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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 objectvity; 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

Information on the running costs of cars and trucks given in this report may be
readily applied to the economic analysis of highway improvements by highway
planners, economists, traffic engineers, and design engineers. Reliable running costs
based on field tests of motor vehicles are presented as broken down into the cost
categories of fuel, oil, tire wear, maintenance, depreciation, and accident costs.
Relationships between the cost categories and highway grades, operating speeds,
roadway surface, horizontal alignment, and traffic volumes are provided to facilitate
the calculation of automobile and truck fuel and tire costs for free-flowing volumes.
Included in the report are detailed examples illustrating typical problems that
can be solved by use of the information presented. Annotated bibliographies are
included on the subjects of motor-vehicle operating costs and on relationships
between highway accident costs and highway design.

This report presents the combined research results of NCHRP Projects 2-5
and 2-5A, “Running Costs of Motor Vehicles as Affected by Highway Design and
Traffic,” and NCHRP Project 2-7, “Road User Costs in Urban Areas.” Additional
documentation of the first year of research on passenger-car fuel and tire costs and
the design of a photoelectronic fuelmeter are presented in NCHRP Report 13,
“Running Cost of Motor Vehicles as Affected by Highway Design—Interim Report.”

Because highway location, geometric design, and traffic operations affect the
cost of operating motor vehicles, highway engineers strive to obtain the minimum
transportation cost that considers both the highway cost and the vehicle running
cost. Alternate possibilities of highway location and design are analyzed on the
basis of their relative effect on the operation of vehicles. This analysis requires that'
vehicle running cost items be determined and evaluated as a function of the range
of speeds normally encountered in traffic, the conditions of traffic found on all
highway systems, and various elements of highway design. It was with these thoughts
that this project was initiated during the summer of 1963 and extended through
1969 to include conduct of field tests with vehicles, theoretical development, and
a search of the literature to assemble reliable running costs of motor vehicles under
real-life operating conditions.

In a comprehensive and well-documented study, the consulting firm of Paul
Claffey and Associates has provided a major contribution to the development of
relationships among vehicle operating costs, highway location, geometric design,
and traffic control. The precise measurements and street survey controls that were



employed have made possible more accurate data than those from any previous
study. The effects that variations in gradient, road surface, speed change frequency,
and traffic volumes have on the running costs of passenger cars, pickup trucks,
two-axle six-tire trucks, and tractor-trailer combinations are included and new
information is provided on the following items of operating expense: fuel and oil
consumption, maintenance and depreciation costs, tire wear, and accident costs.
Condensed graphs of the findings of the fuel consumption and tire wear studies
are presented for convenience in applying the research results. Each graph is
designed to provide fuel and tire wear cost for various combinations of road .design
elements and speed change conditions for a given running speed. Also included
are families of curves of fuel consumption and tire wear for the eleven test vehicles
used in the study and data on the maintenance costs of passenger cars and trucks
relative to travel distance, together with average oil consumption rates for operation
on dust-free pavements in free-flowing traffic, on dusty roads in free-flowing
traffic, and on high-type pavements under restrictive traffic conditions.
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SUMMARY

RUNNING COSTS OF MOTOR VEHICLES
AS AFFECTED BY
ROAD DESIGN AND TRAFFIC

Development of the Fuelmeter and the Use of Radioisotopes for
Tire Wear Measurement

A series of research investigations into the effects that road design and traffic condi-
tions have on vehicle operating costs were completed between 1965 and 1969 for
NCHRP Projects 2-5 and 2-7. As part of this research, an entirely new fuelmeter,
specifically designed for motor vehicle fuel consumption research, was successfully
developed and tested, first as a prototype model and later as a production model.
Also included in the research were the development and testing of a technique for
using a radioisotope to measure tire wear. However, radioisotopes were found to
be unsatisfactory for this purpose because of changes that occur in tire surface mate-
rial as wear progresses. Development of the fuelmeter and research into the use of
radioisotopes for tire wear measurement are described in Appendix F.

Fuel Consumption and Tire Wear Measurement

Fuel consumption and tire wear were measured for a wide variety of vehicle types,
road designs, traffic volumes and operating speeds (speed changes). Families of
curves of fuel consumption and tire wear developed from test measurements for 11
individual test vehicles for various road and traffic conditions appear in Appendices
A and C. The tables and graphs of findings for fuel consumption and tire wear of
Part I, however, show average fuel consumption and tire wear values only for com-
posite or representative vehicles in each of four categories: (1) passenger cars,
(2) pickup trucks, (3) two-axle six-tire trucks, and (4) tractor semi-trailer truck
combinations.

The distribution of vehicle types and weights in each category for U.S. highways
was found from information in the literature or from direct observation. For exam-
ple, the distribution of passenger-car types was established by observation of more
than 35,000 cars on the highways of 11 states as follows: standard-size cars, 65 per-
cent; large cars, 20 percent; compact cars, 10 percent; and small cars, 5 percent.

In the case of passenger cars, detailed fuel consumption data developed for each
of four different types of passenger-car test vehicle are presented in Appendix A.
However, only a single schedule of fuel consumption data made up of average
values weighted according to the distribution of car types found on U.S. highways
is shown in the tables and graphs of findings for passenger cars in Part I.

Simplified Graphs of Fuel Consumption Rates and Tire Cost

Several simplified graphs, each showing rates of vehicle fuel consumption (or tire
cost) as affected by various combinations of gradients, curves, road surfaces, and
speed changes, are provided in Part I for convenience in the use of study results.



Simplified graphs of fuel consumption rates are given for passenger cars (Figs. 114,
11B, and 11C), pickup trucks (Figs. 12A and 12B), two-axle six-tire trucks (Figs.
13A and 13B), and tractor semi-trailer truck combinations (Figs. 14A and 14B).
Similarly, simplified graphs of tire cost are given for passenger cars (Figs. 15A, 15B,
and 15C) and for pickup trucks (Figs. 16A and 16B).

Examples of How the Simplified Graphs May Be Used To Determine
Fuel Consumption Rates

Given a section of two-lane paved rural highway on a 4° curve graded at 4 percent
with free-flowing traffic. For average speeds of 30 mph, 0.5 stop per mile, and three
10-mph slowdown cycles per mile, the average fuel consumption rate (gpm) for
upgrade operation for the four composite vehicles may be read from the simplified
graphs as follows:

COMPOSITE VEHICLE FIG. NO. GPM

Passenger car 11A 0.098
Pickup truck 12A 0.100
Two-axle six-tire truck 13A 0.222
Tractor semi-trailer truck 14A 0.800

Maintenance Costs

The average total maintenance cost for those vehicle parts affected by travel (engine,
transmission, wheels, steering, and suspension, for example) is 1.15 cents per mile
for passenger cars and 1.42 cents per mile for pickup trucks. In addition, it costs
0.12 cents per stop cycle for passenger-car stops from 25-mph running speeds.

Oil Consumption Rates

Oil consumption of motor vehicles takes place because (1) oil becomes contami-
nated and must be replaced, and (2) oil is lost through combustion and leakage and
must be replenished. Chapter Eight gives rates of oil consumption arising from
contamination, and Table 27, from combustion and leakage.

Depreciation

Depreciation as a motor-vehicle running cost is discussed in Chapter Nine. The
principal finding is that as highways improve, vehicles travel farther and faster, re-
sulting in greater lifetime mileage and lower depreciation cost per mile. It was not
practicable, however, to develop numerical relationships between particular types of
highway improvements and the corresponding effects on unit depreciation cost.

Accident Costs

An analytical study of motor-vehicle accident cost as a user operating cost based on
1958 accident cost data (Special Project 5) was carried out as part of the research
conducted for NCHRP Project 2-5. This study and the results achieved are de-
scribed in Appendix F. Passenger-car accident cost per million miles of travel of
all vehicles (cars, trucks, and buses) is $1,673 on rural non-freeway routes, $4,287
on urban non-freeway routes, $734 on rural freeways, and $1,430 on urban free-
ways (1958 dollars).




Hlustrative Problems Showing Practical Application of Study Results

Two problems, worked out in detail in Chapter Twelve, illustrate the use of the
tables of findings and the simplified graphs of fuel consumption rates and tire costs
for determination of operating costs. These problems are illustrated.

Annotated Bibliography of Motor Vehicle Operating Costs

An annotated bibliography of all literature references on motor-vehicle operating
costs (except accidents) is provided in Appendix E. A similar bibliography of acci-
dent costs only is given in Appendix F (Special Project 6). Both bibliographies
include all pertinent literature items published since 1950, listed in chronological
order by subject area. All pertinent entries were personally reviewed by the Prin-
cipal Investigator, who eliminated all those not directly relevant in motor-vehicle
operating cost analyses. Annotations for all items, basically brief summaries of
content, were prepared by the Principal Investigator.

Fuel Corrections for Environmental Factors

Corrections for the effect of air temperature and elevation above sea level.on motor-
vehicle fuel consumption are given in Appendix B. These corrections provide the
means for adjusting the fuel consumption data given in this report for air tempera-
tures of 80° to 90° F and elevations above sea level up to approximately 1,700 ft,
for situations where air temperatures and/or elevations differ substantially from

these values.

CHAPTER ONE

INTRODUCTION

RUNNING COSTS

The running costs of passenger cars and trucks and the
manner in which these costs are affected by road design
and traffic conditions in both urban and rural areas were
the subject of a comprehensive series of research projects
completed during the period from 1964 to 1969. The
research consisted principally of field experimental mea-
surements conducted in six states on road sections selected
for their particular design and/or traffic flow patterns.
Additional data were obtained by questionnaire-type in-
quiries to agencies having information on road user costs
and by reference to the results of motor-vehicle running-
cost studies carried out by others. The combined results
of this research effort appear in the findings (Chapters
Three through Ten) of this report.

Motor-vehicle running costs consist of all those items of
automobile and truck expense incurred as a result of vehicle
operation. They are the costs for fuel consumption, tire
wear, oil consumption, and the portions of maintenance,

depreciation, and accident costs that are related to vehicle
use. Fuel consumption is the exchange that takes place in
the internal-combustion engine of gasoline or diesel oil for
the energy needed to propel vehicles against the various
resistances impeding movement. Tire wear is the loss of tire
tread material caused by the frictional contact of tires on
road surfaces. Oil consumption is the deterioration and/or
dissipation of motor oils that occurs when automotive en-
gines are in operation. Maintenance cost is the periodic
expense for the servicing, adjustment, replacement, or
repair of broken or worn vehicle components. Depreciation
cost is the difference between a vehicle’s original cost and
the amount recovered in the terminal sale of the vehicle for
scrap. User accident costs are all direct costs arising from
accident involvement. Only those portions of maintenance,
depreciation, and accident costs that result from vehicle
operation are a part of motor-vehicle running costs.

The running costs of the typical passenger car (including
maintenance but excluding depreciation and accident costs)



are approximately 30 percent of the total of all costs of car
ownership and operation during the first 5 years of a car’s
life and about 35 percent of these costs over the life of the
car, as shown by Winfrey (I, p. 310), using hypothetical
values selected to accurately reflect typical automobile costs.
All car costs other than running costs, depreciation, and
accident costs (licensing, garaging, tolls, taxes, insurance,
interest, and parking) constitute about 40 percent of the
total of car ownership and operation costs each year
throughout a car’s service life. Depreciation makes up the
remaining 25 to 30 percent of passenger-car ownership and
operating costs.

For trucks in line-haul service, running costs (including
maintenance costs and driver wages but excluding depre-
ciation and accident costs) constitute a much higher portion
of total ownership and operating costs than is the case for
cars—60 percent for 40-kip trucks compared to 30 to 35
percent for cars (2). This is due largely to inclusion of
driver wages and subsistence as running costs for trucks.
Depreciation and non-running costs equal about 40 percent
of truck ownership and operating costs.

Fuel consumption is a.larger element of running cost
(fuel and oil consumption, tire wear, maintenance costs
and, for trucks, driver wages) for passenger cars than for
trucks—60 percent for the passenger cars under 5 years
compared to 13 percent for the 40-kip truck (7, 2). Main-
tenance and lubrication costs are about 30 percent and tire
costs about 8 percent of running costs for both trucks and
automobiles.

Fuel consumption is by far the most important of motor-
vehicle running costs involved in the research reported on
herein. It not only is a major expense, accounting for 8 to
18 percent of all costs of vehicle ownership and operation,
but is far more sensitive to variation in road design and
traffic conditions than are any of the other items of vehicle
expense. Because it is the consumption or burning of fuel
that produces the energy to overcome resistances, variations
in road design (or traffic conditions) that increase or
decrease resistance (steepening or flattening a grade, for
example) are directly associated with a corresponding
increase or decrease in vehicle fuel consumption.

Tire wear, also an important item of motor-vehicle
running cost (constituting 3 and 5 percent of the total
ownership and operating costs of passenger cars and trucks,
respectively), is second only to fuel consumption in sensi-
tivity to variation in road and traffic conditions. Tires form
the surface of vehicle contact with road pavements and
serve to transfer propulsion and control forces. Variations
in these forces arising from vehicle operation on roads of
different designs and/or traffic conditions have a pro-
nounced effect on the frictional wear of tires at the contact
surface.

Maintenance and lubrication costs are also important
items of motor-vehicle cost (often as high as 18 percent of
total ownership and operating costs for trucks, for ex-
ample). Maintenance of vehicle appearance and main-
tenance procedures to insure future dependability are not
a part of running costs. The running-cost element of
maintenance costs is affected primarily by road design

changes that increase or decrease travel distance, alter the
frequency of stop-and-go operations, or change road surface
conditions.

Total depreciation (the difference between a vehicle’s
original cost new and its terminal salvage value) is, by
definition, not a running cost, because it is unaffected by
vehicle use. However, it becomes a running cost when
evaluated on a cost-per-mile basis because of the effect
vehicle use has on lifetime mileage accumulation. Life-
time mileage accumulation, in turn, is affected by average
operating speeds, route lengths, and road surface conditions.

Accident costs are running costs when involvement in an
accident occurs during vehicle operation. Accidents occur-
ring when a vehicle is garaged or parked are not included.

EFFECTS OF ROAD DESIGN

Seven physical features of road design affect motor-vehicle
costs: profile, alignment, surface, intersections-at-grade,
access-exit points, road and shoulder widths, and length.
Profile and alignment are the sequences of grades and
curvature, respectively, that make up the vertical and plan
aspects of a section of road. Surface is the pavement or
roadway surface material with its particular roughness,
friction, and dust-producing characteristics. Intersections-
at-grade are points of conflict with other roadways, pro-
tected walkways, or railroads where traffic is periodically
1eyuired (o stop to allow passage of cross traffic. Access-
exit points are places where traffic can enter or leave a
roadway, including residential driveways, commercial en-
tries, freeway ramps, and intersections where entering and
cross traffic must give way to through traffic. Road width
is the number of travel lanes (by direction on multi-lane
roads, in both directions on two-lane roads) multiplied by
lane width. Shoulder width is the width of cleared shoulder
area provided for parking disabled vehicles along a highway.

Road gradient, although it affects all items of running
cost, is particularly important as a determinant of motor-
vehicle fuel consumption and tire wear. The steeper grades
are, the greater is the energy required to ascend them.
Because all energy for operation is provided by engine fuel,
fuel consumption is necessarily closely tied to road gra-
dient. Similarly, the greater the steepness and frequency
of grades on a roadway, the greater the tire wear caused
by the extra traction needed to overcome the grade resis-
tance. Oil consumption and engine maintenance costs of
modern motor vehicles are affected by the extra load
imposed on engines as a result of operation on grades,
particularly when this load requires operation in a lower
gear.

Curvature, a major factor in motor-vehicle tire wear,
also affects fuel consumption, oil consumption, and main-
tenance. Only the effects of curvature on tire wear and
fuel consumption are susceptible to measurement at pres-
ent, however. Tire wear due to curvature is evident for the
tires on each wheel of a vehicle but is more pronounced for
steering-wheel tires. These latter tires suffer extra wear on
curves because of the pavement friction resistance induced
by turning the steering wheels against the direction of



vehicle motion to develop the necessary turning force. The
extra fuel consumed on curves provides the additional
energy needed to propel the vehicle against this induced
pavement friction.

