERVAL (KIPS) VEHICLES VAL

ACCUMU- NO. OF
LATED VEHICLES
PERCENT OF IN INTER-
VEHICLES VAL

A B C D E
2-29

3- 39 0.5 0.5

4- 49 3.0 2.5 0.2 0.2
5- 59 9.0 6.0 0.5 0.3
6- 6.9 18.1 9.1 0.9 0.4
7- 7.9 352 17.1 2.4 1.5
8- 89 50.2 15.0 6.6 4.2
9- 9.9 60.0 9.8 14.8 8.2
10-10.9 66.2 6.2 24.1 9.3
11-11.9 70.6 4.4 31.2 7.1
12-12.9 74.5 3.9 36.2 5.0
13-13.9 78.0 3.5 40.5 43
14-149 81.3 33 44,5 4.0
15-15.9 84.4 3.1 47.8 3.3
16-16.9 87.3 29 51.9 4.1
17-17.9 90.6 33 54.7 2.8
18-18.9 93.5 2.9 58.3 3.6
19-19.9 96.1 2.6 62.8 4.5
20-20.9 97.8 1.7 64.9 21
21-21.9 98.8 1.0 67.6 2.7
22-229 99.5 0.7 . 70.0 24
23-23.9 99.9 0.4 72.5 2.5
24-24.9 100.0 0.1 74.9 2.4
25-259 773 24
26-26.9 79.8 2.5
27-27.9 82.1 2.3
28-28.9 84.4 23
29-29.9 87.2 2.8
30-30.9 89.8 2.6
31-319 91.9 2.1
32-329 94.0 2.1
33-33.9 95.7 1.7
34-34.9 96.9 1.2
35-35.9 98.0 1.1
36-36.9 98.9 0.9
37-37.9 99.6 0.7
38-38.9 99.9 0.3
39-39.9 100.0 0.1

D-11, Col. C, the daily payload pounds tor each vehicle
class in 1970.

Step 65A4. Divide Col. C by Col. B to get the number
of vehicle trips required to haul the total payload pounds.
Enter results in Col. D.

Step 66. Estimate the percentage increase in payload per
vehicle because of increased productivity 1970 to 1990 for
each vehicle class and enter in Col. E. These percentages
probably would be less than the similar percentages in
Table D-10, Col. E, because the increased payload made
possible by the increase in maximum legal axle weights
would absorb some of the increase that otherwise might
be achieved through better management. In Table D-11,
Col. E, only one-half of the percentage estimated for the
existing legal limits was estimated for the proposed limits
of 20/34 kips.
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TABLE D-8

CALCULATION OF TOTAL EQUIVALENT 18-KIP AXLE LOAD APPLICATIONS—

PRESENT AND PROPOSED LIMITS

PRESENT LIMITS

PROPOSED LIMITS

18-KIP DISTRIB. DISTRIB.
EQUIVALENCY OF TAN- NO. OF DISTRIB. OF TAN- NO. OF
FACTOR AT DISTRIB. NO.OF DEM E18-xIP OF SIN- NO.OF DEM E18-kIP
MID-INTERVAL OF SIN-  E18-KIP AXLE AXLES FOR GLE E18-KIP AXLE AXLES
AXLE WEIGHT GLE AXLE AXLES WEIGHTS 100 AXLE AXLES  WEIGHTS FOR 100
WEIGHT WEIGHTS FOR 100 (100 TANDEM WEIGHTS FOR 100 (100 TANDEM
INTERVAL SINGLE TANDEM (100 SINGLE AXLE AXLE (100 SINGLE AXLE AXLE
(KIPS) AXLES AXLES AXLES)  AXLES  PAIRS) PAIRS AXLES) AXLES PAIRS) PAIRS
A B c D E F G H 1 J K
2- 29 0.00044
3- 39 0.00142 0.6 0.00 0.5 0.00
4- 49 0.00365 0.003407 3.0 0.01 0.2 0.00 2.5 0.01 0.2 0.00
5-59 0.00804 0.004164 7.9 0.06 0.2 0.00 6.0 0.05 0.3 0.00
6— 6.9 0.01563 0.004921 10.8 0.17 0.6 0.00 9.1 0.14 0.4 0.00
7-179 0.02802 0.005678 16.1 0.45 2.5 0.01 17.1 0.48 1.5 0.01
8- 8.9 0.04662 0.006435 17.1 0.80 4.9 0.03 15.0 0.70 4.2 0.03
9-99 0.07320 0.007192 8.7 0.64 11.1 0.08 9.8 072 = 82 0.06
10-10.9 0.1097 0.009305 52 0.57 7.5 0.07 6.2 0.68 9.3 0.09
11-11.9 0.1589 0.01332 4.0 0.64 6.2 0.08 44 0.70 7.1 0.09
12-12.9 0.2233 0.01860 3.7 0.83 4.6 0.09 3.9 0.87 5.0 0.09
13-139 0.3045 0.02535 3.7 1.13 4.2 0.11 35 1.07 43 0.11
14-149 0.4087 0.03380 2.6 1.06 4.5 0.15 33 1.35 4.0 0.14
15-15.9 0.5373 0.04425 3.0 1.61 3.5 0.15 31 1.67 3.3 0.15
16-16.9 0.6966 0.05700 43 3.00 33 0.19 29 2.02 4.1 0.23
17-17.9 0.8882 0.07235 3.9 3.46 43 0.31 33 2.93 2.8 0.20
18-18.9 1.122 0.09065 2.9 3.25 3.6 0.33 2.9 "3.25 3.6 0.33
19-199 1.404 0.1123 1.9 2.67 2.6 0.29 2.6 3.65 4.5 0.51
20-20.9 1.731 0.1375 0.4 0.69 3.2 0.44 1.7 2.94 2.1 0.29
21-219 2.129 0.1665 0.1 0.21 3.4 0.57 1.0 2.13 2.7 0.45
22-229 2.591 0.2005 0.1 0.26 23 0.46 0.7 1.81 2.4 0.48
23-23.9 3.129 0.2395 0.4 2.6 0.62 0.4 1.25 2.5 0.60
24-249 3.765 0.2835 0.1 2.8 0.79 0.1 0.38 2.4 0.68
25-25.9 4.490 0.3335 23 0.77 24 0.80
26-26.9 0.3900 3.1 1.21 2.5 0.98
27-279 0.4535 27 1.22 2.3 1.04
28-28.9 0.5245 2.8 1.47 2.3 1.21
29-29.9 0.6040 3.0 1.81 2.8 1.69
30-30.9 0.6925 23 1.59 2.6 1.80
31-31.9 0.7910 2.4 1.90 2.1 1.66
32-32.9 0.9000 1.2 1.08 2.1 1.89
33-339 1.020 0.6 0.61 1.7 1.73
34-349 1.152 0.6 0.69 1.2 1.38
35-35.9 1.300 0.5 0.65 11 1.43
36-36.9 1.460 0.4 0.58 0.9 1.31
37-37.9 1.635 0.7 - 1.14
38-38.9 1.830 0.3 0.55
39-39.9 2.040 0.1 0.20
Total 21.51 18.35 28.80 23.35
E18-kip axles for 100 vehicles (200 single axles-}-100 tandem axles) — 61.37 80.95

~

‘Step 67. Multiply Col. B by unity-plus the percentage
in Col. E and enter the result in Col. F, which will be the
pounds of payload per vehicle trip in 1990, including the
increase resulting from use of limits of 20/34 kips.

Step 68. From Table D-10, Col. G, bring forward to
Table D-11, Col. G, the total number of daily payload
pounds to be carried by each vehicle class.

Note: These pounds should be adjusted as necessary to

agree with any adjustment made in estimates by vehicle
type ADT forecast and the direct estimate of payload tons
to be hauled by each class of vehicle in 1990. See Step 64.

Step 69. Divide Col.. G by Col. F to get the required
daily number of vehicles of each class to haul the given
total tonnage of payload in 1990. Enter this quotient (109
vehicles) in Col. H, Table D-11.



18-k1p AXLE
EQUIVALENCY
FACTORS FOR TYPE
OF PAVEMENT AND
DESIGN PARAMETERS

ree——— e —— —

{

18-KIP EQUIVALENCY
FACTORS AT MID-

TABLE B-8
COMPUTATION OF EQUIVALENT
18-KIP AXLE LOAD APPLICATIONS

!

18-k1P EQUIVALENCY

FaeAIP EQUIVALE BY VEHICLE CLASSIFICATION,
INTERVAL WElGHT - [— COL.B INTERVAL WelGHT - [ SOL.C HIGHWAY SYSTEM —
I SINGLE AXLE TANDEM AXLE OPTIONAL PAVEMENT TYPES AND DESIGNS.
COL. G I
| TRANSFER TRANSFER I I
&Eba 05 DISTRIBUTION — :&;é:LgFTg THIN DISTRIBUTION .| muLTIPLY ToO QBTAIN SUM To OBTAIN
N L OF SINGLE AXLE _ . OF TANDEM AXLE NUMBER OF E lo-KIP | o] TOTAL ~KIP -
. WEIGHT - PRSENT [~ £0k. D AuEs (SINGLE — COLE WEIGHT - pRESENT [ COL.F AXLES (TANDEM) - CoAbs {100 vencLes)
I LIMIT N LIMIT PRESENT LIMIT PRESENT LIMITS
. 8-KIP FOR
| _ ) | MULTIPLY EY To8"VenTcLes
COLUNN M —}— M- | coL. NUMBER OF AXLES
= | ( : PER VEHICLE
. TRANSFER TRANSFER |
MULTIPLY TO QBTAIN MULTIPLY TO QBTAIN SUM TO OBTAIN
TABLE D7 DISTRIBUTION COL.H NUMBER OF E 18-k1p coL | DISTRIBUTION oL NUMBER OF E 13-KIP TOTAL E_]8-KIP
COLUMN ¢ —r— 3:12’!‘;‘_6{.5 AXLE |- . AXLES (SINGLE) - @ . | SEIEQ'T‘DEM AXLE == COL.J AXLES (TANDEM) = ™"} 0ADS El VEHICLES)
I N e LimIT PROPOSED LIMIT N D LIMIT PROPOSED LIMIT [-> PROPOSED LIMITS |
COLUMN E - !