Road surface conditions have an important bearing on
fuel consumption, tire wear, oil consumption, and main-
tenance. Extra energy (and, therefore, extra fuel consump-
tion) is needed on rough gravel or loose stone surfaces
either to force wheels up and over the stones or to push
the stones aside. Extra fuel is needed on loose sand and
earth surfaces either to force wheels out of depressions or
to push sand or soil particles aside to form ruts. Tires are
subject to extra wear either on loose stone or on slip-
resistant surfaces where they are subject to the deteriorating
effects of heavy buffeting, in the case of stone roads, or
excessive friction wear, in the case of abrasive pavements.
Oil consumption is affected by the dust-producing charac-
teristics of road surfaces: the more dusty the surface, the
greater the frequency of engine oil changes. Maintenance
is related to road surface principally through the effects
rough roads have on vehicle suspension systems and dusty
roads have on the wear of cylinder walls, piston rings, and
bearing surfaces. '

Intersections-at-grade as an element of road design are
responsible for a considerable share of motor-vehicle fuel
consumption, tire wear, oil consumption, and maintenance
costs through their action in causing vehicle stops and
slowdowns.
back to running speed after they have been stopped or
slowed. Tire wear occurs when vehicles stop and start up
again, both because of the frictional wear during braking
and the traction slip during acceleration. Oil consumption
is increased by stops due to the effect of speed changes on
oil contamination rate. Maintenance is amplified by stops
both because of brake wear during deceleration and because
of transmission wear during acceleration.

Access-exit points are locations where, because of enter-
ing and/or leaving cars or trucks, through vehicles often are
required to slow down momentarily. The change from an
initial speed to a lower speed followed by resumption of
the initial speed is reflected principally in the additional
fuel needed for the acceleration to regain speed.

Road lane widths, together with the number of lanes and
the width of shoulders, affect motor-vehicle running costs
through their effect on vehicle speeds and road capacity.
For a given traffic flow rate, an insufficient number of
travel lanes (over-all road width) may cause interference
among vehicles, resulting in frequent vehicle speed changes.
These speed changes (speed reductions followed by resump-
tion of speed) induce extra fuel and oil consumption, tire
wear, and maintenance cost. Because this item of road
design affects running costs most during times of heavy
traffic volumes, it is essentially a factor of road capacity
and traffic conditions and is considered in the following.

Length is the travel distance along a particular route
between two trip end points. A realignment of the route
that reduces this distance does away with all vehicle run-
ning costs, including depreciation and accident costs, for
the length of road eliminated.

Extra fuel is needed to accelerate vehicles

EFFECTS OF TRAFFIC CONDITIONS

Traffic conditions on both urban and rural routes affect
motor-vehicle running costs only where traffic volumes
interfere with the uniformity of speeds on individual - ve-
hicles. The influence of traffic on motor-vehicle running
costs, therefore, is a combined effect of road design factors
which determine capacity (particularly gradient, curvature,
road width, intersections-at-grade, and access-exit points)
and traffic volumes. Where traffic volumes are low relative
to road capacity at a particular location, vehicles may
move at uniform speeds, and traffic conditions have little
effect on running costs. But, where traffic volumes are
high relative to road capacity, vehicles interfere with each
other and, in jockeying for position, develop erratic pat-
terns of speed change that have an effect on all elements of
running cost. Where traffic volumes are particularly high
(equal to or approaching capacity) such as often occurs on
high-volume expressways near busy access-exit points,
vehicles may be slowed to a stop, or even to a series of
stops of uncertain duration, with a corresponding increase
in the running costs associated with stops and slowdowns:
fuel and oil consumption, tire wear, and maintenance:

The only traffic condition for which meaningful relation-
ships between traffic volume and running costs can be
established readily are medium-to-heavy traffic flows below
route capacity on road sections having uniform design
characteristics throughout their length. At low volumes,
vehicle fuel consumption is only slightly affected by traffic
conditions; and, at volumes equal to or approaching ca-
pacity, running costs depend on a variety of factors which
can not be predicted (traffic composition, frequency of
congestion stops, duration of such stops, driver response to
congestion situations, racing of engines to promote engine
cooling, and the duration of congestion periods). Uni-
formity of road design provides a definite relationship
between traffic volume and road design details for a section
of road. A road section that might pass a given volume of
traffic if design details are uniform might become congested
at the same traffic volume near a point of non-uniformity
(an exit or access point on a freeway, for example, where
traffic is slowed by leaving or entering vehicles).

Traffic conditions severe enough to be a factor in motor-
vehicle fuel consumption (without being bad enough to
cause congestion stops) will usually also induce lower
average speeds as the normally faster vehicles get trapped
behind slower vehicles. A driver attempting to travel in
heavy traffic at a certain speed will find that he not only
will have to change speeds frequently in trying to maintain
this speed but also will inexorably suffer a reduction in
average running speed. For many ranges of speeds the
lower average speed forced by traffic conditions partially
or entirely compensates for the extra fuel consumption
caused by traffic-induced speed changes.

On sections of access-controlled multi-lane highways and
urban freeways where traffic is not affected by such inter-
ruptions as entering vehicles at an access ramp, free-flowing
conditions prevail at volumes up to nearly 800 vehicles per
hour (vph) per lane. Here frequent congestion stops
(forced flow) occur at capacity volumes of about 2,000



vph per lane (3). The relationship of fuel consumption
rates to traffic conditions is especially meaningful for the
range of traffic volumes from approximately 800 to 1,800
vph per lane (service levels B through D).

Free-flowing traffic conditions are found on sections of
two-lane rural roads for traffic volumes up to 400 vph
(both directions) where there is no interference activity,
such as is associated with adjacent service stations, for
example (3). Congestion stops on these roads occur at
two-way volumes of about 1,800 vph or more. The rela-
tionship of vehicle fuel consumption and traffic flow on
such roads is particularly significant for two-way volumes
of about 500 to 1,700 vph (service levels B through D).

In urban areas the three principal types of non-freeway
routes are residential streets, major street arterials, and
central business district (CBD) streets. Traffic flows on

residential streets, by the nature of such streets, are essen-
tially low-volume and slow. They normally affect fuel
consumption only through the traffic control devices (stop
signs and yield signs) needed for the safety of vehicle users
and pedestrians at intersections, and through the slow-
downs that occur when turning corners and crossing other
streets at uncontrolled intersections. On arterials and CBD
streets, however, irregular traffic interruptions due to inter-
sections-at-grade (traffic signals), curb parking, double-
parked vehicles, and pedestrian movements have a pro-
nounced effect on vehicle fuel consumption that varies with
traffic volumes even at low volumes. Motor-vehicle fuel
consumption rates on these latter two types of urban route
can be predicted for specific traffic conditions and selected
combinations of traffic signal stops and traffic volumes.

CHAPTER TWO

RESEARCH- APPROACH

RESEARCH TECHNIQUE

Information on the effect of road design and traffic condi-
tions on running costs was secured by direct experiment,
analyses of user cost records, personal and written inquiries
to those likely to have particular information in the area of
user costs, and reviews of motor-vehicle cost data developed
in studies conducted by others. Direct experiments con-
sisted of field measurements of elements of running cost
for actual road and traffic conditions. Analysis of user cost
records involved computations to structure data from such
records, particularly vehicle maintenance records, for run-
ning cost studies. Personal and written inquiries were made
to operators of fleets of vehicles, vehicle manufacturers and
vehicle research engineers to obtain information otherwise
unavailable. Motor-vehicle cost data developed by other
researchers in the field were reviewed for their particular
applicability in the study of running costs.

Field measurements were especially important for de-
veloping data on fuel and oil consumption and tire wear
costs. Because these items are uniquely sensitive to changes
in road and traffic conditions, detailed information on the
effect that road design and traffic conditions have on fuel
consumption, oil consumption, and tire wear were needed.
Available data were severely limited in scope and range of
applicability. Adequate field data on fuel consumption
were lacking, principally -because a suitable fuelmeter had
not been available for use in previous studies. Tire wear
and oil consumption data were lacking because there had
not been sufficient interest earlier to warrant the relatively
high cost of conducting the necessary field studies.

Road user cost records submitted in reply to inquiries
addressed to agencies having particular information on
vehicle operating costs were used to secure data on vehicle
maintenance. Some direct experiments were employed to
obtain data on this subject (the effect of stop-and-go opera-
tions on brake wear, for example) but most data were
generated by analyzing user cost records.

FUEL CONSUMPTION MEASUREMENTS

Fuel consumption measurements were recorded for each of
several representative types of vehicles operating on each
of several road test sections. Each test section exhibited a
particular design throughout, with operations conducted
either at a series of uniform speeds, through specified
speed change sequences, or with the speed patterns resulting
when drivers attempt to travel at certain speeds as part of a
moving traffic stream for various traffic volumes. Fuel
consumption was also measured for each vehicle with the
vehicle stationary and the engine idling.

Data for each test vehicle were obtained by driving the
vehicle at a specified speed condition (uniform speed or
speed change pattern) over a measured distance on each
test section. The time to travel the measured distance in
seconds (nearest 0.1 sec) and the fuel consumed in gallons
(nearest unit of about 0.001 gal.) were recorded for each
test run in each direction. A minimum of three test runs
were made in each direction. If the values recorded for
these runs varied appreciably, additional test runs were
made until stable values of run time and fuel consumption
were established. Average speed for each test run was



computed from the measured test section length and the
elapsed time measurement.

Fuel measurements were made for five different pas-
senger-car models, five types of truck (including a diesel-
operated truck), and a bus. The passenger car test vehicles
represented the full range of cars from the small foreign
import to the large Chrysler New Yorker. The trucks
ranged from a pickup truck to a 2-S2 tractor semi-trailer
truck combination. Only one bus was used, however; it
was a typical urban transit bus.

The five passenger-car test vehicles are described in
Table 1. Only the empty (or tare) weight is given in the
table, because three of the vehicles were tested at more
than one loaded (road) weight. Each vehicle was operated
with a carried load of 200 1b. In addition, the Chevrolet
sedan was operated with carried loads of 600 and 1,000 Ib,
and the Chrysler sedan was operated with a carried load of
600 1b. The wheel radius for each car was determined as
the average measured distances from the centers of the
four wheels to a flat pavement for a carried load of 200 Ib.

The Chevrolet sedan test car in Table 1 is shown in
Figure 1. This automobile was the principal test vehicle
used in the operating cost study. It was purchased new for
NCHRP Projects 2-5 and 2-7 in February 1964 and was
used for fuel and oil consumption test measurements, tire
wear measurements, maintenance measurements, and mea-
surements of the effects of environmental conditions on

TABLE 1
DESCRIPTION OF PASSENGER-CAR TEST VEHICLES

Figure 1. 1964 Chevrolet sedan test vehicle.

fuel consumption rates, as well as for each of two special
projects described in Appendix F. It has been operated on
test projects for a total distance of over 60,000 miles.

The test trucks and bus are described in Table 2. Again,
tare weights rather than road weights are given because
two of the vehicles, the pickup truck and the bus, were
operated at more than one road weight, as shown in the
findings of this report. Wheel radii are averages of the
measured distances from wheel centers to pavement for
each vehicle when loaded to road weight. For the pickup

ITEM CHRYSLER PLYMOUTH * CHEVROLET FALCON VOLKSWAGEN
Model 4-door sedan 4-door sedan 4-door-sedan 2-door 2-door
Model year 1966 1968 1964 1965 1965
Tare weight (1b) 4,200 4,200 3,800 2,800 1,900
Speedometer reading:
Beginning of study 18,000 6,000 0 16,000 32,000
End of study 22,000 8,000 60,000 20,000 36,000
Frontal area (sq ft) 26 26 26 26 24
Wheel base (in.) 121.5 119.5 119.0 117.0 94.5
Wheel rolling radius (in.) 13.0 13.5 12.0 11.5 11.5
Tire size (in.) 8.25x 14 8.55x 14 7.50x14 6.50% 13 56x15
Tire pressure (psi) 32 32 30 30 20
Engine:
No. of cylinders 8 8 8 6 4
Compression ratio 10:1 9.2:1 9.2:1 9.2:1 7.0:1
Displacement (cu in.) 440 383 283 200 72
Net horsepower 350 290 195 120 42
Engine speed (rpm) 4,400 4,400 4,800 4,400 3,900
Carburetor 4B 2B 2B 2B 2B
Gasoline Prem. Reg. Reg. Reg. Reg.
Qil capacity (qt) 5 5 5 5 2.6
Bore-stroke (in.) 4.32-3.75 4.25-3.375 3.875-3.0 3.68-3.13 3.031-2.52
Transmission:
Type Auto, Auto. Auto. Auto. Man,
Ratio in first 245:1 2.45:1 1.82:1 2.46:1 3.08:1
Ratio in second 1.45:1 1.45:1 1.00:1 1.46:1 2.06:1
Ratio in third 1.00:1 1.00:1 — 1.00:1 1.32:1
Ratio in fourth — —_ - — 0.89:1
Rear-axle ratio 2.76:1 2.76:1 3.08:1 2.88:1 4.375:1
Steering ratio 15.7:1 15.7:1 24.0:1 22.0:1 —

1 A one-axle travel trailer was used with this vehicle on certain runs. It had a cross section of 65.0 sq ft and weighed 3,000 Ib.



TABLE 2
DESCRIPTION OF TRUCK AND BUS TEST VEHICLES

PICKUP SINGLE-UNIT SINGLE-UNIT TRACTOR TRANSIT
TRUCK, TRUCK, TRUCK, SEMI-TRALER BUS,
2-AXLE 2-AXLE 2-AXLE TRUCK, 2-AXLE
ITEM 4-TIRE 6-TIRE 1 6-TIRE 2-S2 6-TIRE
Body type Box Van Van Flat 31-passenger
Model year 1967 1965 1962 1960 1960
Tare weight (1b) 4,500 8,600 10,000 20,000 12,500
Speedometer reading:
Beginning of study 15,000 12,000 86,000 92,000 70,000
End of study 21,000 16,000 90,000 96,000 73,000
Frontal area (sq ft) 32 90 88 58 80
Dimensions: .
Height (ft) 6.0 11.3 11.0 8.0 10.0
Width (ft) 6.0 8.0 8.0 8.0 8.0
Wheel rolling radius
(in.) 14.0 16.5 16.5 16.5 16.5
Tire size (in.) 7% 17.5 8.25x20 8.25x20 8.25x20 8.25x20
Engine:
No. of cylinders 6 6 6 6 6
Displacement
(cuin.) 250 351/477 305 386 270
Net horsepower ) 125 142/135 142 175 124
Engine speed
(100 rpm) 38 38/32 38 32 32
Fuel Gas. Gas./dies. Gas. Gas. Gas
Oil capacity (qt) 5 6 6 8 6
Transmission:
Tvoe Man, Man. Man Man. Auto.
Ratio in first 7.06:1 7.06:1 6.68:1 /.88:1 3.82:1
Ratio in second 3.58:1 3.58:1 3.24:1 4.68:1 2.63:1
Ratio in third 1.72:1 1.72:1 1.68:1 2.84:1 1.45:1
Ratio in fourth 1.00:1 1.00:1 1.00:1 1.68:1 1.00:1
Ratio in fifth — — —_ 1.00:1 —
Rear-axle ratio 4.57:1 5.83:1 6.17:1 6.14:1 6.71:1
8.37:1

1 Two single-unit trucks are represented. They are identical in every way except one is gasoline-operated, has
a cylinder displacement of 351 cu in. and a net horsepower of 142 at 3,800 rpm; the other is diesel-operated,
has a cylinder displacement of 477 cu in. and a net horsepower of 135 at 3,200 rpm.

truck and the bus, wheel radii are for the lightest road
weights.

There actually were two 1965 two-axle six-tire trucks
(Col. 3, Table 2), one gasoline-operated and one diesel-
operated. The vehicles were identical except for the differ-
ences in type of fuel, engine displacement, net horsepower,
and engine speed, as given in the table. These two vehicles
were put through identical test programs to establish the
relationship of vehicle fuel use for gasoline and diesel
trucks as described in Appendix D.