.

RECYCLE BY ALL VEHICLE CLASSES AND HIGHWAY SYSTEMS

— — OPTIONAL PAVEMENT TYPES AND DESIGNS

Figure D-11. Procedure for calculating equivalent 18-kip load.
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TABLE D-9

SUMMARY COMPARISON: EFFECTS ON 2-S2
VEHICLE OF CHANGING LEGAL AXLE
WEIGHT LIMITS

PRESENT PROPOSED
LIMITS, LIMITS,
ITEM 18/32 k1ips  20/34 KIps
1. Total payload to be hauled 1,291,193 1,291,193
(Ib)
2. Payload per vehicle-trip (Ib) 12,912 13,757
3. Vebhicle-trips required to haul 100.00 93.86
total poundage
4. Equivalent 18-kip axle appli- 61.37 80.95
cations from 100 vehicles
5. Equivalent 18-kip axle appli- 61.37 75.98

cations to haul total poundage

TABLE D-10

MOTOR TRUCK OPERATING COST

Step 69A4. Bring forward from Table D-4, Col. D, the
PMGW and enter in Col. B, Table D-12, for both 18/32-
and 20/34-kip limits.

Step 70. For each of the vehicle classes carrying pay-
load, multiply the practical maximum gross weight
(PMGW) by 80 percent for both present and proposed
legal weight limits. Enter in Table D-12, Col. C.

Note: The original work in HRB Bulletin 301 * used the
“loaded gross weight” as the independent variable. By
further analysis by vehicle type the “loaded gross weight”
was found to be about 80 percent of the PMGW of each
vehicle class. Loaded gross weight was defined as the gross
vehicle weight when the truck left the loading dock.

* STEVENS, H., “Line-Haul Trucking Costs in Relation to Vehicle Gross
Weights.” HRB Bull. 301 (1961) 136 pp.

ADT AND PAYLOAD FOR PRESENT (1970) AND 1990—PRESENT LIMITS

FORECAST FOR 1990

IN-
CREASE
INPAY- NO. OF
LOAD DAILY
PRESENT (1970) PER VEHICLES
VEH.- RE-
PAYLOAD TOTAL DAILY TRIP PAYLOAD TOTAL QUIRED
PER PAYLOAD 1970— PER VEH.- DAILY TO HAUL
VEHICLE FOR ADT 1990 TRIP PAYLOAD TOTAL
VEHICLE CLASS ADT (LB) (LB) (%) (LB) (LB) PAYLOAD
A B c D E F G H
1. Passenger vehicles:
Cars 1,850 3,900
Motorcycles 10 50
Buses, comm. 12 25
Buses, school 8 .10
Subtotal 1,880 3,985
2. Single-unit trucks:
Panel, pickups
(4-tire) 140 , 300
Other 4-tire 10 25
2D, two axle,
6-tire 120 4,010 481,200 8 4,331 952,820 220
3A, three axle 30 9,886 296,580 6 10,479 576,345 55
Subtotal 300 — 600
3. Tractor semitrailer
combs.:
2-S1 25 6,524 163,100 10 7,176 287,040 40
2-S2 56 12,912 723,072 12 14,461 1,590,710 110
3-S2 104 22,611 2,351,544 14 25,777 9,021,950 350
3-S1-2 10 — —a
Subtotal 195 500
4. Truck and full
trailer combs:* 8 —
Total trucks 503 1,100
Total 2,383 5,085

a2 Included with 3-S2 combinations.
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ADT AND PAYLOAD FOR PRESENT (1970) AND 1990—PROPOSED LIMITS

FORECAST FOR 1990

IN- NO. OF
CREASE DAILY
PRESENT (1970) IN PAY- VEHI-
LOAD CLES
TOTAL DAILY PER RE-
PAYLOAD VEH.- QUIRED
PAYLOAD FOR ALL TRIP, PAYLOAD TOTAL TO
PER VEHICLES 1970- PER DAILY CARRY
VEHICLE  IN CLASS 1990 VEH.-TRIP PAYLOAD TOTAL
VEHICLE CLASS (LB) (LB) ADT (%) (LB) (LB) PAYLOAD
A B c D E F G H
1. Single-unit trucks:
Panel, pickups
(4-tire)
Other 4-tire 2D,
two axle, 6-
tire 4,482 481,200 108 4 4,661 952,820 205
3A, three axle 10,358 296,580 29 3 10,669 576,345 54
Subtotal 777,780 137 1,529,165 259
2. Tractor semitrailer
combs.:
2-S1 7,897 163,100 21 5 8,292 287,040 35
2-S2 13,757 723,072 53 6 14,582 1,590,710 109
3-S2° 24,560 2,351,544 96 7 26,279 9,021,950 344
Subtotal 3,237,716 170 10,899,700 488
Total trucks 4,015,696 307 12,428,865 747

bers

Loaded gross weight is not average road weight; hence the
80 percent adjusting factor.

Step 71. From Table A-1 in Appendix A, interpolate the
total operating cost for integral “loaded gross weights” to
the 80 percent of PMGW, Col. C, Table D-12, for each
vehicle class and the two legal limits. Enter results in
Table D-12, Col. D, for both axle weight limits.

Step 72. Bring forward from Table D-10, Col. B, the
ADT for 1970 (18/32-kip limits) and enter in Table D-12,
upper section of Col. E. Bring forward from Table D-11,
Col. D, the ADT for 1970 (20/34-kip limits) and enter in
Table D-12, lower section of Col. E.

Step 73. Multiply Cols. D and E, Table D-12, and enter
the product in Col. F, the total 1970 line-haul truck operat-
ing daily cost for each vehicle class.

Step 74. Add the Columns of Table D-11, where appro-
priate, and enter totals at bottom line of each section.

Step 75. Prepare Table D-13 for calculation of truck
operating cost for 1990 for both axle weight limits. Enter
in Col. A the classes of vehicles as needed.

Step 76. In Table D-13, Col. B, upper section, enter
from Table D-10 the product of Cols. C and E. In the
lower section of Col. B enter the product of Table D-11,
Cols. B and E. Thus, Col. B gives the pounds of increase
in payload per vehicle (under weight limits of both 18/32

2 Includes all combinations of 5 and more axles, but should not when such vehicles ‘are in significant num-

TABLE D-12

TOTAL LINE-HAUL TRUCK OPERATING COST
FOR PRESENT (1970)-—PRESENT AND
PROPOSED LIMITS

OPER. TOTAL
COST ADT OF OPER.
80% OF  (CENTS/ VEHI- COST
VEHICLE PMGW PMGW VEH.- CLE ($/pAy/
CLASS (LB) (LB) MILE) CLASS MILE)
A B c D E 'F
Present axle weight limits of 18/32 Kips
2D 24,600 19,680 43.02 120 51.62
3A 42,260 33,808 46.10 30 13.83
2-S1 44,620 35,696 46.55 25 11.64
2-S2 58,420 46,736 ©  49.39 56 27.66
3-S2 73,540 58,832 5297 104 55.09
Total 159.84
Proposed axle weight limits of 20/34 kips
2D 27,220 21,776 43.48 108 46.96
3A 44,900 35,920 46.61 29 13.52
2-S1 49,080 39,264 47.42 21 9.96
2-S2 62,720 50,176 50.37 53 26.70
3-S2 78,120 62,496 54.14 96 51.97
Total 149.11
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TABLE D-13

TOTAL LINE-HAUL TRUCK OPERATING COST FOR 1990—

PRESENT AND PROPOSED LIMITS

INCRE-
MENT OF
OPER.
COST IN-
80% oF CREASE
PRODUC- PMGW PLUS DUE TO TOTAL
TIVITY PRODUC- OPER. COST DRIVER, NET OPER. OPER.
INCREASE, TIVITY IN- FOR COL. C OVER- COST ADT OF  COST
VEHICLE 1970-1990 CREASE (CENTS/ HEADS, DE- (CENTS/ VEHICLE ($/DAY/
CLASS (LB) (LB) VEH.-MILE) PRECIATION VEH.-MILE) CLASS MILE)
A B c D E F G H
Present axle weight limits of 18/32 kips
2D 230 20,000 43.15 0.05 43.10 220 94.82
3A 593 34,401 46.24 0.10 46.14 S5 25.38
2-S1 652 36,348 46.71 0.12 46.59 40 18.64
2-S2 1,549 48,285 49.83 0.33 49.50 110 54.45
3-S2 3,166 61,998 53.98 0.74 53.24 350 186.34
Total 379.63
Proposed axle weight limits of 20/34 kips
2D 179 21,995 43.52 0.03 43.49 204 89.15
3A 311 36,231 46.69 0.06 46.63 54 25.18
2-S1 395 39,659 47.53 0.08 47.45 35 16.61
2-S2 825 51,001 50.60 0.17 50.43 109 54.97
3-S2 1,719 64,215 54.68 0.39 54.29 344 186.76
Total ' 372.67

and 20/34 kips) due solely to management betterment in
productivity, 1970 to 1990.

Step 77. To the pounds in Table D-12, Col. C, add the
productivity increase from Table D-13, Col. B. Enter
these sums in Col. C, Table D-13.

Step 78. From the line-haul operating cost Table A-1,
interpolate the integral loaded gross weight values for the
pounds of gross weight in Table D-13, Col. C, and enter
the results in Col. D.

Step 79. Determine the incremental increase in line-haul
operating cost in Table D-13, Col. D, as compared to the
operating cost at the PMGW without the productivity in-
crease. From the breakdown of costs in Table A-1 deter-
mine the incremental cents-per-mile costs attributable to the
items of driver wage and subsistence, overhead and in-
direct, and depreciation and interest. Enter the total of
these three cost items in Col. E, Table D-13.