The test bus is shown in Figure 2. Two of the test
trucks, the two-axle six-tire truck and the 2-S2 tractor semi-
trailer truck combination, are shown in Figures 3 and 4,
respectively. A sign on the side of each vehicle identifies
its loaded (road) weight and indicates whether it is gaso-
line- or diesel-operated.

Measurements of the fuel consumption of motor vehicles
as affected by road design were made on each of the 22
sections of road described in Table 3. Each test section
exhibited a particular combination of grade, alignment, and
surface condition. Data were collected first for operation
at various constant speeds on roads with the basic design

condition: level, straight roads with good pavement. Then,
operations were carried out on test sections where two of
the design factors were the same but where the third was
changed so that the effects on fuel consumption of varying
individual road design factors could be determined. Traffic
volumes on the test roads were negligible at the time the
test runs were made.

Test operations to determine the effect on fuel consump-
tion of speed changes, particularly stop-and-go and slow-
down speed change cycles, were made on those test sections
of Table 3 with the basic conditions: level profile, straight
alignment, and good pavement. The additional fuel con-
sumption due to cycles of speed change were found by
subtracting the fuel consumption for uniform speed test
runs from the fuel consumption for corresponding runs
which involved a speed change.

Measurements of the fuel consumption of motor vehicles
as affected by traffic conditions were made on each of the
13 road sections described in Table 4. Test operations were
conducted on each section at times when each of several
levels of traffic volume prevailed. The effects on test-
vehicle fuel consumption of the different types of road



Figure 2. Transit bus test vehicle.
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Figure 3. Two-axle six-tire truck test vehicle.
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Figure 4. 2-52 tractor semi-trailer truck combination test vehicle.



10

TABLE 3

TEST SITES FOR THE STUDY OF THE EFFECT OF ROAD DESIGN

ON FUEL CONSUMPTION

ROUTE PROFILE ALIGNMENT SURFACE
Interstate 495, Wash., D.C. Level Straight Good concrete
Interstate 95, Fairfax, Va. Level Straight Good concrete
Brookland Ave., Wash., D.C. Level Straight Typical asphalt
Puerto Rico Ave., Wash., D.C. Level Straight Typical asphalt
County Rt. 39, Louisville, N.Y. Level Straight Good asphalt
North Capitol St., Wash., D.C. 1.5% & Straight Good concrete
4.8% Straight Good concrete
Interstate 495, Wash., D.C. 2.5% Straight Good asphalt
NY 28, Indian Lake, N.Y. 3.5% Straight Good asphalt
NY 11B, Bangor, N.Y. 52% Straight Typical asphalt
5.7% Straight Typical asphalt
NY 28, North River, N.Y. 7.0% Straight Good asphalt
US 20, Cazenovia, N.Y. 10.0% Straight Good asphalt
Taylor St., Wash., D.C. 10.0% Straight Typical asphalt
NY 37, Morristown, N.Y. Level 2°45' Good asphalt
NY Power Auth. Rte., Massena, N.Y. Level 4°0' Good asphalt
NY Power Auth, Rte., Massena, N.Y. Level 5°0 Good asphalt
County Rte., St. Regis Falls, N.Y. Level 8°45’ Typical asphalt
Ellipse, White House, Wash., D.C. Level 11°0 Typical asphalt
NY 37, Massena, N.Y. Level 12°45’ Good asphalt
County Rte., Potsdam, N.Y. Level Straight Broken asphalt
(3 patches/yd)
County Rte., Norwood, N.Y. Level Straight Dry well-packed
gravel
County Rte., Madrid, N.Y. Level Straight Dry loose sand
(forms deep ruts)
Shoulders, Interstate 495 & 95 Level Straight Uiied giravel

design shown and various ranges of traffic volumes were
thus determined.

For the fuel consumption measurements, test vehicles
were equipped with instrumentation to indicate all vehicle
performance characteristics important to the study, and
survey test crews were adequate to monitor these instru-
ments as well as to record pertinent test data. Special
vehicle performance-indicating instruments employed in
the study are shown in Figure 5, mounted in the Chevrolet
sedan test car. These include a vacuum gauge continu-
ously responsive to engine manifold vacuum, a tachometer,
a precision speedometer capable of measuring speed to the
nearest 1 mph and distance to the nearest 50 ft.

Survey test crews are shown in Figures 6, 7, and 8 for
the bus, the two-axle six-tire truck, and the tractor semi-
trailer truck, respectively. A three-man survey crew was
used for certain passenger-car test operations, although
the bulk of the passenger-car data was obtained using a
one-man crew (see Fig. 5).

All fuel consumption measurements were made with the
electronic fuelmeter, a precise fuelmeter specifically de-
veloped for the operating cost study, as described in
Appendix F of this report and in Appendix B of NCHRP
Report 13 (4). Two versions of the meter were con-
structed; the prototype model (Fig. 9) was mounted in
the test bus and the production model (Fig. 10) was
mounted in the cab of the tractor semi-trailer truck. These
meters are basically identical, although the production
model is much more compact and convenient to use. The

electronic fuelmeter is dependable, easy to use, and accu-
rate (923 counts per gallon of [uel measured) despite wide
temperature variations, severe flow rate changes, and sud-
den vehicle movements.

Particular care was taken to identify and, where prac-
ticable, to eliminate the effects of fuel consumption both
of environmental factors and of variations among vehicles
in age, accumulated mileage, and engine condition. The
environmental factors that might have a bearing on fuel
consumption are air temperature, altitude, and wind. Spe-
cial studies, carried out to determine how fuel consumption
responds to variations in air temperature and altitude, are
reported on in Appendix B. Studies reported on in NCHRP
Report 13 (4) show that wind has a particularly strong
influence on vehicle fuel consumption, with no meaningful
correction possible. Other studies reported on in Appendix
B of this report show that vehicle age, accumulated mile-
age, and engine condition (assuming engines are properly
tuned) normally have only a small effect on fuel consump-
tion. On the basis of the study results it was found best to
make test runs at 80° to 90° F, at altitudes less than 1,500
ft above sea level, and with no wind, using ordinary stock
vehicles in good condition and properly tuned.

TIRE WEAR MEASUREMENTS

Tire wear measurements were made for a passenger car
and for a two-axle six-tire truck. The test vehicles were
operated on selected test roads at each of several running
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TEST SITES FOR THE STUDY OF THE EFFECT OF TRAFFIC CONDITIONS

ON FUEL CONSUMPTION

INTERSECTION
ROUTE LANES CONTROL PROFILE/ALIGNMENT
(a) Freeways and expressways—divided—access controlled
Baltimore Expressway, Wash., D.C. 6 Separated 1.5% /straight
Eisenhower Expressway, Chicago 6 Separated Level/straight
Southern Expressway, Long Island 6 Separated Level/straight
Kenilworth Ave., Wash., D.C. 6 Separated Level/straight

(b) Urban arterials—undivided—no control of access

North Capitol St., Wash., D.C.

Michigan Ave., Wash., D.C.
Wisconsin Ave., Wash., D.C.

Roosevelt Ave., Chicago

Independence Ave., Wash., D.C.
Constitution Ave., Wash., D.C.

G St., Wash,, D.C.
34th St., N.Y. City

6 Signals 1.5% /straight
4 Signals 1.5% /straight
4 Signals 1% to 4% with
minor curvature
4 Signals Level/straight
4 Signals Level/straight
8 Signals Level/straight
(c) CBD streets—undivided—no control of access
4 Signals Level/straight
4 Signals Level/straight
6 Signals Level/straight

42nd St., N.Y. City

speeds and for certain speed change patterns. Tire wear
was established by noting the loss in tire weight occurring
during a test operation. Tire wear values (weight loss in
grams) per unit travel distance (mile) were developed at
each of several speeds (or speed change patterns) for
operation on each of several surface types and degrees of
curvature. ‘

The Chevrolet sedan described in Table 1 was used for
the passenger-car tire wear study, and the two-axle six-tire
truck (Col. 3, Table 2) was used for the tire wear measure-
ments of the two-axle six-tire truck. The passenger car
was operated at a gross vehicle weight of 4,000 1b on 7.50-
by 14-in. two-ply tires and was considered to develop tire
wear patterns typical of lightweight vehicles (passenger cars
and pickup trucks) varying in weight from 2,000 to 5,000
Ib. The two-axle six-tire truck was operated on 8.25- by
20-in. 10-ply truck tires at axle loads of 12,000 1b (rear)
and 4,000 Ib (front). The tire wear patterns of this vehicle
were assumed to represent typical patterns for all two-axle
six-tire trucks. No tire wear measurements were made for
tractor semi-trailer truck combinations.

Tire wear data were recorded for operation at the ten
test sites given in Table 5. Four surface types are repre-
sented: good concrete, good asphalt, typical asphalt, and
dry well-packed gravel. For the road surface described as
typical asphalt, test sites for each of six different curve
patterns were included. One major street urban arterial
route is also included among these test sites.

Tire wear was measured by weighing after it had been
established through a special study (reported in Appendix
F) that this procedure was the most appropriate for the
accurate determination of tire wear. A tire to be weighed
was removed from its rim, cleaned thoroughly, and in-
spected before being placed on the scales in the exact

center of the weighing plate. Two independent weighings
were made before a tire weight was recorded to detect any
error that might arise through failure to balance the scales
properly or from incorrect placement of the tire on the
weighing plate.

The total weight of tread material available for wear
was recorded for each size of tire: 1,500 gm for the pas-
senger-car tire, and 4,500 gm for the truck tire.

DETERMINATION OF MAINTENANCE COSTS

Limited data on the effects of road design and traffic condi-
tions on vehicle maintenance costs were obtained by direct
experiment, by questionnaire inquiry to agencies that oper-
ate large fleets of vehicles, and from published research
data. The information developed by experiment was the
maintenance cost of brake systems due to vehicle stops.
The Chevrolet test car in Table 1 was operated through a
sequence of 15,000 stop cycles at 25 mph immediately
after installation of new brake shoes and wheel cylinders.
The difference in brake-shoe weight before and after the
test operations and the seal deterioration and brake fluid
loss occurring during the test were evaluated in terms of
brake cost per stop cycle.

Information on the maintenance cost of parts of pas-
senger cars and pickup trucks subject to wear as a result of
vehicle operation was obtained as cost per mile of travel
by questionnaire inquiry, without regard to specific road
designs. Questionnaires were sent to each of the Bureau
of Public Roads’ Division Engineers and to each of the
Chief Engineers of the state highway departments—a dis-
bursement of 100 inquiries. Twenty percent of the in-
quiries were returned with information on the over-all
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Figure 5. Interior, 1964 Chevrolet sedan test vehicle, showing survey speedometer, tach-
ometer, vacuum gauge, oil and fuel pressure gauges, ammeter, and water temperature

indicator.

mileage repair costs of individual parts of 1,350 passenger
cars and 15 pickup tiucks.

Two reference works (2, 5) containing good research
data on the cost of operating large line-haul trucks were
relied on for data on the effect of travel on truck main-
tenance costs. The information in these references is based
on large-scale reviews of the operating costs of truck fleets.
For example, Stevens (2) reports on data for 611 compan-
ies (23,000 vehicles).

DETERMINATION OF VEHICLE OIL CONSUMPTION

Motor oil is consumed in vehicle operation in three ways:
(1) contamination by impurities, (2) dissipation by com-
bustion and evaporation, and (3) leakage. Contamination
of oil with combustion remnants (water and acid-forming
sludge) and with dust particles from dusty roads does not
cause appreciable loss of volume but, because the oil has
to be replaced to protect the engine, contamination is a
true element of oil consumption. A measurable amount of

Figure 6. Survey crew and vehicle—transit bus study.
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Figure 7. Two survey crews and vehicle—two-axle six-tire truck study.

oil is dissipated through combustion and evaporation and
through leakage, especially at high operating speeds. Oil
consumption through contamination is promoted by low
speeds and frequent stops (travel on urban streets) when
combustion remnants cannot be burned off, and by travel
on dusty roads. Oil consumption through dissipation and
leakage is accelerated by travel on high-speed freeways and
expressways.

Oil consumption data were developed by two means: (1)
reviews of manufacturers’ recommendations regarding con-
ditions that define when engine oil should be replaced, and
(2) experiments to determine the oil dissipation and leak-
age resulting from operation at various uniform speeds, on
urban arterials, and for stop-and-go cycles of speed change.
Shop manuals were purchased from General Motors,
Chrysler, Ford, and Volkswagen motor companies to facili-

tate the review of vehicle manufacturers’ oil change recom-
mendations.

Experiments to determine the effect on engine oil con-
sumption of different uniform speeds, urban arterial travel,
and stop-and-go travel were carried out using the Chevrolet
sedan described in Table 1 and the two-axle six-tire truck
described in Col. 3, Table 2. The differences in weight of
engine oil and filter before and after test runs were care-
fully determined, using the precision scales acquired for
the tire wear measurements. Oil temperature and viscosity
were recorded each time oil weights were determined. Oil
consumption data in relation to speed were obtained for
operation zat 35, 45, 55, and 60 mph, for a series of 15,000
stop cycles at 25 mph (passenger car only) and for travel
on an urban arterial at an attempted speed of 25 to 35 mph
for the passenger car and 20 to 25 mph for the two-axle
six-tire truck.

Figure 8. Survey crew and vehicle—2-52 tractor semi-trailer truck combination

study.
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Figure 9. Interior, transit bus test vehicle, showing installation
of the prototype electronic fuelmeter in the rear of the bus.
Streetcar axles are used to simulate weight of passengers.

DETERMINAIIUN OF UNIT DEPRECIATION COST PFR MIIF

Average unit depreciation cost (difference between original
cost and terminal salvage value of a motor vehicle divided
by its lifetime mileage) is a running cost affected by road
design, because one element, lifetime mileage, depends to
suie extent on road design characteristics. In particular,
lifetime mileage is related to (1) average operating speeds,
(2) average route distances between trip end points, and
(3) average service quality of roads related to riding
comfort and smoothness of vehicle operation. Higher aver-
age speeds generally promote higher annual mileages (and
greater lifetime mileage accumulations) by making it pos-
sible for users to drive to more distant points than would
have been practicable at the lower speeds. However, higher
speeds also tend to hold down lifetime mileage accumula-
tion because of the greater vehicle wear rates associated
with high-speed aperation, especially for older cars. Short
ened route distances have similar contradictory effects on
lifetime mileage accumulations, On the one hand, shorter
route distances tend to reduce lifetime mileage by reducing
the journey lengths needed to accomplish desired trips
during a vehicle’s life. On the other hand, shorter route
distances encourage more travel (greater lifetime mileage)
by rendering more places accessible to users in the time
available to them for travel. Improved road service quality,
arising perhaps from construction of a better road surface,
increases vehicle lifetime mileage accumulation both by
encouraging more and longer trips and by reducing vehicle
wear rates.

In view of the diversity and often contradictory effects

Figure 10. Interior, cab of 2-S2 tractor semi-trailer truck combination, showing installa-
tion of the production model of the electronic fuelmeter. In operation, the fuelmeter is
placed in the center of the seat to allow room in the cab for the observer.
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TEST SITES FOR THE STUDY OF THE EFFECT OF ROAD DESIGN
AND TRAFFIC ON TIRE WEAR

ROUTE

SURFACE DESIGN FEATURE

Interstate 495, Wash., D.C., Beltway

Interstate 81, N.Y. State

Town road system, N.Y. State
Crosstown route, Wash., D.C.

Ellipse, White House, Wash., D.C.
Shirlington Circle, Arlington, Va.
Traffic Circle, Massena, N.Y.

Sherman Circle, Wash., D.C.

Parking lot, Catholic Univ., Wash., D.C.
Runway, Bolling Air Force Base, D.C.

Four-lane divided
Four-lane divided

Good concrete
Good asphalt

Dry well-packed gravel Two lanes
Good concrete Urban arterial
Typical asphalt 11° curve
Typical asphalt 18° curve
Typical asphalt 12° curve
Typical asphalt 31° curve
Typical asphalt 57° curve
Typical asphalt 90° curve

that road design improvements have on the lifetime mileage
accumulations of motor vehicles, it was determined that
the research approach most appropriate for this aspect of
the user cost evaluation study was a review of the literature,
supplemented with a limited field investigation of the rela-
tionship between used-car prices and vehicle mileage ac-
cumulation, including data for recently scrapped vehicles.
Particularly useful discussions of motor vehicle deprecia-
tion costs are given by Winfrey (I, p..347) and by De
Weille (6, p. 59).

DETERMINATION OF ACCIDENT COSTS RELATIVE TO
ROAD DESIGN

The study of motor-vehicle accident costs in relation to
road design was conducted as a special project (Special
Project 5). This investigation was an analytical develop-
ment of automobile and truck accident costs relative to
type of road, frequency of intersections, and degree of
curvature, based on the results of the motor-vehicle acci-
dent cost studies conducted in Massachusetts, Illinois, Utah,
and the District of Columbia, together with data from
various sources in the literature. A description of Special
Project 5, along with analysis results, appears in Appen-
dix F.

PRESENTATION OF RESULTS

The principal results of the study are presented in Part I
of this report as compact tables of fuel consumption, tire
wear, maintenance, and oil consumption and as text presen-
tations of depreciation and accident costs. The tables of
findings for fuel consumption and tire wear are supple-
mented with graphical presentations of the fuel consump-
tion and tire wear for combinations of road design condi-
tions at typical running speeds. Research results developed
in the study in support of the miaterial presented in the
tables and graphs of findings of Part I, as well as an
annotated bibliography of motor-vehicle operating costs,
are included in Appendices A through F. The tables and
graphs of findings of passenger-car fuel consumption, truck
fuel consumption, passenger-car tire wear, truck tire wear,
vehicle maintenance, and vehicle oil consumption are given

in Chapters Three, Four, Five, Six, Seven, and Eight, re-
spectively. Presentations of depreciation and accident costs
of cars and trucks are given in Chapters Nine and Ten,
respectively.

The findings of this report are average values for broad
categories of vehicle types weighted according to the distri-
bution of vehicle types and sizes within each category.
Specific measurements of fuel consumption and tire wear
for individual test vehicles are given in Appendices A and
C, respectively. Only the weighted average fuel con-
sumption rates and tire wear rates for the distribution of
vehicle types in each category are given in the tables and
graphs of findings of Part I.

Passenger-car fuel consumption data were developed for
five vehicle types: Chrysler, Plymouth, Chevrolet, Falcon,
and Volkswagen. However, in the tables and graphs of
findings (Chapter Three) only a weighted average of the
fuel consumption rates for the five vehicles is reported.
Values for the individual test vehicles appear in Appendix
A.

In the tables and graphs of findings of fuel consumption
for trucks, Chapter Four, three basic truck categories are
recognized: pickup and panel trucks, two-axle six-tire
trucks, and tractor semi-trailer truck combinations. Average
fuel consumption values are given for the typical distri-
butions of trucks in each category in the tables and graphs
of findings. Fuel consumption data for the pickup and
panel truck category were developed for a pickup truck at
each of two gross vehicle weights: 4,800 1b and 5,800 1b.
Data for the two-axle six-tire truck were obtained using
three vehicles—one operating at 8,000 1b, one at 16,000 Ib
and one at 24,000 Ib. Data for the tractor semi-trailer
truck combinations were taken from the published results
of Sawhill’s 1959 study of the fuel consumption rates of
42,000- and 50,000-1b tractor semi-trailer truck com-
binations (7). Fuel consumption results for the individual
test trucks are given in Appendix A.

Similarly, in the tables and graphs of findings of Chapters
Five and Six, tire wear for passenger cars and trucks,
respectively, are given for the same categories of vehicles
as described previously for the tables and graphs of findings
for fuel consumption. However, in the case of tire wear
measurements, data for a single vehicle, the Chevrolet
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sedan, are used to compute tire wear rates for both passen-
ger cars and light pickup trucks. Data for the two-axle six-
tire truck were used to compute tire wear rates for two-axle
six-tire trucks only. Tire wear given in the tables and
graphs of findings of Chapters Five and Six are presented
in cents per vehicle per mile of travel for a weighted
average tire price for the vehicles in each category. Tire
wear rates in percentage of useable tire tread worn away
per tire per mile are given in Appendix C for the two test
vehicles used in the tire wear study.

The tables of findings of Chapters Seven and Eight
provide information on the maintenance costs (Chapter
Seven) and the oil consumption costs (Chapter Eight) for
both passenger cars and trucks.

Chapters Nine and Ten describe the information on
vehicle depreciation (Chapter Nine) and accident costs
relative to road design (Chapter Ten) developed in the
study of vehicle operating costs.

Research data on the fuel consumption and tire wear
rates of the test vehicles used in the study are given in

Appendices A through E. Appendices A and C give
supporting data on fuel consumption and tire wear rales,
respectively, for operation on roads having various design
characteristics and traffic volumes. Appendix B is a report
on the effect on fuel consumption of non-highway factors
(air temperature, altitude, engine size, and vehicle weight,
age, and accumulated mileage). Appendix D presents the
results of a comparative study of the fuel consumption of
gasoline and diesel trucks, including a table of correction
factors to adjust vehicle gasoline fuel consumption rates
to corresponding diesel fuel consumption rates. Appendix
E is an annotated bibliography of motor-vehicle operating
cost data listed in chronological order by subject areas.
Five special projects are reported on in Appendix F.
Special Projects 1 and 2 involved thé development of
equipment and study techniques used in the study of fuel
consumption and tire wear rates. Special Projects 3 and 4
dealt with fuel consumption considerations in passing
maneuvers and in speed change patterns on grades. Special
Project 5 covered accident costs in relation to road design.

CHAPTER THREE

FINDINGS: PASSENGER-CAR FUEL CONSUMPTION

The tables and graphs of passenger-car fuel consumption
provide average values of fuel consumption for the com-
posite passenger car, weighted according to the percent
of large, standard, compact, and small cars represented by
the composite vehicle. The distribution of the four sizes of
vehicle represented by the composite car, established in
1969 by observation of more than 35,000 cars on the
principal highways of eight states, is as follows: large cars
(i.e., Chrysler), 20 percent; standard cars (i.e., Plymouths
and Chevrolets), 65 percent; compact cars (i.e., Falcon),
10 percent; and small cars (i.e., Volkswagen), 5 percent.
Test data (in Appendix A) were obtained for typical
vehicles of each size for operation on grades, for speed
change cycles, and for idling. Data were obtained for
representative standard-size cars only for curvature and
rough-surface operations and for operations under various
traffic conditions.

FUEL CONSUMPTION OF THE COMPOSITE
PASSENGER CAR

Composite passenger-car fuel consumption rates relative to
road design and traffic conditions are given in Tables 6, 6A,
6B, 6C, 6D, 6E, 7, 8, and 9. Table 6 gives the basic fuel
consumption rates of automobiles for operation at uniform
speed on straight high-type pavement for various speeds
and gradients. Subtables give correction factors to adjust

the values of Table 6 for curvature (Table 6A), rough
surface (Table 6B), and traffic volumes (Tables 6C, 6D,
and 6E). The correction factors of the subtables may be
applied in any order but are limited in range of applicability
(see footnotes of individual tables). Tables 7 and 8 give
the excess fuel consumed by passenger cars for stop cycles
and slowdown cycles, respectively. The idling fuel con-
sumption rates of both passenger cars and trucks in gallons
per hour are given in Table 9.

The combined effect that grade, curvature, surface, stop
cycles, and slowdown cycles have on the fuel consumption
rates of the composite passenger car in free-flowing traffic
is shown in simplified graphical form for each of three
running speeds: 30 mph (Fig. 11A), 50 mph (Fig. 11B),
and 70 mph (Fig. 11C). These speeds are typical of
possible speeds on many urban arterials (30 mph), rural
non-expressway routes (50 mph), and expressway routes
(70 mph).

Figures 11A, 11B, and 11C were constructed from in-
formation given in Tables 6, 6A, 6B, 7, and 8. They are
included in this report only for convenience—to relieve the
tedium of working through several tables for a single value.
Where the figures do not apply, recourse must be made to
the basic tables.

Figures 11A, 11B, and 11C are read by entering at the
left end of the abscissa axis with the road gradient, tracing
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AUTOMOBILE FUEL CONSUMPTION AS AFFECTED BY SPEED AND GRADIENT-—
STRAIGHT HIGH-TYPE PAVEMENT AND FREE-FLOWING TRAFFIC?*

UNIFORM  GASOLINE CONSUMPTION (GPM) ON GRADES OF:

SPEED i
(MPH) LEVEL 1% 2% 3% 4% 5% 6% 7% 8% 9% 10%
(a) Plus grades
10 0.072 0.080 0.087 0.096 0.103 0.112 0.121 0.132 0.143 0.160 0.179
20 0.050 0.058 0.070 0.076 0.086 0.094 0.104 0.116 0.128 0.144 0.160
30 0.044 0051 0.060 0.068 0.078 0.087 0096 0.110 0.124 0.138 0.154
40 0.046 0.054 0.062 0.070 0.078 0.087 0.096 0.111 0.124 0.140 0.156
50 0.052 0.059 0.070 0.076 0.083 0.093 0.104 0.118 0.130 0.145 0.162
60 0.058 0.067 0.076 0.084 0.093 0.102 0.112 0.126 0.138 0.152 0.170
70 0.067 0.075 0.084 0.093 0.102 0.111 0.122 0.135 0.148 0.162 0.180
(b) Minus grades

10 0.072 0.060 0.045 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040
20 0.050 0.040 0.027 0.022 0.021 0.021 0.021 0.021 0.021 0.021 0.021
30 0.044 0.033 0.022 0.016 0.014 0.013 0.013 0.013 0.013 0.013 0.013
40 0.046 0035 0.025 0.018 0.014 0.012 0.012 0.012 0.012 0.012 0.012
50 0.052 0.041 0.030 0.025 0.021 0.018 0.014 0.013 0.010 0.010 0.008
60 0.058 0.048 0.036 0.037 0.030 0.027 0.022 0.018 0.014 0.011 0.008
70 0.067 0.058 0.048 0.043 0.039 0.036 0.031 0.027 0.022 0.016 0.013

1The composite passenger car represented here reflects the following vehicle distribution: Large cars, 20 per-
cent; standard cars, 65 percent; compact cars, 10 percent; small cars, 5 percent. .

TABLE 6A

CORRECTION FACTORS TO ADJUST THE VALUES
OF TABLE 6 FOR CURVATURE?

TABLE

6B

CORRECTION FACTORS TO ADJUST THE VALUES OF TABLE 6
FOR ROUGH SURFACE*

UNIFORM SPEED

OF AUTOMOBILES

CORRECTION FACTORS BY ROAD SURFACE:

HIGH-TYPE CONCRETE

BADLY BROKEN AND DRY WELL-PACKED LOOSE

(MPH) OR ASPHALT PATCHED ASPHALT GRAVEL SAND
10 1.00 1.01 1.09 1.23
20 1.00 1.05 1.13 1.28
30 1.00 1.20 1.26 1.40
40 1.00 1.34 1.56 1.73
50 1.00 1.50 1.70 2.00

1 Correction factors determined for standard-size U.S. cars represented by Chevrolet sedan at 4,400 Ib G.V.W.
They apply on grades up to 3 percent. For grades greater than 3 percent see Fig. A-13.

CORRECTION FACTORS BY UNIFORM SPEED OF

TABLE 6C
CORRECTION FACTORS TO ADJUST THE VALUES

OECREE AUTOMOBILES (MPH): OF TABLE 6 FOR TRAFFIC VOLUME—

CoRve 10 20 30 40 50 60 70 SIX-LANE EXPRESSWAY *

0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 CORREGTION FACTORS BY ATTEMPTED

1 1.000 1.001 1005 1015 1.025 1.040 1060  ONE-WAY GPEED OF AUTOMOBILES (MPH) -

2 1001 1002 1010 1.031 1054 1080 1.120  TRAFFIC VOLUME

3 1002 1003 1016 1048  1.090 1.132 1.182  (VPH) 45 50 55 60

g igg% }ggg ig% igg;‘ }igg iggg 1_'300 0-2400 (Level of service A =free-flowing traffic)

6 1004 1.006 1034 1.120 1250 1.400 — 2400-2800 1.000 1.000 1.010 1.020

7 1005 1.007 1040 1.170 1430 1900 — 2800-3200 1.000 1.005 1.015 1.025

g 1005 1005 1080 1230 1610 —  — 3200-3600 1.000 1.010 1.020 1030

° 1008 1010 1140 1340 1820 —  — 36004000 1.000 1.015 1030 1.045

10 1008 1030 1200 1480 2070 —  — 40004400 1.001 1.020 1.040 1.060

1 Lo1o 1070 1280 1620 2200 —  — 4400-4800 1.002 1.030 1.050 1.070

12 1020 1110 1360 1800 2.500 —  — 4800-5200 1.003 1.032 1.060 1.078

%0 1130 2000 — 0T T 5200-5600 1.004 1.036 1070 1.085
: 5600-6000 1.005 1.040 1.080 1.090

6000+ (Level of service E=unstable flow)

1 Correction factors determined for standard-size U.S. cars

(65 percent

of vehicle population) represented by Plymouth and Chevrolet sedans at
4,400 1b G.V.W. They apply on grades up to 3 percent. For grades greater
than 3 percent, refer to Figs. A-11 and A-12.

1 Correction factors determined for standard-size U.S. cars represented by
Chevrolet sedan at 4,400 1b G.V.W.
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CORRECTION FACTORS TO ADJUST THE VALUES OF TABLE 6 FOR TRAFFIC
VOLUME—SIX-LANE MAJOR STREET URBAN ARTERIAL WITH NO PARKING’

CORRECTION FACTORS BY ATTEMPTED SPEED OF AUTOMOBILES (MPH)

30* 40°*

ONE-WAY
TRAFFIC VOLUME No 1 sTop/ 2 sTops/ NO _ 1stop/ 2 sToPs/
(VPH) STOPS MILE ® MILE ® STOPS MILE ? MILE ®

0-1000 1.000 1.270 1.460 1.000 1.298 1.578
1000-1200 1.000 1.270 1.460 1.000 1.300 1.580
1200-1400 1.005 1.275 1.460 1.010 1.305 1.580
1400-1600 1.005 1.280 1.460 1.020 1.310 1.580
1600-1800 1.010 1.285 1.460 1.020 1.315 1.580
1800-2000 1.010 1.290 1.460 1.030 1.318 1.580
2000-2200 - 1.010 1.295 1.460 1.030 1.322 1.580
2200-2400 1.020 1.300 1.460 1.040 1.326 1.580
2400-2600 1.030 1.305 1.460 1.040 1.380 1.580
2600-2800 1.040 1.305 1.460 1.050 1.332 1.580
2800-3000 1.050 1.310 1.460 1.060 1.333 1.580
3000+ (Level of service E=unstable flow)

1 Traffic volume corrections determined for standard-size U.S. cars (65 percent of vehicle population) repre-
sented by a Chevrolet sedan at 4,400 1b G.V.W.

2 Average stopped delay when stopped is 30 sec.

3 When vehicle stops are involved, this table should not be used for grades greater than 1.5 percent. If
grades exceed 1.5 percent, basic data on fuel consumption due to stops (Table 7) and traffic conditions (Fig.
A-23) should be used to adjust the values of Table 6 for traffic volumes.