Step 80. In Table D-13, subtract Col. E from Col. D to
get the net operating cost to be entered in Col. F.

Step 81. To Table D-13, Col. G, bring forward the ADT
for 1990 for both axle weight limits from Table D-10,
Col. H, and from Table D-11, Col. H. :

Step 82. Multiply Table D-13, Cols. F and G, and enter
products in Col. H, total line-haul trucking cost in 1990 for
the 18/32-kip limits and for the 20/34-kip limits.

INCREMENTAL COST ANALYSIS FOR
NEW PAVEMENT CONSTRUCTION

This numerical example shows the incremental costs of
constructing one mile of new, flexible pavement for a de-
sign life of 20 years. This pavement forms a roadway
24-ft wide, consistent with the general nature of one mile
of primary rural highway in the state. The terminal present
serviceability index (PSI) is chosen as 2.0. The procedure
given here shows the method for flexible pavement: the
procedure for rigid pavement design is given in Chapter
Two and illustrated in Appendix C. These may be substi-
tuted for the example given. Also, the numerical example
illustrates the method as applied to primary rural highways
only. For a complete analysis, the procedure should be
repeated for all highway systems in the state or region to
be analyzed.

Equivalent Load Applications (ELA) and
Total Load Experience

This procedure relates to Table D-14.

Step 83. From Table D-10, Col. B, transfer ADT (1970)
under present limits to Table D-14, Col. B. From Table
D-10, Col. H, transfer ADT "(1990) under present limits
to Table D-14, Col. J.

Step 84. Because passenger cars and single-unit four-
tired trucks are not affected by the proposed limits, trans-



TABLE D-14

CALCULATION OF DAILY EQUIVALENT LOAD APPLICATIONS

1970

1990

PRESENT LIMITS

PROPOSED LIMITS

PRESENT LIMITS

PROPOSED LIMITS

AVG. AVG. AVG. AVG.
E18-k1P E18-x1P E18-KIP E18-x1P
: DAILY LOAD DAILY LOAD DAILY LOAD DAILY LOAD
VEHICLE PAYLOAD APPLI- DAILY PAYLOAD  APPLI-  DAILY PAYLOAD  APPLI- DAILY PAYLOAD  APPLI-  DAILY
CLASS ADT (LB) CATIONS ELA ADT (LB) CATIONS ELA ADT (LB) CATIONS ELA ADT (LB) CATIONS ELA
A B C D E F G H I J K L M N o P Q
1. Passenger vehicles:
Cars 1,850 0.0008& 1.480 1,850 0.0008 1.480 3,900 0.0008 3.120 3,900 0.0008 3.120
Motorcycles 10 —t 10 —* 1480 3,900 —* —*
Buses, comm. 12 0.2000 2.400 12 0.2000 2.400 25 0.2000 5.000 25 0.200D 5.000
Buses, school 8 0.3000 2.400 8 0.3000 2.400 10 0.3000 3.000 10 0.3000 3.000
Subtotal 1,880 6.280 1,880 6.280 3,985 11.120 3,985 11.120
2. Single-unit trucks:
Panel, pickups 140 0.002¢ 0.280 140 0.0020 0.280 300 0.0020 0.600 300 0.0020 0.600
Other 4-tired 10 0.010C 0.100 10 0.0100 0.100 25 ) 0.0100 0.250 25 0.0100 0.250
2D 120 481,200 0.1494 17928 108 481,200 0.1990  21.691 220 952,820 0.1494 32.868 205 952,280 0.1990 40.795
3A 30 296,580 0.3062 9.186 29 296,580 0.4052 11.751 55 576,345 03062 16.841 54 576,345 0.4052 21.881
Subtotal 300 27.494 ‘ 288 33.822 600 50.659 584 63.526
3. Tractor semi-
trailer combs.:
2-S1 25 163,100 0.3744 9.360 21 163,100 0.5049 10.603 40 287,040 0.3744 14976 35 287,040 0.5049 17.672
2-S2 56 723,072 0.6137  34.367 53 723,072 0.8095 42,904 110 1,590,710 0.6137 67.507 109 1,590,710 0.8095 88.236
3-82 104 2,351,544 0.7178 74.651 96 2,351,544 0.9546 91742 350 9,021,950 0.7178 251.230 344 9,021,950 0.9546 328.382
3-S1-2 10
Subtotal 195 118.378 170 145.249 500 333,713 488 434.290
4. Truck and full
trailer combs.. 8
Total 2,383 152,152 2,338 185.351 5,085 395492 5,057 508.936

a Negligible.

€91
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fer in Table D-14 the corresponding data for these vehicles
to Cols. F and N, respectively.

Step 85. From Table D-10, Col. D, transfer total daily
payload corresponding to present ADT (1970) to Table
D-14, Cols. C and G.

Step 86. From Table D-10, transfer 1990 Col. G data
to Table D-14, Cols. K and O.

Note: These daily payloads for the respective years
should agree with motor freight tonnage assigned to pri-
mary rural highways for base year (1970) and end year
(1990). These data would be obtained from an economic
analysis and projection of motor freight.

Step 87. From Table D-8 compute the average 18-kip
equivalent axle load per vehicle for each vehicle classifica-
tion and enter into corresponding lines in Cols. D, H, L,
and P.

Note: Table D-8 relates to the 2-S2 only; thése data in
Table D-14 for that vehicle come from Table D-8. Because
the procedure is to be repeated for all vehicles, tables cor-
responding to those calculations (Table D-8) provide the
inputs to the remaining lines in Table D-14 for the other
vehicles. Further, the equivalencies for passenger cars and
single-unit trucks are representative of the factors normally
assigned to them. Other factors, representative of those
used by the states to account for these loads may be
substituted here.

Step 88. Transfer from Table D-11, Cols. D and H, the
ADT computed for the proposed limits for 1970 and 1990
to the respective line in Cols. F and N.

Step 89. Compute the daily ELA by multiplying the
average E-18 kip load for each vehicle type by the ADT;
viz: (Col. B) X (Col. D), etc. Enter product in appro-
priate columns (E, I, M, and Q).

Step 90. Sum each of the daily ELA’s (Cols. E, I, M,
and Q) and enter result under Total.

Note: Table D-14 thus supphes the daily ELA for both
present and proposed limits required to carry their assigned
payloads for 1970 and 1990. In computing the average
equivalent 18-kip single-axle load applications for affected
vehicles (2D, 3A, 2-S1, 2-S2, and 3-S2), it was assumed
that the structural number (SN) applicable to the equiva-
lency factors would be 3.0. The need for assuming this
number is in accordance with pavement design practices.
The SN may have to be revised in a later step in this pro-
cedure, as is discussed. The number of significant figures
in the “Average E18-kip Load” and “Daily ELA” do not
represent the accuracy of these computations but are car-
ried to that extent to prevent rounding error later. After
a summation of these data, rounding the annual ELA
computed will be sufficient.

Step 91. In applying the AASHO Interlm Guide method
for flexible pavement design (127), it is necessary to estab-
lish the soil support value of the subgrade and to select a
proper regional factor. If a mile-long section of highway
is used in an analysis of the general conditions in a particu-
lar state, a typical soil support value and a representative
regional factor should be formulated in accordance with
the actual conditions within the state. The following values
are used in this example for 111ustrat10n soil support
value = 3.0; regional factor = 1. 0.

Step 92. In using the design chart of Figure 17 to find
the SN, the traffic information is to be expressed in terms
of either the total equivalent 18-kip single-axle load appli-
cations or average daily ELA in the 20-year traffic analysis
period. In this example, the average daily ELA values were
used for the two legal limits being compared in this analy-
sis. Based on the data given in Table D-14, and assuming
a uniform rate of traffic growth in the 20-year period, the
average daily ELA values are:

1. Present limit: Average daily ELA = (152 - 396)/

2=274.
2. Proposed limit: Average daily ELA = (185 + 509)/
2 = 347.

These computations are based on rounded figures that
are adequate in the application of the AASHO Interim
Guide design charts. Based on the assumption of equal
amounts of traffic on the highway in the opposite direc-
tions, the design ELA values are 50 percent of those given
here.

According to the soil support value, regional factor, and
traffic data given previously, the SN determined from
Figure 17 is approximately as follows:

1. Present limit: SN = 3.7.
2. Proposed limit: SN =3.9.

The structural numbers thus shown are different from
that indicated in Steps 83 through 87. To correct for this
difference, the computation of equivalent 18-kip axle load
application begmmng with Step 52 should be revised ac-
cordingly to provide consistent results in various steps as
required in the design of pavement structures. This re-
vision, however, would result in minor effects in this cost
analysis. For this reason it is omitted in this example.

Step 93. This step will convert the SN to type and thick-
ness of pavement components.

The selection of a specific type of material for each
pavement component and the determination of the co-
efficients of relative strength of pavement components de-
pend on local practice, information available, experience,
and engineering judgment. The following information is
for illustration only:

1. Present limit:
3-in. asphaltic concrete surface with

a coefficient of 0.44. ... ... .. .. 3 X044 =1.32

5-in. sand asphalt (hot-mix) base

with a coefficient of 0.30. ... .. .. 5x%0.30=1.50

8-in. sandy gravel subbase with a

coefficient of 0.11. .. ... ... . ... .. 8 X 0.11 =0.88
Total 3.70

2. Proposed limit: The pavement structure is similar to
that shown previously, except that 3V2-in. asphaltic con-
crete surface is required to provide a total of approximately

.3.9 for the required structural number.

The coefficients of relative strength of _the pavement
components indicated for Items 1 and 2 are based on the
inforimation given in Table 30. The foregoing analysis



shows that an additional Y2-in. asphaltic concrete surface
is required for the pavement structure as a result of the
assumed change in legal limit.

Step 94. Because the only difference between the two
cases is in the thickness of asphaltic concrete surface, the
cost analysis is presented in a simplified manner for the
purpose of determining the incremental cost related to the
assumed change in legal limit.