TABLE 6E

CORRECTION FACTORS TO ADJUST THE VALUES OF TABLE 6 FOR TRAFFIC
VOLUME—SIX-LANE CBD STREETS WITH PARKING IN BOTH CURB LANES®

ONE-WAY
TRAFFIC CORRECTION FACTORS DY FREQUENCY OF STOPS PFR MILE: 2, 8
VOLUME i e
(VPH) 0 1 2 3 4 s 6 7 8 9 10
0-40 1.00 1.18 137 1.55 1.73 191 212 230 240 265 2.80
40-80 1.00 1.18 1.37 1.55 1.73 191 212 230 240 265 2.80

80-120 100 121 139 158 176 195 214 233 250 270 289
120-160 100 122 141 160 178 197 220 237 256 275 294
160-200 101 123 142 164 185 204 224 242 261 281 3.00
200-240 1.02 124 143 169 189 208 231 249 268 286 3.06

240-280 — 126 147 174 195 216 239 255 270 291 3.17
280-320 — — 149 180 202 223 245 264 280 3.00 3.26
320-360 —_ — — 1.84 211 233 252 273 293 310 3.28
360—400 — — — —_ 221 244 268 285 298 3.18 3.39
400+ (Level of service E=unstable flow)

1 Automobiles are assumed to attempt to travel at 25 mph with traffic signals set approximately 500 ft apart.
Average stopped delay when stopped is 30 sec.

2 Traffic volume corrections determined for the standard-size U.S. car (65 percent of vehicle population) rep-
resented by a Chevrolet sedan at 4,400 Ib G.V.W.

3 When vehicle stops are involved, this table should not be used for grades greater than 1.5 percent. If grades
exceed 1.5 percent, basic data on fuel consumption due to stops (Table 7) and traffic conditions (Fig. A-24)
should be used to adjust the values of Table 6 for traffic volumes.

TABLE 7

EXCESS GALLONS OF GASOLINE CONSUMED PER
STOP-GO SPEED CHANGE CYCLE—AUTOMOBILE*

EXCESS GASOLINE CONSUMED (GAL) BY DURATION OF STOPPED DELAY (SEC):2

SPEED

(MPH) 0 30 60 90 120 150 180
10 0.0016 0.0021 0.0026 0.0031 0.0035 0.0040 0.0045
20 0.0066 0.0071 0.0076 0.0081 0.0085 0.0090 0.0095
30 0.0097 0.0102 0.0107 0.0112 0.0116 0.0121 0.0126
40 0.0128 0.0133 0.0138 0.0143 0.0147 0.0152 0.0157
50 0.0168 0.0173 0.0178 0.0183 0.0187 0.0192 0.0197
60 0.0208 0.0213 0.0218 0.0223 0.0228 0.0233 0.0238
70 0.0243 0.0248 0.0253 0.0258 0.0263 0.0268 0.0273

1 See footnote, Table 6, for identification of composite passenger car.
2Fuel consumption while stopped .is idling fuel for composite car (0.58 gph). See Table 9.



vertically upward to the correct reference line (plus grade
or minus grade), then tracing horizontally to the right-hand
ordinate axis for the fuel consumption rate in gallons per
mile. If the road curvature is zero, the surface is paved,
and there are no stops or slowdowns, the horizontal trace is
straight. However, if curvature is greater than zero, the
surface is gravel or sand, or there are speed changes, the
horizontal trace will be shifted upward to a parallel trace.
The vertical displacement(s) of the horizontal trace will be
determined by breaking at each appropriate vertical refer-
ence line and following a path parallel to the sloping line
to a point above the applicable curvature, surface, or speed
change frequency. (See example worked out in each
figure.)

TABLE 9
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TABLE 8

EXCESS GALLONS OF GASOLINE CONSUMED PER
SLOWDOWN SPEED CHANGE CYCLE—AUTOMOBILE’

EXCESS GASOLINE CONSUMED (GAL.)
BY AMOUNT OF SPEED REDUCTION BEFORE
ACCELERATING BACK TO SPEED (MPH):

SPEED

(MpPH) 10 20 30 40 50 60

20 0.0032 — — — — —
30 0.0035 0.0062 —_— — —_ —
40 0.0038 0.0068 0.0093 — _ —_—
50 0.0042 0.0074 0.0106 0.0140 — —
60 0.0046 0.0082 0.0120 0.0155 0.0190 —
70 0.0051 0.0090 0.0130 0.0167 0.0203 0.0243

1 See footnote, Table 6, for identification of composite passenger car.

IDLING FUEL CONSUMPTION RATES WITH VEHICLE STATIONARY

CYLINDERS

TRANSMISSION

ENGINE FUEL
DISPL. SPEED CONSUMED
VEHICLE NO. (CUIN.) TYPE POSITION (RPM) (GPH)
(a) Automobiles

Composite 1 — — — Neutral — 0.63
Drive — 0.58

Chrysler 8 440 Auto. Neutral 580 0.67
Drive 530 0.61

Chevrolet 8 283 Auto. Neutral 650 0.65
Drive 500 0.61

Falcon 6 200 Auto. Neutral 780 0.57
Drive 630 0.52

Volkswagen 4 72 Man. Engaged 550 0.34

(b) Trucks—gasoline

Pickup 6 - 250 Man. Engaged 500 0.45

Two-axle six-tire 6 351 Man. Engaged 600 0.65

2-S2 combination 6 386 Man. Engaged 600 0.80

2-S2 combination 2 6 503 Man. Engaged 650 0.79

3-S2 combination 2 6 501 Man. Engaged 650 0.89

(c) Trucks—diesel
Two-axle six-tire 6 477 Man. Engaged — 0.38
2-S2 combination 2 6 672 Man. Engaged 600 0.45
(d) Bus—gasoline
Transit 6 260 Auto. Drive —_ 0.55
Transit 2 6 404 Auto. Neutral — 0.73

1 See footnote, Table 6, for identification of composite passenger car.

2 From Sawhill and Firey (7).
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FINDINGS: TRUCK FUEL CONSUMPTION

Fuel consumption values are given for three composite

trucks representing three categories of trucks: (1) pickup
and panel trucks, (2) two-axle six-tire trucks, and (3)
tractor semi-trailer truck combinations. The extreme
variations in truck weights, engine sizes, and numbers of
axles made it advisable to present the fuel consumption
data for three composite vehicles rather than for one as
with the passenger car. Data for each of the three com-
posite vehicles were developed as averages of test data
weighted according to the following weight distributions:
(1) pickup and panel trucks, 85 percent, 4,800 b, and
15 percent, 5,800 1b (8); (2) two-axle six-tire trucks, 50
percent, 8,000 1b, and 50 percent, 16,000 1b (I); and
(3) tractor semi-trailer truck combinations, 50 percent,
40,000 1b and 50 percent, 50,000 1b (7).

All truck fuel consumption values are given for gasoline
operation in the tables and graphs. Tables for converting
the fuel consumption values presented for gasoline opera-
tion to what they would be for diesel operation appear in
Appendix D. Approximately 35 percent of tractor semi-
trailer truck combinations are diesel-operated (9).

TABLE 10

FUEL CONSUMPTION OF THE COMPOSITE
PICKUP TRUCK

Composite pickup truck fuel consumption rates relative to
road design and traffic conditions are given in Tables 10,
10A, 10B, 10C, 10D, 10E, 11, 12, and 9. Table 10 gives
the basic fuel consumption rates of pickup trucks for
operation at uniform speed on straight high-type pavement
for various speeds and gradients. Subtables give correction
factors to adjust the values of Table 10 for curvature
(Table 10A), rough surface (Table 10B), and traffic
volumes (Tables 10C, 10D, and 10E). The correction
factors of the subtables may be applied in any order but
are limited in range of applicability (see footnotes of
individual tables). Tables 11 and 12 give the excess fuel
consumed by pickup trucks for stop cycles and slowdown
cycles, respectively. The idling fuel consumption rates of
both passenger cars and trucks in gallons per hour are
given in Table 9.

The combined effect that grades, curvature, surface,
stop cycles, and slowdown cycles have on the fuel con-
sumption rates of the composite pickup truck in free-

PICKUP TRUCK FUEL CONSUMPTION AS AFFECTED BY SPEED
AND GRADIENT—STRAIGHT HIGH-TYPE PAVEMENT
AND FREE-FLOWING TRAFFIC1!

E}E‘EEERM GASOLINE CONSUMPTION (GPM) ON GRADES OF:
(MPH) LEVEL 1% 3% 4% 5% 6% 7% 8% 9% 10%
(a) Plus grades?
10 0.058 0.070 0.083 0.090 0.100 0.110 0.129 0.134 0.150 0.174 0.197
20 0.047 0.057 0.068 0.077 0.086 0.095 0.105 0.121 } 0.137 0.147 0.156
30 0.047 0.057 0.068 0.077 0.086 0.095 0.105 0.121 0.137 0.156 0.174
40 0.053 0.063 0.073 0.083 0.094 0.103 0.113 0.132 0.151 0.164 0.180
50 0.065 0.075 0.085 0.095 0.106 0.117 0.128 0.144 0.164 — —_
60 0.081 0.092 0.102 0.112 0.123 0.133 0.144 — — — —
70 0.099 0.110 0.122 — — — — — _— — —
(b) Minus grades
10 0.058 0.049 0.040 0.036 0.032 0.032 0.032 0.032 0.032 0.032 0.032
20 0.047 0.036 0.027 0.022 0.020 0.019 0.018 0.018 0.018 0.018 0.018
30 0.047 0.036 0.028 0.024 0.020 0.017 0.015 0.013 0.012 0.012 0.012
40 0.053 0.046 0.039 0.033 0.028 0.024 0.020 0.015 0.010 0.010 0.010
50 0.065 0.060 0.054 0.047 0.041 0.035 0.030 0.024 0.018 0.014 0.010
60 0.081 0.077 0.074 0.067 0.059 0.053 0.047 0.037 0.027 0.019 0.011
70 0.099 0.098 0.098 0.089 0.081 0.073 0.065 0.053 0.041 0.028 0.015
1The composite pickup truck represented here reflects the following vehicle distribution:
Pickup trucks at 4,800 Ib G.V.W. 85 percent
Pickup trucks at 5,800 Ib G.V.W. 15 percent
7100 percent

2 Vehicle operation is in high gear (No. 4) whenever possible. When necessary (on steep grades and/or at
low speed) operation is in gear No. 3. When vehicle approach speed exceeds the maximum sustainable speed
on plus grades, speed is reduced to this maximum as soon as the vehicle gets on the grade.



TABLE 10A

CORRECTION FACTORS TO ADJUST THE VALUES
OF TABLE 10 FOR CURVATURE?

CORRECTION FACTORS BY UNIFORM SPEED

z’;GREE OF PICKUP TRUCKS (MPH)

CURVE 10 20 30 40 50 60 70
0 1.000 1.000 1.000 1.000 1.000 1.000 1.000
1 1.000 1.000 1.000 1.000 1,001 1.002 1.005
2 1.000 1.000 1.001 1.003 1.004 1.005 1.010
3 1.000 1,001 1.002 1.004 1.005 1010 1.020
4 1.000 1.001 1.003 1.007 1.010 1.020 1.050
5 1.000 1.002 1.008 1.026 1.050 1.080 —
6 1.000 1.005 1.020 1.050 1.100 1.140 —
7 1.000 1.010 1.040 1.100 1.170 — —
8 1.000 1020 1.080 1.160 1.240 — —
9 1.000 1.040 1.120 1.220 1.330 —_ —_

10 1.000 1.080 1.160 1.260 1.360 — —

11 1.000 1.100 1.210 1.320 1.430 —_ —_

12 1.000 1.130 1.260 1.380 1,500 — f—

1 Correction factors determined for vehicle distribution given in the foot-
note, Table 10. They apply to grades up to 3 percent. For grades greater
than 3 percent refer to Figs. A-31, A-32, and A-33.

TABLE 10B

. CORRECTION FACTORS TO ADJUST THE VALUES OF TABLE 10
FOR ROUGH SURFACE!

TABLE 10C

CORRECTION FACTORS TO ADJUST THE VALUES
OF TABLE 10 FOR TRAFFIC VOLUME—
SIX-LANE EXPRESSWAY 1

i
CORRECTION FACTORS BY ATTEMPTED SPEED

ONE-WAY OF PICKUP TRUCKS (MPH):
TRAFFIC VOLUME
(VPH) 45 50 55 60
0-2400 (Level of service A=free-flowing traffic)
2400-2800 1.000 1.000 1.008 1.015
2800-3200 1.000 1.004 1.012 1.020
3200-3600 1.000 1.008 1.018 1.025
3600-4000 1.000 1.012 1.028 1.040
4000-4400 1.000 1.018 1.036 1.050
4400-4800 1.001 1.028 1.040 1.060
4800-5200 1.002 1.030 1.050 1.066
5200-5600 1.003 1.032 1.060 1.072
5600-6000 1.004 1.036 1.080 1.080
60004 (Level of service E=unstable flow)

1 Correction factors determined for the pickup truck by adjusting the
correction factors of Table 6C for passenger cars. The adjustments were
proportioned to the ratios of the excess fuel consumption for the truck and
passenger car for 10-mph speed change cycles.

UNIFORM SPEED

CORRECTION FACTORS BY ROAD SURFACE:

HIGH-TYPE CONCRETE

BADLY BROKEN AND

DRY WELL-PACKED LOOSE

OF PICKUPS (MPH) OR ASPHALT PATCHED ASPHALT GRAVEL SAND

10 1.00 1.00 1.07 1.33

20 1.00 1.00 1.09 1.49

30 1.00 1.01 1.16 1.67 p
40 1.00 1.06 1.27 2.02

50 1.00 1.16 1.34 —

. 1 Correction factors determined for truck distribution of Footnote 1, Table 10. They apply on grades up to
3 percent. For grades greater than 3 percent, see Fig. A-34.

TABLE 10D

CORRECTION FACTORS TO ADJUST THE VALUES OF TABLE 10
FOR TRAFFIC VOLUME—SIX-LANE MAJOR STREET URBAN ARTERIAL
WITH NO PARKING 1

- CORRECTION FACTORS BY ATTEMPTED SPEED OF PICKUP TRUCKS (MPH) :

302 402

ONE-WAY
TRAFFIC VOLUME NO 1 sToP/ 2 sTops/ NO 1 sTop/ 2 sTtops/
(VPH) STOPS MILE 3 MILE 3 STOPS MILE 3 MILE3

0-1000 1.000 1.253 1.506 1.000 1.272 1.540
1000-1200 1.000 1.253 1.506 1.000- 1.272 1.540
1200-1400 1.004 1.258 1.506 1.008 1.285 1.540
1400-1600 1.006 1.265 1.506 1.016 1.287 1.540
1600-1800 1.008 1.267 1.506 1.018 1.289 1.540
1800-2000 1.010 1.268 1.506 1.020 1.291 1.540
2000-2200 1.012 1.269 1.506 1.026 1.293 1.540
2200-2400 1.016 1.271 1.506 1.032 1.294 1.540
2400-2600 1.020 1.273 1.506 1.036 1.295 1.540
2600-2800 1.032 1.275 1.506 1.040 1.296 1.540
2800-3000 1.038 1.278 1.506 1.050 1.297 1.540
3000+ (Level of service E—unstable flow)

1 Traffic volume corrections determined for the pickup truck by adjusting the corrections for the passenger

car. The adjustments were proportioned to the ratios of the excess fuel consumption for the truck and passenger
car for 10-mph speed change cycles. .

2 Average stopped delay when stopped is 30 sec.
3-When vehicle stops are involved, this table should not be used for grades greater than 1.5 percent. If grades

exceed 1.5 percent, basic data on fuel consumption due to stops (Table 11) and traffic conditions (Fig. A-23)
should be used to adjust the values of Table 10 for traffic volumes.
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TABLE 10E

CORRECTION FACTORS TO ADJUST THE VALUES OF TABLE 10
FOR TRAFFIC VOLUME—SIX-LANE CBD STREETS
WITH PARKING IN BOTH CURB LANES?

ONE-WAY
TRAFFIC CORRECTION FACTORS BY FREQUENCY OF STOPS PER MILE: 2,3
VOLUME
(VPH) 0 1 2 3 4 5 6 7 8 9 10
0-40 1.00 1.22 1.43 1.65 1.87 2.11 2.33 254 276 298 3.20
40-80 1.00 1.22 1.43 1.65 1.87 2.11 2.33 2.54 276 298 3.20

80-120 1.00 123 145 167 189 212 234 256 278 3.01 322
120-160 1.00 123 145 168 191 213 235 257 279 3.01 323
160-200 1.00 124 146 170 192 215 237 259 282 3.04 3.27
200-240 1.01 125 148 172 194 217 242 262 285 307 330

240-280 — 127 149 175 199 221 246 267 287 3.10 3.33
280-320 — — 150 178 202 225 249 272 293 313 336
320360 — —_ — 180 207 231 253 277 298 319 342
360-400 —_ — —_— — 213 238 262 285 3.01 325 349
400+ (Level of service E—unstable flow)

1 Traffic volume corrections determined for the pickup truck by adjusting the corrections for the passenger
car. The adjustments were proportioned to the ratios of the excess fuel consumption for the truck and passenger
car for 10-mph speed change cycles.

2 Pickup trucks are assumed to attempt to travel at 25 mph with traffic signals set approximately 500 ft
apart. Average stopped delay is 30 sec.

3 When vehicle stops are invloved, this table should not be used for grades greater than 1.5 percent. If grades
exceed 1.5 percent, basic data on fuel consumption due to stops (Table 11) and traffic conditions (Fig. A-24)
should be used to adjust the values of Table 10 for traffic volumes.

TABLE 11

EXCESS GALLONS OF GASOLINE CONSUMED
PER STOP-GO SPEED CHANGE CYCLE—PICKUP TRUCK ?

EXCESS GASOLINE CONSUMED (GAL) BY DURATION OF STOPPED DELAY (SEC): 2

SPEED

(MPH) 0 30 60 90 120 150 180

10 0.0016 0.0054 0.0092 0.0130 0.0168 0.0206 0.0244
20 0.0048 0.0086 0.0124 0.0162 0.0200 0.0238 0.0276
30 0.0081 0.0119 0.0157 0.0195 0.0233 0.0271 0.0309
40 0.0106 0.0144 0.0182 0.0220 0.0258 0.0296 0.0334
50 - 0.0132 0.0170 0.0208 0.0246 0.0285 0.0322 0.0360
60 0.0157 0.0195 0.0233 0.0271 0.0309 0.0347 0.0385

1 See Tootnote 1, Table 10, for identitication of composite pickup truck.
2 Fuel consumption while stopped is idling fuel for pickup truck (0.45 gph). See Table 9.

TABLE 12

EXCESS GALLONS OF GASOLINE CONSUMED
PER SLOWDOWN SPEED CHANGE CYCLE—
PICKUP TRUCK !

EXCES GASOLINE CONSUMED (GAL) BY AMOUNT
OF SPEED REDUCTION BEFORE ACCELERATING BACK
TO SPEED (MPH) :

SPEED
(MPH) 10 20 30 40 50

20 0.0031 — — — —
30 0.0037 0.0064 — — —
40 0.0034 0.0060 0.0090 — —
50 0.0027 0.0056 0.0082 0.0125 —
60 0.0021 0.0049 0.0075 0.0100 0.0147

1 See Footnote 1, Table 10, for identification of composite pickup truck.

flowing traffic is shown in simplified graphical form for
each of two running speeds: 30 mph (Fig. 12A) and
50 mph (Fig. 12B). These speeds are typical of possible
speeds on many urban arterials (30 mph) and rural routes
(50 mph).

Figures 12A and 12B are read in the same manner as
explained in the last paragraph of Chapter Three for
Figures 11A, 11B, and 11C.

FUEL CONSUMPTION OF COMPOSITE TWO-AXLE
SIX-TIRE TRUCK

Composite two-axle six-tire truck fuel consumption rates
relative to road design and traffic conditions are given in
Tables 13, 13A, 13B, 13C, 13D, 13E, 14, 15, and 9. Table



TABLE 13

TWO-AXLE SIX-TIRE TRUCK FUEL CONSUMPTION AS AFFECTED BY SPEED

AND GRADIENT—STRAIGHT HIGH-TYPE PAVEMENT
AND FREE-FLOWING TRAFFIC?

;’:};:gRM GASOLINE CONSUMPTION (GPM) ON GRADES OF:
(MPH) LEVEL 1% 2% 3% 4% 5% 6% T% 8% 9% 10%
(a) Plus grades?
10 0.074 0.094 0.120 0.143 0.175 0.195 0.225 0.255 0.289 0.324 0.357
20 0.059 0.080 0.112 0.140 0.167 0.190 0214 0.254 0.295 0.344 0.394
30 0.067 0.094 0.121 0.150 0.181 0.206 0.232 0.268 0.305 — —_—
40 0.082 0.112 0.141 0.173 0.210 0.228 —_ — — — —
50 0.101 0.130 0.159 0.194 — — — — — — —
60 0.122 0.150 — — — — — — — —_ —
(b) Minus grades
10 0.074 0.064 0.055 0.053 0.051 0.051 0.051 0.051 0.051 0.051 0.051
20 0.059 0.049 0.039 0.034 0.030 0.030 0.030 0.030 0.030 0.030 0.030
30 0.067 0.054 0.041 0.034 0.027 0.026 0.025 0.025 0.024 0.024 0.024
40 0.082 0.071 0.051 0.041 0.032 0.029 0.025 0.023 0.021 0.020 0.020
50 0.101 0.090 0.072 0.058 0.045 0.038 0.031 0.025 0.020 0.020 0.020
60 0.122 0.110 0.090 0.075 0.062 0.052 0.043 0.035 0.025 0.020 0.020

1The composite two-axle six-tire truck represented here reflects the following vehicle distribution:

Two-axle trucks at 8,000 1b G.V.W.
Two-axle trucks at 16,000 1b G.V.W.

50 percent
50 percent

2 Operation is in the highest gear possible for the grade and speed (No. 4, No. 3, or No. 2). When vehicle
approach speed exceeds the maximum sustainable speed on plus grades, speed is reduced to this maximum as

soon as the vehicle gets on the grade.

TABLE 13A
CORRECTION FACTORS TO ADJUST THE VALUES
OF TABLE 13 FOR CURVATURE!
CORRECTION FACTORS BY SPEED
OF TWO-AXLE SIX-TIRE TRUCKS (MPH):

DEGREE
OF CURVE 10 20 30 40 50 60 70

0 1.000 1.000 1.000 1.000 1.000 1.000 1.000
1 1.000 1.000 1.001 1.002 1.010 1.020 1.050
2 1.000 1.001 1.004 1.006 1.020 1.050 1.100
3 1.000 1.002 1.005 1.009 1.060 1.100 —
4 1.000 1.005 1.010 1.040 1.130 1.150 —
5 1.000 1.020 1.030 1.090 1.230 — —_
6 1.000 1.030 1.050 1.140 1.330  — —
7 1.000 1.040 1.090 1.200 1.430 — —
8 1.000 1,050 1.130 1.260 1.530 — —
9 1.000 1.060 1.170 1.320 — — —
10 1.000 1.080 1.210 1.430 — — —
11 1.000 1.090 1.250 1.550 — — —
12 1.000 1.100 1.300 1.690 — — —
30 1.000 1.180 2.000 — — —_ —

1 Correction factors determined for the vehicle distribution given in
Footnote 1, Table 13. They apply for grades up to 1 percent. For grades
greater than 1 percent refer to Figs. A-33 and A-40.

TABLE 13B

13 gives the basic fuel consumption rates of two-axle six-
tire trucks for operation at uniform speed on straight
high-type pavement for various speeds and gradients.
Subtables give correction factors to adjust the values of
Table 13 for curvature (Table 13A), rough surface (Table
13B), and traffic volumes (Tables 13C, 13D, and 13E).
The correction factors of the subtables may be applied
in any order but are limited in range of applicability (see
footnotes of the individual tables). Tables 14 and 15
give the excess fuel consumed by two-axle six-tire trucks
for stop cycles and slowdown cycles, respectively. The
idling fuel consumption rates of both passenger cars and
trucks in gallons per hour are given in Table 9.

The combined effect that grade, curvature, surface, stop
cycles, and slowdown cycles have on the fuel consumption
of two-axle six-tire trucks in free-flowing traffic is shown in
simplified graphical form for each of two running speeds: -
30 mph (Fig. 13A) and 50 mph (Fig. 13B). These
speeds are typical of possible speeds on many urban
arterials (30 mph) and rural routes (50 mph).

CORRECTION FACTORS TO ADJUST THE VALUES OF TABLE 13

FOR ROUGH SURFACE1

CORRECTION FACTORS BY ROAD SURFACE:
UNIFORM SPEED OF

TWO-AXLE SIX-TIRE  HIGH-TYPE CONCRETE  BADLY BROKEN AND  WELL-PACKED LOOSE
TRUCKS (MPH) OR ASPHALT PATCHED ASPHALT GRAVEL SAND
10 1.00 1.03 1.24 1.46
20 1.00 1.06 1.28 1.62
30 1.00 1.07 1.45 2.16
40 1.00 1.08 1.58 2.46
50 1.00 1.20 1.69 —

1 Correction factors determined for truck distribution of Footnote 1, Table 13. They apply on grades up to

1 percent. For grades greater than 1 percent see Fig. A-41.



Figures 13A and 13B are read in the same manner
as explained in the last paragraph of Chapter Three for
Figures 11A,'11B, and 11C.

FUEL CONSUMPTION OF THE COMPOSITE TRACTOR
SEMI-TRAILER TRUCK COMBINATION

Composite tractor semi-trailer truck fuel consumption rates
relative to road design and traffic conditions are given in
Tables 16, 16A, 16B, 16C, 16D, 16E, 17, 18, and 9. Table
16 gives the basic fuel consumption rates of tractor semi-
trailer truck combinations for operation at uniform speed
on straight high-type pavement for various speeds and
gradients. Subtables give correction factors to adjust the
values of Table 16 for curvature (Table 16A), rough
surface (Table 16B), and traffic volumes (Tables 16C,
16D, and 16E). The correction factors of the subtables
may be applied in any order but are limited in range of
applicability (see footnotes of individual tables). Tables 17
and 18 give the excess fuel consumed by tractor semi-
trailer combinations for stop cycles and slowdown cycles,
respectively, The idling fuel consumption rates of both
passenger cars and trucks in gallons per hour are given in
Table 9.

The combined effect that grade, curvature, surface, stop
cycles, and slowdown cycles have on the fuel consumption
of tractor semi-trailer combinations is shown in simplified
graphical form for each of two running speeds: 30 mph
(Fig. 14A) and 50 mph (Fig. 14B). These speeds are
typical of possible speeds on many urban arterials (30
mph) and rural routes (50 mph).

Figures 14A and 14B are read in the same manner as
explained in the last paragraph of Chapter Three for
Figures 11A, 11B, and 11C.

TABLE 13D
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TABLE 13C

CORRECTION FACTORS TO ADJUST THE VALUES
OF TABLE 13 FOR TRAFFIC VOLUME—
SIX-LANE EXPRESSWAY 1

CORRECTION FACTORS
BY ATTEMPTED SPEED
OF TWO-AXLE SIX-TIRE TRUCKS

ONE-WAY (MPH) :
TRAFFIC VOLUME
(VPH) 45 50
0-2400 (Level of service A—=free-flowing traffic)
2400-2800 1.000 1.000
2800-3200 1.000 1.004
3200-3600 1.000 1.008
3600—-4000 1.000 1.012
4000-4400 1.000 1.018
44004800 1.001 1.028
4800--5200 1.002 1.030
5200-5600 1.003 1.032
5600-6000 1.004 1.034
6000+ (Level of service E=unstable flow)

1 Correction factors determined for a two-axle six-tire truck at 24,000 1b.
G.V.W. for an attempted speed of 45 mph. For an attempted speed of
50 mph passenger-car correction factors of Table 6C were adjusted in pro-
portion to the ratios of the excess fuel consumption for 10-mph slowdown
speed change cycles of two-axle six-tire trucks and passenger cars.

CORRECTION FACTORS TO ADJUST THE VALUES OF TABLE 13
FOR TRAFFIC VOLUME—FOUR-LANE MAJOR STREET URBAN ARTERIAL

WITH NO PARKING *

ONE-WAY TRAFFIC VOLUME

CORRECTION FACTORS BY FREQUENCY OF STOPS—
TWO-AXLE SIX-TIRE TRUCKS 2

(VPH) NONE ONE/MILE 3 TWO/MILE 3
0-500 1.000 1.300 1.600
500-600 1.000 1.300 1.600
600-700 1.000 1.300 1.605
700-800 1.010 1.300 1.620
800-900 1.020 1.310 1.630
900-1000 1.030 1.320 1.650
1000-1100 1.040 1.325 1.700
1100-1200 1.050 1.330 1.660
1200-1300 1.060 1.335 1.665
1300-1400 1.070 1.340 1.670
1400-1500 1.080 1.350 1.680
15004 (Level of service E=unstable flow)

1 Traffic volume correction factors determined for the two-axle six-tire truck at 24,000 1b G.V.W.

2 Vehicle operation at 25 mph attempted. Average stopped delay when stopped is 30 sec.

3 When vehicle stops are involved, this table should not be used for grades greater than 1 percent. If grades
exceed 1 percent, basic data on fuel consumption due to stops (Table 14) and traffic conditions (Fig. A-44)
should be used to adjust the values of Table 13 for traffic volumes.
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TABLE 13E

CORRECTION FACTORS TO ADJUST THE VALUES OF TABLE 13
FOR TRAFFIC VOLUME—SIX-LANE CBD STREETS WITH PARKING
IN BOTH CURB LANES!.

ONE-WAY
TRAFFIC CORRECTION FACTORS BY FREQUENCY OF STOPS PER MILE: 2,3
VOLUME
(vPH) 0 1 2 3 4 5 6 7 8 9 10
0-40 100 130 160 184 220 250 280 3.10 340 370 4.00
40-80 1.00 130 160 184 220 250 280 3.10 340 3.70 4.00
80-120 100 130 160 184 220 250 280 310 340 370 4.00
120-160 1.00 130 162 184 221 250 280 3.10 341 370 4.00
160-200 100 131 163 186 222 251 280 311 342 370 4.00
200-240 — 133 165 188 224 253 281 312 343 372 4.00
240-280 — 134 166 189 225 254 283 313 343 374 4.00
280-320 — — — 190 227 255 286 3.16 347 376 4.04
320-360 —_ — — 191 229 258 288 3.18 347 3.77 408
360-400 — —_ — 193 233 263 291 319 350 381 4.12
4004 (Level of service E=unstable flow)

1 Traffic volume correetion factors determined for the two-axle six-tire truck at 24,000 1b G.V.W.

2 Vehicle operation at'25 mph attempted. Traffic signals are approximately 500 ft apart. Average stopped
delay when stopped is 30 sec.

8 When vehicle stops are involved, this table should not be used for grades greater than 1 percent. If grades
exceed 1 percent, basic data on fuel consumption due to stops (Table 14) and traffic conditions (Fig. A-45)
should be used to adjust the values of Table 13 for traffic volume.

TABLE 14

EXCESS GALLONS OF GASOLINE CONSUMED
PER STOP-GO SPEED CHANGE CYCLE—TWO-AXLE SIX-TIRE TRUCK 1

SPEED EXCESS GASOLINE CONSUMED (GAL) BY DURATION OF STOPPED DELAY (SEC) :2

(MPH) 0 30 60 90 120 150 180

10 0.0036 0.0090 0.0144 0.0198 0.0252 0.0306 0.0360
20 0.0097 0.0151 0.0205 0.0259 0.0313 0.0367 0.0421
30 0.0173 0.0227 0.0281 0.0335 0.0389 0.0443 0.0497
40 0.0242 0.0296 0.0350 0.0404 0.0458 0.0512 0.0566
50 0.0270 0.0326 0.0380 0.0434 - 0.0488 0.0542 0.0596

1 See Footnote 1, Table 13, for identification of two-axle six-tire truck.
2 Fuel consumed while stopped is idling fuel for two-axle six-tire truck (0.65 gph). See Table 9.