1. Present limit:
Cost of construction of 3-in. asphaltic con-
crete surface for one mile of pavement

24 ft wide $30,000

Other costs for pavement construction (in-

cluding the base and subbase) $60,000
Total $90,000

2. Proposed limit:

Cost of construction of 3%2-in. asphaltic

concrete surface for one mile of pavement

24 ft wide $34,000

Other costs for pavement construction (in-

cluding the base and subbase) $60,000
Total $94,000

These calculatlons indicate that the increase in the cost
for pavement construction due to the assumed change in
legal limit is $4,000 for the 1-mile highway used in this
analysis. This incremental cost is due to the need of an
additional 2-in. thickness of asphaltic concrete surface.
In this example, the incremental cost is estimated on the
basis of the additional quantity of asphaltic concrete re-
quired for the construction of the surface course. Other
costs for pavement construction are assumed to be the same
for the two cases being compared in this example.

INCREMENTAL COST ANALYSIS OF PROPOSED
CHANGE OF LIMITS ON BRIDGE STRUCTURES

Step 95. A numerical example is worked out for a hypo-
thetical rural primary highway system to illustrate the ap-
plication of the assembled methods to arrive at an approxi-
mate change in bridge structure costs to accommodate the
chosen new load limits, as shown in Figure D-9 and com-
pared to AASHO design loading HS15.

A typical mix of common types of bridges and the bridge
data for each type of bridge per mile of highway system are
assumed. The user may genérate the same type of actual
data for the highway system under consideration from his
bridge inventory data, such as that given in Table D-15.
If there are any special bridge types besides these common
types discussed, the user should either make a special study
or assign them to the closest type that is discussed.

The unit costs of material shown are assumed to be the
- cost of materials in place, and are based on representative
average values. The user should identify these costs for
each highway system under consideration from existing
record unit costs in the region in which the highway system
is located. Although AASHO loading HS15 is considered
in the example for comparative cost ‘estimate purposes, the
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Figure D-12. Descfiption of new loads.

method can be applied to bridges designed for load stan-
dards different from AASHO loading. In this case the
stress factors are calculated using the design load standard
in lieu of AASHO loadings.

The change in cost due to new load limits is computed
on the basis of the material quantities required for the
AASHO loading. In the following examples, required ma-
terial quantities are estimated from representative design
data at hand. The user may genérate these quantities for
each type of bridge from his bridge inventory.

" The cost change in this example is estimated for new
construction under proposed load limit as compared to the
assumed design load. Strengthening and serviceability of
bridges are not considered. The user may adapt the method
devéloped for such bridges, as is outlined elsewhere herein.

For bridges with span lengths less than the length of
wheel base of the loadings under consideration, the user
should investigate, or by judgment decide, which axle group
governs for each type of loading, and then use the as-
sembled methods. This is demonstrated in the example in
the cases of flat-slab and T-beam bridge types.

Assumed costs of materials are:

Concrete ... ................. $79/cuyd
Re-bar steel .................. $0.14/1b
Structural steel ............... $0.27/1b
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TABLE D-15

ASSUMED DATA FROM BRIDGE INVENTORY
OF A RURAL PRIMARY HIGHWAY SYSTEM °

COM- NONCOM- PRE-
BRIDGE POSITE POSITE STRESSED
TYPE STEEL ROLLED CON-~
R.C. BOX WELDED STEEL CRETE FLAT
ITEM GIRDER  GIRDER GIRDER GIRDER T BEAM  SLABS
Distribution (% ) 15 30 20 10 20 5
Area of bridge/mile
of highway (sq ft) 240 480 320 160 320 80
Average span (ft) 100 90 75 70 50 26
Quantities:
Concrete in deck slab
(cuyd) 4.8 11.0 7.6 3.8 7.6 3.57
Re-bar steel in deck slab
(1b) 1,840 3,680 2,450 1,225 2,450 954
Concrete in beams (cu yd) 9.5 — — 3.33 6.9 —
Re-bar steel in beams (Ib) 3,120 — — 360 2,210 —_
Concrete in substructure
(cu yd) 53 11.3 8.3 4,32 9.5 —
Re-bar steel in substructure
(Ib) 876 1,872 1,370 712 1,890 —
Prestressing steel (1b) _ — — 360 — —
Structural steel in beams (1b) —_ 13,420 14,100 - —_— —
Piling (lin ft) —_ — — —_ — 25.2

= Total bridge area/mile of highway system = 1,600 sq ft.

18-in.-square prestressed

concrete piling $15/L.F.

For a 48-in. prestressed concrete girder the costs would
be:

Concrete ...... ...... ... ..., $90/cu yd
Re-bar steel ... ... ... ... .. . . $0.18/1b
Prestressing steel ... .. ... .. .. . $0.55/1b

1. Reinforced Concrete Box Girder Bridges
Average span assumed = 100 ft c/c.

Step 1: Determine load parameters for HS15-44 AASHO
loading.

Kk
=6 R= 245

L 14 | 14
1=

Pz 24°

X = distance of center of gravity of loads from load P,

_6X28424X14
T 6+24+22

Therefore,

=934 ft

X, = —14ft; x, = 0 ft; x; =14 ft
z, = 28ft; z, =14 ft; z, = O ft
b= 28ft

W= % P,=6+24 + 24 = 54Kkips

. (Z : Pilxi|> <6>< 14 + 14 % 24
€= 2 =2

) = 0.556

Wb 54X 28

3
D iPX _14%6+14X24

K= we T 54X 28 =0.167

3
Pz;
2 G_6X28+24x14 _ oo

Wh 54X 28

B, = 2[e— (b/L)p?lb =2 X 0.54 X 28 = 30.2 ft
B,=28b=2X0.334 X 28 = 18.7 ft
WL B, _ 54 X100/ 30.2
My=—{1—2)= —
’ 4(1 ZL) 4 \1 2><100>
= 1,145 ft-kips :

B B,\ 187 \ _ )

Step 2: Determine load parameters for Type I loading.

A 1.3
P =/pk Ret? Ba17* Gart* B=17

X = distance of center of gravity of loads from load P,

_17(4+32+36) + 10X 49

73 =22.0ft

Therefore,

x, = —17ft; x, = —4 ft; x, = 0; x, = 28 ft; x, =32 ft



2, =49ft;z, =36 ft; z, =32ft; 2, =4 ft; 2z, =0
b = 49ft
W:Zi P,=10+4 17417 + 17 + 17 = 78 kips

> P 10 X 17 + (4 + 28 + 32)17
2\ 5w )72

€ —

78 X 49
= 0.66
D P —10X 17 4+ 17(—4 + 28 + 32)
A 7 78 X 49
— 0.204
SzzlPizi:10X49+17(36+32+4):0_450
Wh 78 X 49

B, = 2[c — (b/L)u?lb =2 X 0.62 X 49 = 60.6 ft
B, = 28b =2 X 0.45 X 49 = 44.1 ft

MLI:W—L __Bn ___78><100/1_ 60.6
4 2L 4 \' 2x100
= 1,360 ft-kips
— B 44.1
I — — Y )= —_— = i
Vii= W(l 2L>_.78(1 7% 100) 60.8 kips

Step 3: Determine load parameters for Type II loading.

N Pe-tfS B=11* B=20

4 ¢’

p-1o* pert Bert
!

4

’

6 8’

20

167

10X 62+ 17(56 + 52 + 34 4+ 30 + 4) + 20 X 24
- 132 X 62
=0.50

B,, = 2[e — (b/L)p?1b =2 X 0.557 X 62 = 69.1 {t
B, = 28b=2 X 0.50 X 62 =62.0 ft

grn= WE(y _Ba)_132X100( 691
4 2L 4 2 X 100
= 2,160 ft-kips
v B 62.0
II:W — % = 0 S P ) .
VI = ( ZL) 132(1 2><100> 91.1 kips

Because MM > M;! and V! > V., Type II loading is
more severe. Hence, Type II loading should be considered.

Step 4: Determine live load ratios. Live load moment ratio
of Type II new load to HS15-44 loading:

_ M 2,160 _

avm—TL—m =1.88

Live load shear ratio of Type II new load to HS15-44
loading:

[ 3
P-, :'1‘ PB:' '7 ‘

7

X = distance of center of gravity of loads from load Pg

10X 62+ 17(56 + 52 434+ 30+ 4) + 20X 24
B 10417 X 6+ 20.

=31.0ft
Therefore,
x, = —32ft; x,=—26ft; x;,=—22ft; x,=—4ft;
xs=0ft; x; =6ft; x, =261ft; x;=30ft
7, = 62 ft; 7, = 56 ft; z, = 52 ft; z, = 34 ft;
725 = 30ft; zo =24 ft; z, =4 ft; 2, =0ft
b= 62ft '
W= % P,=10+17+17+17+17
+ 20417 + 17 =132 kips

=(Zi

_2[10X32+17(26+22+4+26+30)+20><6]

132 X 62
=0.557

_ 2P
K= ""ws

_ —10X 32 —17(—26 — 22 — 4 + 26 +30) + 20X 6
- 132 X 62

= —0.016

D Pa
d==9p—

7,11
o, = %:%;—(17 =1.86
Step 5: Determine stress factor.
A. Deck Slab: Flexural stress factor for deck slabs:
20
24

P

n""S:F_ 1=— —1=0.167

B. Beams: Flexural stress factor:

_«,—1 1.88—1

0,.6= = = 0.
" 14+8, 1+206 0.288
Shear stress factor:
0.6 a,—1 1'86—1:0.236

© T 1+B, 1+265
in which
B, = 2.65 (from Fig. B-6)

B., = ratio of dead to live load HS15-44 moment ratio
= 2.06 (from Fig. B-5)

C. Piers and Foundations (Substructure):

Stress factor:
0,=0;<Q,°
and < Q¢
Step 6: Determine material quantity ratio.
A. Deck Slab:
ve= (P/P)*=(0.833)}=0914 < 1.0
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Use 1.0 for material quantity ratio of deck slab. Therefore,
there is no change in material quantities of deck slab.