TABLE 15

EXCESS GALLONS OF GASOLINE CONSUMED
PER SLOWDOWN SPEED CHANGE CYCLE—
TWO-AXLE SIX-TIRE TRUCK 1

EXCESS GASOLINE CONSUMED (GAL)
BY AMOUNT OF SPEED REDUCTION BEFORE
ACCELERATING BACK TO SPEED (MPH):

SPEED
(MPH) 10 20 30 40

20 0.0073 — — —
30 0.0080 0.0148 — —
40 0.0096 0.0167 0.0226 —
50 0.0110 0.0168 0.0226 0.0266

1 See Footnote 1, Table 13, for identification of two-axle six-tire truck.
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TRACTOR SEMI-TRAILER FUEL CONSUMPTION AS AFFECTED BY SPEED AND
GRADIENT—STRAIGHT HIGH-TYPE PAVEMENT AND FREE-FLOWING TRAFFIC'

UNIFORM G, g0LINE CONSUMPTION (GPM) ON GRADES OF:

SPEED

(mrH) LEVEL 1% 2% 3% 4% 5% 6% 7% 8% 9% 10%
(a) Plus grades?

5 —_ — — — 0.720 0.825 0925 1.115 1.290 1.440 1.605
10 0.355 0.405 0.475 0.540 0.615 0.735 0858 1.027 1.195 1340 1.490
20 0.208 0.289 0.364 0.462 0.555 0.685 0.813 —_— — —_ —
30 0.164 0.253 0.342 0474 0.618 0.800 — — — — —
40 0.163 0.275 0.390 0.560 - — — — — — —
50 0.195 0.344 0.485 —_ — —_ — — — _— —

(b) Minus grades
10 0.355 0247 0.145 0.132 0.120 0.120 0.120 0.120 0.120 0.120 0.120
20 0.208 0.140 0.069 0.062 0.055 0.055 0.055 0.055 0.055 0.055 0.055
30 0.164 0.115 0.066 0.053 0.040 0.040 0.040 0.040 0.040 0.040 0.040
40 0.163 0.128 0.091 0.065 0.040 0.040 0.040 0.040 0.040 0.040 0.040
50 0.195 0.164 0.131 0.095 0.040 0.040 0.040 0.040 0.040 0.040 0.040
1 Tractor semi-trailer truck combinations represented here reflect the following vehicle distribution:
2-S2 tractor semi-trailer truck combinations at 40,000 1b 50 percent
3-S2 tractor semi-trailer truck combinations at 50,000 1b 50

100 percent
2 Operation is in the highest gear possible for the grade and speed. When vehicle approach speed exceeds
the maximum sustainable speed on plus grades, speed is reduced to this maximum as soon as the vehicle gets

on the grade.

TABLE 16A

CORRECTION FACTORS TO ADJUST THE VALUES
OF TABLE 16 FOR CURVATURE®

CORRECTION FACTORS BY SPEED OF

‘())‘;GREE TRACTOR SEMI-TRAILER (MPH):

CURVE 10 20 30 40 50
0 1.000 1.000 1.000 1.000 1.000
1 1.000 1.002 1.004 1.006 1.008
2 1.000 1.006 1.008 1.010 1.012
3 1.002 1.008 1.010 1.020 1.022
4 1.004 1.010 1.020 1.022 1.024
5 1.006 1.020 1.040 — _
6 1.008 1.040 1.080 — —
7 1.010 1.070 1.150 —_ —
8 1.020 1.100 1.220 -_ —
9 1.030 - 1.120 1.280 —_ _

10 1.040 1.130 1.340 — —_

30 1.050 1.300 2.000 — —

1 Correction factors were determined for a 2-S1-2 tractor semi-trailer full
trailer combination at 50,000 1b G.V.W. They apply for grades up to
0.5 percent. For grades greater than 0.5 percent refer to Fig. A-51.

TABLE 16B

CORRECTION FACTORS TO ADJUST THE VALUES
OF TABLE 16 FOR ROUGH SURFACE*

UNIFORM SPEED  oORRECTION FACTORS BY ROAD SURFACE:

OF TRACTOR
SEMI-TRAILERS HIGH-TYPE CONCRETE DRY WELL-PACKED
(MPH) OR ASPHALT GRAVEL

10 1.00 1.07

20 1.00 1.27

30 1.00 1.59

40 ) 1.00 1.75

1 Correction factors determined for the vehicle distribution of Footnote
1, Table 16. They apply on grades up to 0.5 percent. For grades greater
than 0.5 percent refer to Fig. A41.

TABLE 16C

CORRECTION FACTORS TO ADJUST THE VALUES
OF TABLE 16 FOR TRAFFIC VOLUME—
SIX-LANE EXPRESSWAY *

CORRECTION FACTORS BY
ATTEMPTED SPEED OF

ONE-WAY TRACTOR SEMI-TRAILERS (MPH):
TRAFFIC VOLUME
(VPH) 45 50
0-2400 (Level of service A=free-flowing traffic)
2400-2800 1.000 1.000
2800-3200 1.000 1.004
3200-3600 1.000 1.008
3600-4000 1.000 1.012
40004400 1.000 1.018
4400-4800 1.000 1.028
4800-5200 1.000 1.030
5200-5600 1.000 1.032
5600-6000 1.000 1.034
6000+ (Level of service E=unstable flow)

1 Correction factors determined for a 2-S2 tractor semi-trailer truck
combination at 50,000 Ib G.V.W. for an attempted speed of 45 mph. For
an attempted speed of 50 mph passenger-car correction factors of Table 6C
were adjusted in proportion to the ratios of the excess fuel consumption
for 10-mph speed change cycles of tractor semi-trailer combinations and
passenger cars.
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TABLE 16D

CORRECTION FACTORS TO ADIJUST THE VALUES OF TABLE 16 FOR TRAFFIC
VOLUME—FOUR-LANE MAJOR STREET URBAN ARTERIAL WITH NO PARKING*?

CORRECTION FACTORS BY FREQUENCY OF STOPS—

ONE-WAY TRACTOR SEMI-TRAILERS :

TRAFFIC VOLUME

(vPH) NONE ONE/MILE ? TWO/MILE * THREE/MILE *

0-500 1.000 1.390 1.780 2.180

500-600 1.000 1.390 1.780 2.180
600-700 1.000 1.390 1.780 2.180
700-800 1.000 1.390 1.780 2.180
800-900 1.000 1.390 1.780 2.180
900-1000 1.000 1.390 1.780 2.180

1000-1100 1.000 1.400 1.820 2.200

1100-1200 1.010 1.420 1.830 2.220

1200-1300 1.010 1.430 1.850 2.230

1300-1400 1.020 1.450 1.870 2.240

1400-1500 1.030 1.460 1.890 2.270

15004 (Level of service E=unstable flow)

1 Traffic volume correction factors determined for a 2-S2 tractor semi-trailer combination at 50,000 1b
G.V.W,

2 Vehicle operation at 25 mph attempted. Average stopped delay when stopped is 30 sec.

3 When vehicle stops are involved, this table should not be used for grades greater than 0.5 percent. If
grades exceed 0.5 percent, basic data on fuel consumption due to stops (Table 17) and traffic conditions
(Fig. A-47) should be used to adjust the values of Table 16 for traffic volume.

TABLE 16E

‘CORRECTION FACTORS TO ADJUST THE VALUES OF TABLE 16 FOR TRAFFIC
VOLUME—SIX-LANE CBD STREETS WITH PARKING IN BOTH CURB LANES*

ONE-WAY

TRAFFIC CORRECTION FACTORS BY FREQUENCY OF STOPS PER MILE: *°

VOLUME

(vPH) 0 1 2 3 4 5 6 7 8 9 10

0-40 1,00 139 178 218 257 296 335 375 4.14 453 493

40-80 100 139 178 218 257 296 335 375 414 453 493
80-120 1.00 139 178 218 257 296 335 375 414 453 493

120-160 1.00 139 1.78 2,18 257 296 335 375 414 453 493

160-200 — — 178 218 257 296 335 375 414 453 493

200-240 — — 178 218 257 296 335 375 414 453 495

240-280 — — — — 260 299 338 378 418 458 498

280-320 — — — — 262 303 342 380 420 4.60 5.00

320-360 — — — — — — 345 383 422 462 5.03

360400 . — — — — — — 348 386 424 464 505

4004 (Level of service E=unstable flow)

1 Traffic volume correction factors determined for a 2-S2 tractor semi-trailer combination at 50,000 Ib G.V.W.,

2 Vehicle operation at 25 mph attempted with traffic signals set approximately 500 ft apart. Average stopped
delay when stopped is 30 sec.

3 When vehicle stops are involved, this table should not be used for grades greater than 0.5 percent. If
grades exceed 0.5 percent, basic data on fuel consumption due to stops (Table 17) and traffic conditions
(Fig. A-54) should be used to adjust the value of Table 16 for traffic volume.

TABLE 17

EXCESS GALLONS OF GASOLINE CONSUMED PER STOP-GO
SPEED CHANGE CYCLE—TRACTOR SEMI-TRAILER TRUCK'*

EXCESS GASOLINE CONSUMED (GAL) BY DURATION OF STOPPED DELAY (SEC) :2

SPEED

(MPH) 0 30 60 90 120 150 180
10 0.015 0.022 0.029 0.036 0.043 0.050 0.057
20 0.047 0.054 0.061 0.068 0.075 0.082 0.089
30 0.085 0.092 0.099 0.106 0.113 0.120 0.127
40 0.133 0.140 0.147 0.154 0.161 0.168 0.175
50 0.205 0.212 0.219 0.226 0.233 0.240 0.247

1 See Footnote 1, Table 16, for identification of tractor semi-trailers.
2 Fuel consumption while stopped is idling fuel for 2-82 combination (0.80 gph). See Table 9.
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CHAPTER FIVE
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FINDINGS: PASSENGER-CAR TIRE WEAR COST

Tire wear costs for the composite car described in Chapter
Three are given in Tables 19, 19A, and 20 and are shown
in Figures 15A, 15B, and 15C. Tire wear cost is expressed
in cents per vehicle-mile (four tires) based on (1) tire
wear rates measured for the Chevrolet sedan described in
Table 1, and (2) a composite tire cost of $119 for four new
tires. Medium-quality 7.50- by 14-in. tires, each having
approximately 1,500 gm of useable tire tread, were used for
all passenger-car tire wear rate measurements. The com-
posite tire cost was an average of the costs of medium-
quality new tires for large cars ($35), standard-size cars
($30), compact cars ($25), and small cars ($15), weighted
according to the vehicle distribution given in the first para-
graph of Chapter Three (1969 prices in the northeastern
states).

Expressing tire wear in terms of cents per vehicle-mile
rather than as units of tire wear was determined to be the
most direct and useful means of giving tire wear infor-
mation. This manner of presentation, however, has the
drawback of tying study results to a tire price that may
vary substantially from one part of the United States to
another and change quickly with the passage of time. This
problem is overcome, however, by including in a footnote
to each table the actual tire price used in computing
tabular values. Thus, if a different tire price is more
appropriate in a given section of the country or in a later
year, a single conversion factor can be quickly derived to
correct tabular values to conform with the revised tire
price.

TABLE 19A

CORRECTION FACTORS TO ADJUST THE VALUES
OF TABLE 19 FOR CURVATURE*?

CORRECTION FACTORS BY UNIFORM SPEED OF

EIEGREE AUTOMOBILES (MPH):
CURVE 20 30 40 50 60 70
0 1.00 1.00 1.00 1.00 1.00 1.00
2 1.02 1.53 3.06 527 9.21 15.70
4 1.10 2.00 6.11 10.67 19.05 29.58
6 1.30 2.56 8.88 17.11  30.28 _—
8 1.60 333 12.50 28.40 —_ _
10 1.90 433 16.66 44.80 —_ —_—
12 2.10 5.33 20.44 89.40 —_ —
14 4.00 8.50 —_ —_ —_ —_
16 6.10 12.70 — — —_ —
30 10.83 —_ — — — J—

1 Correction factors apply on concrete, asphalt, and gravel surfaces.

2Test operations were also carried out on a 90° curve at a speed of
20 mph with stops at Y2-mile intervals. Tire wear was found to be
approximately 1,000 times that on tangent.

TIRE WEAR COSTS FOR THE COMPOSITE
PASSENGER CAR

Tire wear costs of the composite passenger car as affected
by speed, road surface, curvature, and speed change cycles
are given in Tables 19, 19A, and 20. The effects of speed
and surface on tangent roads are given in Table 19 for
speeds from 20 to 80 mph and for three surface types:

TABLE 19

AUTOMOBILE TIRE COST AS AFFECTED BY
SPEED AND TYPE OF SURFACE—
STRAIGHT ROAD AND FREE-FLOWING TRAFFIC*

COST OF FOUR TIRES (CENTS/MILE) 2

UNIFORM

SPEED HIGH-TYPE HIGH-TYPE DRY WELL-PACKED
(MPH) CONCRETE ASPHALT GRAVEL

20 0.09 0.27 1.03

30 0.19 0.36 1.05

40 0.29 0.43 1.07

50 0.32 0.45 1.10

60 0.31 0.46 —

70 0.30 0.44 —

80 . 0.27 0.43 —

1The composite passenger car represented here reflects the following
vehicle distribution: large cars, 20 percent; standard-size cars, 65 percent;
compact cars, 10 percent; and small cars, 5 percent.

2 Tire costs were computed using a weighted average cost of $119 for a
set of four new medium-quality tires based on the following unit tire costs
by vehicle type (as noted in the northeastern states in 1969): Large cars,
$35 per tire; standard-size cars, $30 per tire; compact cars, $25 per tire;
and small cars, $15 per tire.

There are approximately 1,500 gm of useable tire tread in 80 percent
of passenger car tires. This weight of useable tire tread was also recorded
for the tires used in the tire wear test.

TABLE 20

EXCESS TIRE COST PER SPEED CHANGE CYCLE—
AUTOMOBILE*

COST OF FOUR TIRES (CENTS/CYCLE)

STOP-GO 10-MPH
SPEED CHANGE CYCLES SLOWDOWN CYCLES
SPEED :
(MPH) CONCRETE  ASPHALT CONCRETE ASPHALT
20 0.10 0.30 0.04 0.10
30 0.30 0.60 0.08 0.15
40 0.58 0.85 0.09 0.14
50 0.72 1.10 0.09 0.14
60 0.80 1.20 0.08 0.12
70 0.85 1.25 0.08 0.12

1 Refer to the footnotes of Fig. 19 for identification of the passenger-car
types represented in Tables 19 and 20 for passenger-car tire cost and
useable tire tread weight forming the basis of the tabular values.
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gravel (some loose stone). Correction factors to adjust the
values of Table 19 for curves from 2° to 30° at speeds
from 20 to 70 mph are given in Table 19A. The excess tire
wear costs for stops and 10-mph slowdowns are given in
Table 20 for running speeds up to 70 mph.

An item of tire wear cost of importance that is not given
in the tables is the tire wear cost of the composite passenger
car operating on typical major street urban arterials with
about three stops per mile. The tire wear costs on these
routes when a 30-mph speed is attempted is 1.50 cents per
vehicle per mile.

Figures 15A, 15B, and 15C provide a convenient means
of determining passenger-car tire wear cost for various
combinations of road surface, curvature, and speed change.
A separate graph is given for running speeds of 30 mph
(Fig. 15A), 50 mph (Fig. 15B), and 70 mph (Fig. 15C).
The information shown in these figures was taken from
Tables 19, 19A, and 20. If the graphs do not apply in
specific problems, recourse to the tables where data are
provided in greater detail is necessary.

Each graph of tire wear cost (Figs. 15A, 15B, and 15C)
is constructed in three separate vertical sections. The
bottom section is used to show tire wear cost data for con-
crete surfaces, the middle section for asphalt surfaces, and
the top section for gravel surfaces. The arrow in each sec-
tion indicates entry into the table for the best surface in the
category represented in the section. For poorer-grade
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surfaces, entry should be made higher on the road sur-

face reference line (but within the section) at a point
selected by judgment as being appropriate for the surface
conditions relative to the best surface.

After entry into the figure by surface type is determined
(at the arrows for the best surface surfaces—somewhat
above for poorer surfaces), tire wear cost is found by
tracing horizontally to the right scale where tire wear cost
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is read in cents per mile per vehicle. If curvature is zero
and there are no stops or slowdowns, the trace is straight.
However, if curvature exists and there are stops or slow-
downs the horizontal trace is displaced upward by breaking
at the appropriate reference lines (R.L.) and tracing
parallel to the sloping lines to points directly above the
appropriate curvature, stop frequency or slowdown fre-
quency. (See the examples worked on each figure.)