B. Beams:
Yoo = Y2[(1 + 0,9) + (1 + ,,5)4]
=3[(1 4+ 0.236) + (1 + 0.288)%]
=1.18
C. Piers and Foundations: Same as material quantity
ratio for beams.
Yo =Yy = 75y =1.18
Step 7: Determine increase in cost due to new loading.
A. Deck Slab: No change in material quantities. _
B. Beams: Cost of increase in concrete quantity:
AC = (v, — 1)QU
in which
Q = concrete quantity for HS15-44 loading =9.5
cu yd;
U = unit cost of concrete = $79/cu yd;
7sg = Material quantity ratio = 1.18.
Therefore, AC=0.18 X 9.5 X 79 = $139
Cost of increase in steel quantity:
AC = (y,y — 1)QU
=0.18 X 3,120 X 0.14
= $78.60

C. Piers and Foundations (Substructure): Cost of in-
crease in quantity of concrete:

AC = (y,— 1)QU
=0.18 X 5.3 X 79 = $75.50
Cost of increase in quantity of steel:
AC =(y,— 1)QU
=0.18-X 876 X 0.14
=$22.10

Step 8: Total increase in cost due to new loading.

2AC = 139.00 + 78.60 + 75.50 + 22.10 = $316.20

2. Steel Welded Girder Bridges Composite Design
Average span assumed = 90 ft c/c.

Step 1: Detérmine load parameteré for HS15-44 loading.

e= 0.556
p= 0.167
8= 0.334 / Same as box girder.
B,, = 30.2 ft
B,= 18.7ft
M, = K4I:< 1 - f—i’)

_54x90(, 302
T4\ " zx%

) = 1,010 ft-kips

B B,\_ 187 \ _ .

Step 2: Because the span is larger than the length of axle
base, the Type II loading is more severe than Type I load-
ing. Therefore, Step 2 need not be computed.

Step 3: Determine load parameters for Type II loading.

e= 0.557
p= —0.016 .
8= 0.500 Same as box girder.

B, = [e— (b/L)u2]b = 69.1 ft
B, = 28b = 62.0 ft

— WL B
II—__= —
My 4 (1 2L>

132 X 90/ 69.1 \ .
= y \1 “3x% 90> = 1,830 ft-kips
— B 62.0
I — — %)= ———— )= i
vV, W(l 2L) 132(1 2)(90) 86.5 kips
Step 4: Determine live load ratios.
_ M 1830
a, = -—M—L-—m =1.81
_ VT 865
a, = W—m =1.79
Step 5: Determine stress factor.
A. Deck Slab:
P 20
Q,8 = F—l =37 —1=0.167
B. Beams:
06— o, — 1 1.81—1 — 0333

" T 1+ By 1+1.1X1.3
goe_%—1_179—1

=g ST = 039

in which

B = 1.1 (from Fig. B-7)

B, = 1.0 (from Fig. B-8)

8, = sectional modular ratio for bottom fiber = 1.3 for
average conditions.

C. Piers and Foundations:
Qp - ‘Qf < ﬂmG
and <%
Step 6: Material quantity ratio.

A. Deck Slab: Use 1.0 as in box girder. No change in
material quantity. '

B. Beams:
Yeg = Y2[(1 + 0,%) + (1 + 0,6)]
= 4[(1 4+ 0.395) 4+ (1 + 0.333)%]
=1.27
C. Piers and Foundations (Substructure):

Yp = Y=Y = 1.27



Step 7: Determine increase in cost.
A. Deck Slab: No change in cost.

B. Beams: Cost of ‘increase in structural steel, etc., in
superstructure:

AC = (7, — 1)QU
= 0.27 X 13,420 X 0.27
= $980
C. Piers and Foundations:
AC = (v, — 1)QU
Cost of increase in quantity of concrete:
AC =027 X 11.3 X 79 = $241
Cost of increase in quantity of steel:
AC =027 X 1,872 X 0.14 = $71
Step 8: Total increase in cost due to new loading.

SAC =980 + 241 + 71 = $1,292

3. Rolled Steel Girder Bridges, Noncomposite Design
Average span assumed = 75 ft c/c.

Step 1: Load parameters for HS15-44 loading.

e= 0.556

p= 0.167

8§ = 0.334 }Same as box girder.
B,, = 30.2 ft
B, = 18.7 ft

_ WL B,
My = T( ! E)

_54X75(. 302
T4\ 2x7s

B,\__ 18.7 \ _ .
W(l—z—L—)_54(1 —2—><—.7—5)_47.2k1ps

Step 2: Same as in steel welded composite girder.

) = 809 ft-kips

Ve

Il

Step 3: Load parameters for Type II loading.

e= 0.557
p= —0.016
_ Same as welded steel girder
8= 0.500 .
(composite).
B,, = 69.1 ft
B,= 62.0ft
— WL B,
m—"""7f1—-_-"
Mt =7 (1 2L>
_132X75( 69.1 \ .
= 7 \1 3% 75) = 1,335 ft-kips
— B 62.0
II — — % = —_——— ) = i
Vi W( 2L> 132(1 2X75) . 77.5 kips

Step 4: Live load ratios.
M 1,335

a, = —V;—W - 1.65
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v, 715

A )
Step 5: Stress factor.

=1.64

A. Deck Slab:
Q,5=0.167
B. Beams:
¢ — %n— 1 1.65—1 _
L 1+8, 1+089 0.344
a,—1 1.64—1
Q6 =" = = 0.
v 148, 1+0.381 0.354
in which

8., = 0.89 (from Fig. B-7)
B, = 0.81 (from Fig. B-8)
C. Piers and Foundations (Substructure):
Q2,=0,< Q,°% -
and < Q9
Step 6: Material quantity ratio.
A. Deck Slab: No change in material quantity.
B. Beams:
¥ee = Y2[(1 + ©,%) + (1 + ,9)4]
= 11354 4 (1,344)1]
= 1.26
C. Piers and Foundations (Substructure):
Yo=Yt =7 s = 1.26
Step 7: Increase in cost.

A.. Deck Slab: No change in cost.

B. Beams: Cost of increase in structural steel in super-
structure:

AC = (739 - 1)Q(j
= 0.26 X 14,100 X 0.27
= $992

t

C. Piers and Foundations (Substructure): Cost of in-
crease in quantity of concrete; ‘

AC = (y, — 1)QU
= 0.26 X 8.3 X 79.0
= $170
Cost of increase in quantity of steel:
AC = (y,— 1)QU
= 0.26 X 1,370 X 0.14
= $50

Step 8: Total increase in cost due to new loading.

SAC =992 + 170 + 50 = $1,212

4. Prestressed Concrete Girder Bridges

Average span assumed = 70 ft c/c.
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Step 1: Load parameters for HS15-44 loading.
e= 0.556

p=0.167

8 = 0.334 } Same as box girder.
B,, = 30.2 ft '
B, = 18.7ft

. 7 30.2
ML:_IIE 1__1221 -__-_54>< O/ —
4 2L 4 \ 2Xx70

B, 18.7 .
VL W(l 2L> 54<1 2><70) ips

Step 2: Same as in steel welded composite girder.

): 741 ft-kips

Step 3: Load parameters for Type II loading.

8= 0.557

= —0.016

§=0.500
B, = 69.1 ft
B,= 62.01t

_ . WL B,
in— = — m
M, 4 (1 2L)

_ 132X 70/ 69.1
-4 \ 2XT70

B,\ 62.0 \ _ .
———i)_ 132(1 % 70) = 73.6 kips

Same as welded steel girder
(composite).

) = 1,170 ft-kips

VLII = W<

Step 4: Live load ratios.
_ M 1,170

a,, = ML ——TE =1.58

_V.r 736
TV, 468

oy, =1.57

Step 5: Stress factor.
A. Deck Slab:
Q,85=0.167
B. Beams:
Q,¢ =0.60(a,, — 1) = 0.60(1.58 — 1) = 0.348

g6 %w—1 _ 157—10
Y T 14068, 1+06x1.7

in which 8, = 1.7 (from Fig. B-11)

=0.282

C. Piers and Foundations (Substructure):
Q,=9, <Q,°%
and <%
Step 6: Material quantity ratio.
A. Deck Slab: No change in material quantity.
B. Beams:
Ysg = ¥2[1.0 + (1 + ,,%)1]
= 15[1.0 4 (1.348) %]
= 1.08

C. Piers and Foundations (Substructure):
Yp = Y1 =¥y = 1.08
Step 7: Increase in cost.
A. Deck Slab: No change in cost.

B. Beams: Cost of increase in concrete:
AC= (y,,~1)QU
= 0.08 X 3.33 X 90.0
= $24.00
Cost of increase in re-bar steel:
AC = (7, — 1)QU
= 0.08 X 360 X 0.18
= $5.19
Cost of increase in prestressed steel:
AC = (v, — 1)QU
= 0.08.X 360 X 0.55
= $15.85

C. Piers and Foundations (Substructure): Cost of in-

crease in concrete:
AC= (y,—1)QU
= 0.08 X 4.32 X 79
= $27.30
Cost of increase in re-bar steel:
AC= (y,—1)QU
= 0.08 X 712 X 014
= $7.96

Step 8: Total increase in cost of bridge due to new loading:

SAC = 24.00 4- 5.19 + 15.85 + 27.30 + 7.96
= $80.30

5. T-Beam Bridges

Average span assumed = 50 ft ¢/c.

Step 1: Load parameters for HS15-44 loading.
e= 0.556

p=0.167
8 =0.334 } Same as box girder.
B, = 30.2ft
B,=18.7 ft _
_ WL B, \_54X50( 302 \_ .
ML_—4-<1 )= 2 \1 %350 )~ 471 ft-kips

B,\ 187 \ _ .

Step 2: Because the length of the axle base is less than the
span length, the load parameters are the same as in box
girder for Type I new loading.

e= 0.66



u= 0.204
8§ = 0.450
B,, = 60.6 ft
B, = 44.1 ft
— . WL{. B,\_78X50(  60.6 :
= —__n = -_ = ft-k
M, 2 (1 2L> n \1 % 50) 384 ips
— B 44.1 .
I — A —_——— = .
V= W(l ZL) 78 <l 3% 50) 43.6 kips

Step 3: Load parameters for Type II loading: Because the
length of axle base is greater than the span length, the
partial axle configuration that causes maximum moment
must be identified. In the problem the partial axle con-
figuration that causes maximum action is as shown.

P17 Bai7® Be20® Paz1?® Fs=n1
' 4 ¢! 20’ <’

% = distance of center of gravity of loads from load P,

_17(34 + 30+ 24) +20 X 24
T 174+ 174+204+174+17)

Therefore,

=18.6ft

x, = —10 ft; x, = —6 ft; x; = 0 ft; x, = +-20 ft; x; =

+24 ft
7, = 34 ft; z, = 30 ft; z; =24 ft; z, = 4.0ft; z, = O ft
b=1341t

w=> % P,=88kips

(2

:2[17(10+6+20+24)+20X0]:0-681

88 X 34

DU Px 17(20 424 — 10— 6)
KT Twe T

88 X 34 =0.159
8_2 TPz 17(34 430 + 4) + 20 X 24.0
=T wr 88 X 34
: — 0.546

B, = 2[e — (b/L)p2lb = 2 X 0.664 X 34 = 45.1 ft
B, = 28b=2 X 0.546 X 34 = 37.2ft

MLH:E(1 _ﬁ)___ 88 X 50(1 45.1 )

T4 2L 4 T 2X50
= 605 ft-kips
— B 37.2 :
I — — )= " )= i
Vy W(l ZL) 88 ( 1 2% 50) 55.3 kips

Because MM > M, ! and V1 > VI Type II loading
is more severe. Therefore, Type II loading is considered.

Step 4: Live load ratios.

_ MU 605

o, = Tw?—ﬁ = 1.28
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T 553

o, = VL —m‘ =1.12

Step 5: Stress factor.

A. Deck Slab:
o, =0.167
B. Beams:
e_Om—1_128—1_
R 1+8, 1+4+097 0.142
06— a,—1 1.12—1 — 0.059

v 1+B8, 1+1.05
in which
Bm = 0.97 (from Fig. B-9)
B, = 1.05 (from Fig. B-10)
C. Piers and Foundations (Substructure):
Q,=0,<Q,%
and <Q,%
Step 6: Material quantity ratio.
A. Deck Slab:
v, = 0.914; use 1.0
No change in material quantities.
B. Beams:
veo = Y2[(1 + ,%) + (1 + 2,%)%]
= 15[1.059 + (1.142)%]
= 1.06
C. Piers and Foundations (Substructure):
Yo =Y = Ysg = 1:06 ‘
Step 7: Increase in cost.

A. Deck Slab: No change in cost.

B. Beams: Cost of increase in concrete:
AC = (v, — QU
= 0.06 X 6.9 X 79
= $32.70

Cost of increase in steel: '
AC = 0.06 X 2,210 X 0.14
= $18.60

C. Piers and Foundations (Substructure): Cost of in-
crease in concrete:

AC = 0.06 X9.5 X 79
= $45.00
Cost of increase in steel:
AC = 0.06 X 1,890 X 0.14
= $15.90

Step 8: Total cost increase due.to new loading.
SAC = 32.70 4+ 18.60 + 45.00 + 15.90 = $112.20
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6. Flat Slab Bridges

With 18-in.-square prestressed concrete piling as sub-
structure. Average span assumed = 26 ft c/c.

Step 1: Load parameters for HS15-44 loading. Because
the length of axle base is longer than the span length, the
axle configuration that causes maximum action is as shown.

R=24X Be24"

/¢’

x, = 0ft; x,=14ft

z;=14f1t; z,=0ft

b= 14 ft

W=7 1 P,=24+24=48Kkips

o 2(2 : Pi|x¢'>:2 (24>< 14) 1o

Wb 48 X 14

D i Pxi 24x14

PETWE  Tasxid 0
NEDI P _2axa _ o
T Wb #8xid

B,, = 2[e— (b/L)p2lb =2 X 0.825 X 14 = 23.1 ft
B,=28b=2%X05X14=14.0ft

_48X26( 231
=772 \!"7x2
B B,\_ 140 \ _ .

Step 2: Because the span length is shorter than the axle
base length, the critical axle configuration is as shown.

) = 174.0 ft-kips

k

k
Type I loading R=17 B=17

-

— WL
I — [——_L4
ML‘4< 2L)“ 4\

X, = 0ft; x,=4ft

Z,=4f1t; z,=0ft

b=4ft

W=7 * P,=17+ 17 =34Kkips

2

'e:2<m):2<17x4)=1-0

Wb 34X 4

D PPy ax17
F="wb T3ax4

. 2
Z Pz, 17%x4
— 1 — —
8= Wb T 34%4 =05

0.5

B, = 2[¢— (b/L)p?lb = 7.7 ft
B,=28b=4.01t

B,)_34x26( 17

2X 26

) = 188 ft-kips

— B 4
I— —_L — ) =31.4ki
Vy W(l 2L>= 34(1 % 26) 31.4 kips

Step 3: Because the span length is shorter than the axle
base length, the critical axle configuration is as shown.

Type II loading P'.-. zok ’;_:n ﬁaﬂk

X = distance of center of gravity of loads from load P,

_20X10+4+17x 4

W71 oot

Therefore,
X, = —61ft; x, =01ft; x,=4ft
z, =101t; z, =4 ft; 7, = O ft
b= 10ft
W= % P,=S54kips

> P‘lx-l> 20X 6+ 17 X 4
o L T, (20X 6417 X4 _
‘—2( Wb 2( 54X 10 ) 0.696

> P Px, 2

. 1 Pt X6+17X4__
K= mwe T 54X 10 =—0.0%
8_23P¢Z¢_10><20+17><4_0496
~Tw, - saxio %

B,, = 2[e —(b/L)u?b =2 X 0.696 X 10 = 13.92 ft
B, = 28b =12 % 0.496 X 10 = 9.92 ft

— WL B
M, I—=_ 7 —m
£ 4 (1 2L)

_54X26( 1392
T4\ 2Xx26

B,\ 992 \ .
— i)— 54 (1 — m) = 43.6 ft-kips

Because M, > M,! and V.U > 7,1 Type II loading
is more severe. Therefore, Type II loading is considered.

) = 257 ft-kips

V,i= W(

Step 4: Live load ratios.

_ M 257

=5, =174 = A7
Vv, 11

=V 86 s

%=y =350
Step 5: Stress factor.

A. Deck Slab:

0,6 = o, —1 147—1

=T1g, 13091 %6




g te—1_1248—

1 .
= - =0.155
v T 1+8, 1+06

in which
B,, = 0.91 (from Fig. B-3)
B, = 0.60 (from Fig. B-4)

B. Piers and Foundations (Substructure):
‘Qp = ‘Q'f < ‘Q’mG
and < Q%

Step 6: Material quantity ratio.

A. Deck Slab:
ve=(1+9,9)t=00+ 0.246)*=1.11

B. Piers and Foundations (Substructure):
Yo =7r=7s =111

Step 7: Increase in cost.

A. Deck Slab:
AC= (y,— 1)QU
= 0.11 X3.57 X 79
= $31.00
Cost of increase in steel quantity:
AC= (v, — 1)QU
= 0.11 X954 X 0.14
= $14.70

B. Substructure: Cost of increase in piles on which the
flat slab is supported:

AC = (v, — 1)QU
= 0.11 X 25.2 X 15.00
= $41.40

Step 8: Total cost increase due to new loading.
SAC = 31.00 + 14.70 + 4140 - - -
= $117.10

Summary

In this example it is assumed that maintenance costs of
new structures designed to accommodate new loads will be
insignificantly different from current structure maintenance
costs. Therefore, no cost increment is shown. See Chapter
Two.

Total cost increase due to new loads per mile of highway
assumed:

C =316.20 + 1,292.00 + 1,212.00 + 80.30 + 112.20
+117.10

= 3,129.80; say $3,130/mile of highway.
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CALCULATION OF TRANSPORTATION ECONOMY OF
PROPOSED LEGAL AXLE WEIGHT LIMITS RELATED
TO EXISTING LEGAL LIMITS :

This calculation is applied to one mile of new highway,
taking into account the incremental highway and trucking
costs and expenses that are attributable to the new legal
limits. The process is applied to a two-lane rural highway
serving traffic in both directions. The highway costs and
trucking costs that are not affected by the change in legal
axle weight limits are not considered. This analysis is
strictly for the purpose of determining the total transporta-
tion costs (highway costs plus motor trucking costs) under
the two levels of weight limits to see which limit results in
the lower total cost. This analysis does not involve future
cash disbursements for remodeling, reconstructing, and
maintaining the highway system, with or without any
change in legal limits of dimensions and weights of vehicles.

Both the pavement and the bridge structures for the
20/34-kip designs probably will cost slightly more to main-
tain, year to year, than would the 18/32-kip design. This
probable incremental annual expense is omitted in the
following calculation of the benefit/cost ratio because sup-
portable methods of estimating the amount of difference
between the two designs for pavement and for bridges were
not discovered. A comprehensive study of the problem
might lead to the development of a rational method for
estimating the differences in the annual maintenance ex-
pense. Research toward this end is recommended.

The procedure foltows the flow indicated in Figure D-13,
using the form of Table D-16.

Step 96. Transfer pavement construction costs for pres-
ent and proposed limits from Step 94 and enter in line 1,
Cols. B and C, Table D-16. Compute and enter difference
in Col. D. )

Step 97. Transfer incremental bridge construction cost
per mile of highway to line 2, Col. D, Table D-16 from
end of Step 95.

Step 98. Transfer total daily line-haul trucking costs for
all vehicle classes in 1970 from Table D-12 to line 4,
Cols. B and C, respectively. Enter difference of costs
(B minus C) in Col. D. )

Step 99. Transfer total daily line-haul trucking costs for
all vehicle classes in 1990 from Table D-13 to line 5,
Cols. B and C, respectively. Enter difference of costs in

~ Col. D.

Step 100. In Col. D, enter total of lines 1 and 2 in line 3.

Step 101. Convert daily line-haul trucking costs to yearly
costs by multiplying lines 4 and 5, Col. D, by 365, and enter
results in corresponding lines 6 and 7, Col. D.

Step 102. Multiply line 3, Col. D, by the capital re-
covery factor of 0.1019 for 8 percent discount rate -and
20 years to get the equivalent uniform annual capital cost;
enter on line 8.

Step 103. Line 9 corresponds to the step required to
convert a straight-line increase over time of the trucking
costs 1970 to 1990 to an equivalent uniform annual series
over the 20 years when applying the 8 percent time discount
factor to the yearly increases.
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Step 104. Calculate the benefit/cost ratio; enter on
line 10. In the numerator are the benefits to trucking
(decrease in truck operating cost for hauling the same total
tons of cargo as before the change in legal weight limits).
In the denominator is the equivalent uniform highway
capital cost from line 8.

Note: This cost-benefit analysis is based solely on the
differences in highway costs and trucking costs for the
18/32-kip and the 20/34-kip limits for an analysis period
of 20 years. This is the incremental analysis. Over the
20-year period, the full incremental highway construction
costs are absorbed by the benefits to trucking (cost reduc-
tion), although many years of service still will remain in
the pavement structure, earthwork, and bridges.
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Figure D-13. Flow of procedures to perform the cost/benefit analysis.
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TABLE D-16

COST-BENEFIT ANALYSIS BASED ON ONE MILE OF NEW HIGHWAY
CONSTRUCTION—PRIMARY RURAL, TWO-LANE, BIDIRECTIONAL HIGHWAY

cosT. ($)

AXLE WEIGHT LIMIT (KIPS)

CONSTRUCTION OR MAINTENANCE ITEM 18/32 20/34 DIFFERENCE
A B c D
Pavement construction cost, Step 94 90,000 94,000 4,000
2. Bridge construction cost per highway mile,
Step 95 3,130
3. Total increase in construction cost 7,130
4. Line-haul trucking cost per day for 1970,
Table D-12 159.84 149.11 10.73
5. Line-haul trucking cost per day for 1990,
Table D-13 379.63 372.67 6.96
6. Per day 1970 trucking cost, Col. D, extended
to full year (line 4X365)........................ . 3,916.45
7. Per day 1990 trucking cost, Col. D, extended

to full year (line 5X365) ... ... .. ... .. ... 2,540.40

8. Equivalent uniform annual capital cost, based
on a discount rate of 8 percent per annum
and 20-year analysis period: (line 3, Col. ,
D) (capital recovery factor of 0.1019)........................... .. 726.55

9. Equivalent uniform annual trucking cost de-
crease (benefits), assuming a straight-line

decrease 1970 to 1990 *. . . ... ... .. ... .. ... .............. 3,363.49
10. Benefit/cost ratio calculation: (line 9 divided
BY HOE 8) . - ooeme e 4.61
* 6D + (gradient series factor 8.03695) %@

The factor of 8.03695 is the gradient uniform factor to convert an arithmetical (gradient) increasing factor
quantity to an equivalent uniform annual amount at a discount rate of 8 percent for a time period of 20
years. See Winfrey (85, p. 776).

APPENDIX E
SUMMARY OF RESPONSES TO QUESTIONNAIRE TO HIGHWAY DEPARTMENTS

A questionnaire was mailed to all state highway depart- Qualified yes—15.
ments or state departments of transportation to solicit No—16.

certain information regarding their experiences and prac-
tices in relation to this study topic. Thirty-three replies
were received. A summary of these replies follows, cor-

Only Arkansas and Virginia have documented evidence
that this is true.

related with the original questions: Of the 15 that gave a qualified yes, only Idaho and
» . . . South Dakota attempted to give written documentation of
1(a) Do you have definitive evidence that an increase in  thejr beliefs. The rest said that they are assured that it

axle weight legal limits would affect pavement main-

) ” would increase the maintenance cost, but do not have docu-
enance expense!

mented evidence. These are based primarily on observa-
Yes—2. tions in areas where much hauling is done (e.g., mining
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areas, rock quarries). Two states reminded the researchers
that the AASHO tests in themselves are ample proof.

(b) As an extension of 1(a), do you have similar data
regarding bridge structure maintenance?

Yes—4.
Qualified yes—15.
No—14.

Arkansas and Virginia answered yes, as in Ques. 1(a).
Connecticut and South Dakota said they have one bridge
each that shows this evidence. Connecticut presently is
conducting a study on a single bridge on 1-95. The quali-
fied reasons are the same as in Ques. 1(a).

(¢) If requested, could these data be made available to
the study group?

Arkansas and Virginia would make their information
available. Connecticut’s data are not ready. South Dakota
and Idaho would give limited data.

2(a) What procedure and concept do you use in the struc-
tural design of pavements for new construction?

(b) If you do not use the equivalent of 18-kip axle ap-
plications to represent the traffic, as indicated in the
AASHO Interim Guide for Pavement Design, please
include a description of your procedure in connection
with the traffic factor.

Nine states use the AASHO Interim Guide (Arkansas,
Delaware, Ohio, South Carolina, Vermont, North Dakota,
South Dakota, Wisconsin, and New Mexico). The others
are:

Colorado —Have own manual, but say it is in accord
with AASHO.

Michigan =~ —Experience, checked by AASHO.

Mississippi —Own charts, based on CBR.

Missouri —Flexible pavement—charts. Rigid pave-

: ment—Ioad distribution theory.

Nevada —Flexible pavement—AASHO Interim
Guide. Rigid pavement—PCA method us-
ing k values of California.

Oklahoma —Own method and manual, based on ADT
and average overloads per day.

Texas —Flexible pavement-—Texas triaxial method.
Rigid pavement—Westergaard and repeti-
tive load method.

Virginia —Modified AASHO Interim Guide method

using deflection data.
Connecticut —Experience only.

California —Own method. v

Florida ~—AASHO Interim Guide for Interstate, and
own methods for primary and secondary
roads.

Illinois —Based on the AASHO Road Test using the
18-kip EWL.,

Minnesota —Rigid pavement—PCA procedure. Flexi-
ble pavement—own system.

Tennessee —Experience and AASHO Interim Guide.

Idaho —Own manual using 5-kip equivalent wheel

load developed by California.

Iowa -——AASHO Interim Guide for flexible pave-
ment; PCA method for rigid pavement.
New York —All available information, including

AASHO Interim Guide.
Washington —California method using the S5-kip wheel
load.
—California method modified for Oregon’s
soil, traffic, and climate.
New Jersey —Flexible pavement—AASHO Interim
Guide. Rigid pavement—experience only.

Oregon

Maine —AASHO Interim Guide, with modifications.

Montana —Flexible pavement—18-kip EWL and traf-
fic index. Rigid pavement—PCA method
and AASHO Interim Guide.

Nebraska —Modified AASHO Interim Guide.

Utah —AASHO Interim Guide with 18-kip EWL.

3(a) If there were an appreciable increase in legal limits
of axle weights or gross vehicle weights, would your
procedure, described in 2(b) above, still be ap-
plicable for pavement design?

Yes—10.

Six did not give an answer. Seventeen said that
they would have to modify their procedures or
reevaluate their entire concept.

4(a) If there were an appreciable increase in legal limits
of axle weights or gross vehicle weights, how would
you design the overlay (especially its thickness) for
strengthening existing pavements?

Arkansas —Use traffic analyses to determine a new
* SN minus the old SN equals the over-
lay needed.

Colorado —A series of graphs that assumes 1 in. of
bituminous surface is equal to 3 in. of
gravel.

Delaware —Experience and existing conditions.

Michigan —Experience and judgment.

Mississippi —Method by DOT that resulted from
AASHO Road Tests,

Nevada —Reevaluate entire concept. .

Ohio —AASHO Interim Guide, using appro-
priate SN.

Oklahoma —Modify Hwy. Res. Record No. 254.

South Carolina —Use AASHO Interim Guide and de-
preciate pavement by age.

Texas —PCA wusing 18-kip single-axle equiva-
lents.

Vermont —AASHO and Benkelman Beam method.

Virginia ~—Experience, funds, and visual need.

North Dakota —Determine increase in SN by equivalent
axle load method.

Connecticut —Experience only.

California —Revise own method after loadometer
surveys. :

Florida —AASHO design modified by NCHRP
Project 1-11.

Illinois —Determine need, determine the existing

SN; the differences; and the overlay
need.



Minnesota —For rigid pavement, they use a minimum
3-in. overlay; flexible pavement by
Benkelman Beam.

South Dakota —AASHO Interim Guide method.

‘l'ennessee —Experience, guided by procedures in

’ Public Roads (Dec. 1970) and Hwy.

Res. Record No. 327.

Wisconsin —Experience only.

Idaho —Use increase of 5-kip wheel loads and
new traffic index.

Iowa —Modify AASHO Interim Guide.

New York —Qualified AASHO Interim Guide and
experience.

Washington —Similar to The Asphalt Institute—reduce
value of existing pavement.

Oregon —Deflection method of California.

New Jersey —Modified AASHO Interim Guide.

Maine —Use AASHO Interim Guide, but in-
crease 18-kip equivalent axle load factor.

Montana —SN deficiency and Benkelman Beam

~ analysis and subsoil analysis.
Nebraska —SN reduced for age, maintenance, and

New Mexico
Utah

present condition.

—AASHO Interim Guide,

—Analysis of traffic loadings and defiec-
tion equations from AASHO Road
Tests.

5(a) In regard to traffic data, do you perform routine
truck weight (loadometer) studies?

Yes—33.

No—0.

(b) Are these data available, and for what years?

The years that these data are available vary greatly be-
tween states. Ohio began in the 1930’s; Minnesota, only in
the last two years.

(¢) Do these data indicate stratification (percentage of
trucks in mix, frequency distribution, or other cri-
teria) of vehicles by weight, dimension, configura-
tion, and by highway classification?

Yes—33.

No—-0.

(d) Do these data determine percentage of rated load and
commodity carried?

Yes—10.

No—6.

Seven states showed the commodity but did not show the
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Yes—18.
No—15.

(b) If “No,” please indicate elements which differ, by
systems or classes of routes.

Arkansas —73,280 1b on Interstate and most of pri-

mary routes. All other routes, 64,000 1b.

Michigan —65-ft length on designated routes only.
Mississippi —Designated routes.

Missouri —64,650 1b on supplementary -roads and

_ posted bridges; 73,280 1b on other roads.

Nevada —Oversize or overweight use designated

South Carolina

routes.
—Heavy loads allowed on primary routes
and on Interstate.

Texas —Secondary routes less weight.

Vermont —State system higher than town system.

Connecticut —Parkways prohibit commercial vehicles.

Wisconsin —Size uniform, weights on “B” roads al-
low only 60 percent of weights allowed
on “A” roads.

New York —Throughway and streets in New York
City differ from rest of system.

Oregon —Semi-trucks on Class 1 highways allow
60-ft length and 76,000 1b. Semi-trucks
on Class 2 highways allow 50-ft length
and 73,280 Ib. - 18 kip and 32 kip al-
lowed on Interstate; 20 kip and 34 kip
on other roads.

Maine —Interstate allows 8-ft width; all other
roads allow 8-ft 6-in. width.

Montana —Restricted permits on all roads other
than Interstate.

Nebraska —Interstate allows 73,280 1b, other roads

New Mexico

allow 95,000 1b on 7 axles.
—Designated routes for oversize and over-
weight permits.

(c) If “Yes,” do you feel that it would be practicable,
from an administration and enforcement standpoint,

to have

different limits on different systems or

routes, such as Interstate, primary, or secondary?

Yes—3.
No—20.

The rest gave no answer.

7(a) Has your state conducted so-called “road life” stud-
ies, and developed survivor curves for various surface
types for use in planning future programs based on
related retirements and replacement requirements?

Yes—18.

percentage of rated load. One state carried percentage of
rated load but not the commodity. The rest showed only
averages or the commodities on those loads in excess of
state law.

6(a) Are vehicle weight and dimension limitations in your
state applicable to all highway routes and systems
uniformly? (Exclude from consideration posted
bridges and temporary or seasonal restrictions such
as during spring thaw.)

No—15.

Four of the 18 states have not developed survivor
curves.

(b) If “Yes,” are road life data (construction and retire-
ments) up-to-date?

Yes—7.
No—11.

The rest did not answer.
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8(a) Has your state conducted pavement evaluation sur-
veys for determination of the present serviceability
index (PSI) section by section?

Yes—21.
No—12.

Only Michigan and North Dakota have completed all
systems. Six states have done all of the Interstate System;
four states, all of the primary system; and the rest, only
parts of the systems.

(b) If “Yes,” in what year was last updating completed?

Of those answering “Yes,” six states are not up-to-
date.

Only Nevada, South Carolina, New Jersey, and Missis-
sippi have made any special studies during the past 15 years
relative to the possible increase in legal weights and dimen-
sions of vehicles and their economic and administrative
impact on highway administration.

APPENDIX F

COMPUTATION OF ACCIDENT INVOLVEMENT RATE VS TRUCK SPEED DIFFERENTIAL

The format of the computation of accident- involvement
rate vs truck speed differential is given in Table F-1. Col. 1
gives the average speed of all vehicles on highways in the
state obtained from planning study data. The percentage of
trucks, Col. 5, relates to the truck speed categories, Col. 2,
from speed studies for all highways. Col. 3 gives the mid-
point speed within the speed categories; it is used to develop

TABLE F-1

the speed difference, Col. 4, by subtracting the midpoint
speed from the average speed.

From the involvement/speed differential curve, given in
Chapter Two, the involvement rate from the curve is
entered in Col. 6 for each speed differential in Col. 4. The
product of data in Cols. 5 and 6 is entered in Col. 7. Col. 7
is summed to produce the total accident involvement rate

INVOLVEMENT RATE OF 4-AXLE TRUCKS ON LEVEL GRADES

1* 2% 3 * 4 * 5% 6 * 7
PERCENT OF
DIFFERENCE  TOTAL INVOLVE-
AVERAGE TRUCK SPEED FROM 4-AXLE MENT PRODUCT
SPEED CATEGORIES MID-POINT AVERAGE TRUCKS RATE 5%6
59.4 30-34.9 32.5 —26.9 0.9 2,270 2,493
35-39.9 37.5 —21.9 3.9 1,080 4,212
40-44.9 42.5 —16.9 6.1 480 2,928
45-49.9 47.5 —11.9 18.3 270 4,941
50-54.9 52.5 —6.9 19.8 180 3,564
55-59.9 57.5 —1.9 37.4 135 5,049
60-64.9 62.5 +3.1 10.0 110 1,100
65-69.9 67.5 +8.1 34 118 401
70-75.0 72.5 +13.1 0.2 148 30
100.0 24,718
Involvement Rate = 241’358 =247

1 * 1968 average speed of all vehicles on highways in Texas; obtained from the Texas Highway Department’s

Planning Survey Division.

2 * Truck speed categories as established by the THD’s Planning Survey Division.

3 * Midpoint of each truck speed category. .
4 * Difference of average truck speed from average speed, 1 minus 3. ’

5 * Percentage of total 4-axle trucks in each speed category as determined by the THD’s Planning Survey

Division.
6 * Involvement rate taken from Figure 15 (of 113).

7 * Product of the percentage of total 4-axle trucks and the involvement rate for the speed differential for

each speed category, 5 times 6.
Source: Glennon and Joyner (713).
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TABLE F-2

INVOLVEMENT RATE OF 4-AXLE TRUCKS WITH AN ASSUMED SPEED
REDUCTION ON GRADES OF 5§ MPH BELOW THE SPEED ON LEVEL GRADES

1* 2k 3* 4 * 5* 6 * 7*
PERCENT OF
TRUCK DIFFERENCE  TOTAL
AVERAGE SPEED FROM 4-AXLE INVOLVE- PRODUCT
SPEED CATEGORIES MIDPOINT  AVERAGE TRUCKS MENT RATE 55X 6
57.9 22-27 24.5 —334 0.9 13,000 11,700
28-33 30.5 —27.4 3.9 3,100 12,090
34-39 36.5 —21.4 6.1 950 5,795
40-45 42.5 . —15.4 18.3 400 7,320
46-51 48.5 —94 19.8 215 4,257
52-57 54.5 —3.4 37.4 145 5,423
58-63 60.5 +4-2.6 10.0 110 1,110
64-69 66.5 +8.6 3.4 120 408
70-75 72.5 +14.6 0.2 160 32
100.0 48,135
48,135

Involvement Rate= =481

100

5914‘ A(v(/)e%'z)i%g)speesc‘l7 gf all vehicles on level grades less 30% of assumed reduction in truck speed on grades;
2* Truck speed categories determined by subtracting the assumed truck speed reduction found in Table
C-2 (of 113) from the speed categories established by the THD’s Planning Survey Division.
3 * Midpoint of each truck speed category.
4 *+ Difference of average truck speed from average speed, 1 minus 3.
D'5 * Percentage of total 4-axle trucks in each speed category as determired by the THD’s Planning Survey
ivision.
6 * Involvement rate taken from Figure 15 (of 113).
7 * Product of the percentage of total 4-axle trucks and the involvement rate for the speed differential for
each speed category, 5 times 6.
Source: Glennon and Joyer (113).

TABLE F-3

INVOLVEMENT RATE OF 4-AXLE TRUCKS WITH AN ASSUMED SPEED
REDUCTION ON GRADES OF 10 MPH BELOW THE SPEED ON LEVEL GRADES

1* 2 * 3= 4 * 5* 6 * 7 *
PERCENT OF
DIFFERENCE  TOTAL
AVERAGE TRUCK SPEED FROM 4-AXLE INVOLVE- PRODUCT
SPEED CATEGORIES MID-POINT AVERAGE TRUCKS MENT RATE 55X 6
56.4 17-22 19.5 —36.9 0.9 32,000 28,800
23-28 25.5 —309 3.9 6,800 26,520
29-34 31.5 —249 6.1 1,850 11,285
35-40 37.5 —18.9 18.3 640 11,712
42-47 44.5 —11.9 19.8 270 5,346
49-54 51.5 —49 374 160 5,984
56-61 58.5 +2.1 10.0 115 1,150
63-68 65.5 +410.1 3.4 125 425
70-75 72.5 +16.1 0.2 180 36
100.0 91,258
91,258

Involvement Rate = =913 -

100

5914‘ A(\éege)x%ios)peec;:‘f all vehicles on level grades less 30% of assumed reduction in truck speed on grades;
2 * Truck speed categories determined by subtracting the assumed truck speed reduction found in Table C-2
(of 113) from the speed categories established by the THD’s Planning Survey Division.
3 * Midpoint of each truck category.
4 * Difference of truck speed from average speed, 1 minus 3.
D'S * Percentage of total 4-axle trucks in each speed category as determined by the THD’s Planning Survey
ivision.
6 * Involvement rate taken from Figure 15 (of 113).
7 * Product of the percentage of total 4-axle trucks and the involvement rate for the speed differential for
each speed category, 5 times 6.
Source: Glennon and Joyner (113).
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for all trucks under the assumed condition. The involve-
ment rate is therefore this value divided by 100 (the total
percentage of trucks).

This procedure is repeated in Tables F-2 and F-3 for

other incremental reductions in truck and average vehicle
speeds. Adjustments in truck speed categories are made by
subtracting from the level grades, Col. 2, Table F-2, the
assumed truck speed reductions.
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