CHAPTER SIX

FINDINGS: TRUCK TIRE WEAR COSTS

Detailed tire wear costs for the composite pickup truck
described in Chapter Four are given in Tables 21, 21A,
and 22 and shown in Figures 16A and 16B. Limited tire
wear cost information for the two-axle six-tire truck is
given in Table 23. Tire wear costs are given in cents per
mile per vehicle (four tires) for the pickup truck and in
cents per mile per axle for the two-axle six-tire truck. No
tire wear data for the tractor semi-trailer truck combination
are provided in this report.

The rate of tire’wear for the pickup truck was assumed
to be the same as for the passenger car for speeds up to
50 mph. There are two bases for this assumption. First,
the undercarriages, power delivery systems, and brake
systems of pickup trucks are similar to those of passenger

TABLE 21

PICKUP TRUCK TIRE COST AS AFFECTED BY
SPEED AND TYPE OF SURFACE—
STRAIGHT ROAD AND FREE-FLOWING TRAFFIC -*

COST OF FOUR TIRES (CENTS/MILE)

UNIFORM
SPEED HIGH-TYPE HIGH-TYPE DRY WELL-PACKED
(MPH) CONCRETE ASPHALT GRAVEL

20 0.10 0.32 122

30 0.22 0.42 1.24

40 0.34 0.51 1.26

50 0.38 0.53 1.30

1The typical pickup truck represented here has an average weight of
5,000 Ib (85 percent of pickup trucks weigh 4,800 1b and 15 percent weigh
5,800 Ib). Because this weight is less than that of a large automobile with
three adults aboard, and because wheel rigging is similar for the two
vehicle types, it was assumed that the rate of tire wear was the same for
the pickup truck as for the passenger car for speeds up to 50 mph. (At
speeds greater than 50 mph aerodynamic effects on tire wear are appre-
ciably different for passenger cars and pickup trucks.)

2The pickup truck carries a heavier, more expensive tire than does the
typical automobile. In the northeastern states in 1969 the average
medium-grade pickup truck tire cost $40 ($160 per vehicle) and had an
average of 1,700 gm of useable tire tread available for wear before
recapping was necessary.

" cars, including coiled springs and shock absorbers at all

four wheels, wheel bases of about 120 in., and independent
suspensions at each front wheel. Power is delivered to the
rear wheels through a transmission, drive shaft, and
differential gearing for both vehicle types. Braking of both
vehicle types is accomplished by manually operated
hydraulic brake systems with drum-type brakes. Second, the
average pickup truck weighs about 5,000 Ib, about the
weight of a large car with three adults aboard (the empty
weight of the %-ton pickup truck is only 4,400 Ib—the
same as the 1966 Chrysler Newport with driver).
However, the pickup truck and passenger car exhibit
markedly different tire wear patterns at speeds greater than
50 mph, because of the effect vehicle shape has on aero-
dynamic forces. Many passenger cars have hoods that
slope downward to the front so that moving air at high
speed tends to press these vehicles downward, giving wheels
greater traction and less tire wear-inducing slippage. Pickup

TABLE 21A

CORRECTION FACTORS TO ADIUST THE VALUES
OF TABLE 21 FOR CURVATURE"*

CORRECTION FACTORS BY UNIFORM SPEED OF

gf:GREE PICKUP TRUCK (MPH):
CURVE 20 30 40 50
0 1.00 1.00 1.00 1.00
2 1.02 1.53 3.06 5.27
4 1.10 2.00 6.11 10.67
6 1.30 2.56 8.88 17.11
8 1.60 3.33 12.50 28.40
10 1.90 4,33 16.66 44.80
12 2.10 5.33 20.44 89.40
14 4.00 8.50 —_— —_
16 6.10 12.70 — —_
30 10.83 —_ — —

1 Correction factors apply on concrete, asphalt, and gravel surfaces.



34 : TABLE 22

EXCESS TIRE COST PER SPEED CHANGE CYCLE—
PICKUP TRUCK*

COST OF FOUR TIRES (CENTS/CYCLE)

STOP-GO 10-MPH
SPEED CHANGE CYCLES SLOWDOWN CYCLES
SPEED
(MPH) CONCRETE  ASPHALT CONCRETE ASPHALT
20 0.12 0.36 0.05 0.11
30 0.36 0.71 0.09 0.17 B
40 0.69 1.00 0.10 0.17
50 0.85 1.30 0.10 0.17

1 Refer to the footnotes of Figure 21 for identification of the weight
distribution of pickup trucks represented in Tables 21 and 22 and for
pickup truck tire cost and useable tire tread weight forming the basis of
the tabular values. As noted in Footnote 1, Table 21, the rate of pickup
truck tire wear is assumed the same as that for passenger cars.

TABLE 23
TIRE WEAR COST--TWO-AXLE SIX-TIRE TRUCK*

TIRE WEAR COSTS

(CENTS/MILE/AXLE)

TYPE OF
OPERATION REAR AXLE— FRONT AXLE—
AND FOUR TIRES TWO TIRES
ROAD SURFACE (12,000 LB) (4,000 LB)
Uniform speed of 45 mph on high-type concrete 0.40 0.10
25-30 mph on four-lane major street urban ar-

terial with high-type concrete surface (3 to 4

stops per mile) 1.96 . 0.28
25 mph on 30° curve with high-type surface 10.80 1.30
25 mph on 60° curve with high-type surface 108.00 9.20

1Tire wear costs based on a cost of $120 per tire for a medium-quality 10-ply 8.25X20 transport tire
(1970 price in the northeastern states). Each tire has approximately 4,500 gm of useable tread before recapping
is necessary. Value of the tire carcass when recapped was assumed to be $20.
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trucks are built high with rather square hoods, providing
distinctly different aerodynamic effects.

Although pickup truck tire wear rates may be assumed
to be the same as those for passenger cars, tire size and
purchase price and tire tread available for wear are dif-
ferent. The price of new 7 X 17.5 tubeless pickup truck
tires in the northeastern states in 1969 was found to be
$40 ($160 per vehicle). Each of these tires has approxi-
mately 1,700 gm of tire tread available for wear.

The tire wear rates of a two-axle six-tire truck with a
12,000-1b load on the rear axle and a 4,000-1b load on the
front axle were determined for a single uniform speed (45
mph), for operation on major street arterials, and for
operation on each of two sharp curves. The new tire cost
of the 10-ply 8.25 X 20 transport tires used on each axle
was $120 per tire. Each tire has approximately 4,500 gm
of useable tire tread before the tires are worn to the point
where recapping is necessary. When a tire is recapped, it
was assumed that the tire carcass has a value of $20.

TIRE WEAR COSTS FOR PICKUP TRUCKS AND
TWO-AXLE SIX-TIRE TRUCKS

Tire wear costs of the average pickup truck as affected by
speed, road surface, curvature, and speed change cycles
are given in Tables 21, 21A, and 22. The effect of speed
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and surface on tangent are given in Table 21 for speeds
from 20 to 50 mph and for three surface types: high-type
concrete, high-type asphalt, and dry well-packed gravel.
Correction factors to adjust the values of Table 21 for
curves of 2° to 30° at speeds of 20 to 50 mph are given
in Table 21A. The excess tire wear costs for stops and
10-mph slowdown cycles are given in Table 22 for running
speeds up to 50 mph.

Tire wear costs of the two-axle six-tire truck at a gross
vehicle weight of 16,000 1b are given in Table 23 for a
uniform speed of 45 mph on high-type concrete, for
operation on major street arterials, and for operation on a
30° curve and on a 60° curve.

Figures 16A and 16B provide a convenient means.of
determining pickup truck tire wear cost for various com-
binations of road surface, curvature, and speed change. A
separate graph is shown for running speeds of 30 mph
(Fig. 16A) and 50 mph (Fig. 16B). The information
shown in these figures is taken from Tables 21, 21A, and
22. If the figures do not apply in specific problems,
recourse to the tables where data are provided in greater
detail is necessary.

The procedure for reading Figures 16A and 16B is the
same as that described for Figures 15A, 15B, and 15C in
Chapter Five. A sample problem is worked out on each
figure.

CHAPTER SEVEN

FINDINGS: MAINTENANCE COSTS OF MOTOR VEHICLES

The average cost per mile of travel to service, repair,
and/ or replace passenger-car and pickup truck parts having
service lives directly related to vehicle operation are given
in Table 24 (passenger cars) and Table 25 (pickup trucks).
Each of the vehicle parts listed in the stubs of these tables
is put to work in some way only when vehicles are in
actual use. Because these parts are kept in service until
wear and/or other operation-related effects render them
incapable of performing properly, all have an average
maintenance cost directly related to travel distance, as
given in Tables 24 and 25.

Information on the over-all mileage cost of maintenance
for two-axle six-tire trucks and tractor semi-trailer truck
combinations is available in the literature. Particularly
valuable in this regard are Stevens’ report on line-haul
trucking costs (2) and “Line-Haul Vehicle Repair and
Servicing Costs” (5). The latter article reports that the
average cost for line-haul trucks of maintaining all of the
vehicle operating parts shown in the stubs of Tables 24 and
25 is 1.23 cents per vehicle per mile.

In addition to the over-all costs of vehicle maintenance

_ operations.

for parts affected by travel distance, some vehicle parts are
subject to particularly heavy wear for certain vehicle
For example, brake and transmission parts
are subject to extra wear as a result of stop and slowdown
cycles. Deterioration of intake filter systems and bearing
surfaces is accelerated by dusty road conditions, and
elements of vehicle suspension systems are stressed severely
by road surface roughness.

A special study was conducted in connection with the
work of NCHRP Project 2-5 to determine how stop-go
speed change cycles at 25 mph (typical of speeds on urban
streets)- affect brake and transmission maintenance costs.
The results of this study after 15,000 stops are given in
Table 26.

A report on vehicle operating cost research conducted by
Bonney and Stevens (/0) in Africa in 1967 shows that
maintenance costs in general were 100 percent greater for
operation on gravel roads, compared to operation on
high-type surfaces, and 500 percent greater for operation
on unimproved earth roads, compared to operation on
high-type pavement.



TABLE 24

AVERAGE MAINTENANCE COST AS AFFECTED BY TRAVEL DISTANCE—
STANDARD-SIZE PASSENGER CARS !

TRAVEL DISTANCE

No. OF BEFORE REPAIRS ARE

VEHICLES  NECESSARY COST OF REPAIRS

FOR WHICH ( 1’000 MILES) ($) AVG. COST
VEHICLE DATA WERE (CENTS/
PART AVAILABLE RANGE AVG. RANGE AVG. MILE)
Automatic

transmission 850 54-103 66 100-255 178 0.27

Engine block 395 50-90 70 65-130 93 0.13
Shock absorbers 1350 30-60 44 28-51 37 0.08
Brake system 1350 40-77 54 40-58 41 0.08
Distributor 1050 10-21 14 - 520 12 0.08
Exhaust 1350 30-56 39 18-33 26 0.07
Carburetor 1050 32-60 45 21-40 29 0.06
Universal 1050 30-54 44 20-31 28 0.06
Rear axle 50 100-113 106 54-75 66 0.06
Generator 1050 42-60 52 18-40 32 0.06
Water pump 1050 34-55 43 18-30 24 0.06
Springs 50 40-100 68 28-46 40 0.06
Fuel pump 50 44-64 52 12-20 15 0.03
Qil pump 50 92-138 109 16-28 21 0.02
Radiator 50 66-96 76 10-25 16 0.02
Fan belt 1050 40-68 51 . 3-6 4 0.01
Total 1.15

1 Based on responses to an inquiry submitted to the Chief Engineers of the highway departments of each of
the 50 states and to each of the Division Engineers of the Bureau of Public Roads.

TABLE 25

AVERAGE MAINTENANCE COST AS AFFECTED BY TRAVEL DISTANCE—
PICKUP TRUCK 1

_ TRAVEL DISTANCE

NO. OF BEFORE REPAIRS ARE

VEHICLES NECESSARY COST OF REPAIRS

FOR WHICH ( 1’000 MILES ) ( $ ) AVG. COST
VEHICLE DATA WERE (CENTS/
PART AVAILABLE  RANGE AVG. RANGE AVG. MILE)
Manual

transmission 15 77-78 77 — 40 0.05

Engine block 15 75-92 81 250-350 300 0.37
Shock absorbers 15 25-50 29 2342 31 0.11
Brake system 15 50-75 60 75-100 91 0.15
Distributor 15 50-70 65 14-25 20 0.03
Exhaust 15 15-25 22 2140 30 0.14
Carburetor 15 25-50 36 10-20 16 0.04
Universal 15 50-82 66 15-23 19 0.03
Rear axle 15 75-115 94 70-100 85 0.09
Generator 15 30-50 38 15-35 22 0.06
Water pump 15 30-50 43 15-25 21 0.05
Springs 15 50-75 62 80-100 90 0.14
Fuel pump 15 — 50 8-15 23 0.04
Oil pump 15 —_ 106 11-12 11 0.01
Radiator 15 75-95 85 75-80 76 0.09
Fan belt 15 50-55 52 — 10 0.02
Total 142

1 Based on responses to an inquiry submitted to the Chief Engineers of the highway departments of each of
the 50 states and to each of the Division Engineers of the Bureau of Public Roads.

TABLE 26

EFFECT OF STOP-GO CYCLES ON BRAKE SYSTEM WEAR AND TRANSMISSION
FLUID LOSS—PASSENGER CAR OPERATING AT 25 MPH

" NO. OF STOPS

BEFORE REPAIRS  SERVICE PRICE COST/STOP
ITEM ARE NECESSARY  NEEDED %) (CENTS)
Brake shoes 5,000 Adjustment 2.50 0.05
Brake fiuid 15,000 Add 0.5in. —_ —
Brake lining 60,000 Replace 41.00 0.07

Trans, fluid - _ — —_

Total cost/stop 0.12
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FINDINGS: VEHICLE OIL CONSUMPTION

Motor-vehicle oil consumption arises from (1) the need
for periodically replacing oil to remove destructive con-
taminants, and (2) the need for continuous replacement of
oil lost by burning, evaporation, and leakage. The
magnitude of the oil consumed to replace contaminated oil
depends in part on whether operation is at high sustained
speed with engines properly warmed up (long trips), so that
sludge is burned away, or at low speed on short trips with
frequent stops when unburned combustion remnants are
able to accumulate. Oil replacement because of contami-
nation is also accelerated by operation on dusty roads when
some dust particles get by filters to form an abrasive oil
contaminant.

The amount of oil needed to replace oil lost by burning,
evaporation, and leakage varies with speed and frequency
of stop-go cycles. More oil is lost by sustained high freeway
speeds, for example, than on rural highways in general.
Each time a vehicle goes through a stop-go cycle some oil
is lost due to engine conditions associated with speed
change.

Motor-vehicle manufacturers’ recommendations regard-
ing oil change intervals to control oil contamination based
on their knowledge of engine design should be followed by

TABLE 27

motor-vehicle users, because engine design has an important
effect on how oil contaminants are handled by the engine.
On the basis of these recommendations for each of the
types of vehicle investigated in this study, it was determined
that on dust-free roads with free-flowing traffic, oil con-
sumption to remove contaminants is 0.70, 0.60, and 2.50
qt per 1,000 miles for the composite passenger car, the
pickup truck, and the two-axle six-tire truck, respectively.
On dusty roads (gravel and sand surfaces) in free-flowing
traffic, oil consumption to remove contaminants is 4.00
qt per 1,000 miles for passenger cars and pickup trucks,
and 5.00 gt per 1,000 miles for two-axle six-tire trucks. On
CBD streets with restricted traffic flow, it is 2.0 qt per
1,000 miles for passenger cars, 1.33 gt per 1,000 miles for
pickup trucks, and 1.66 qt per 1,000 miles for two-axle
six-tire trucks. Similar information for tractor semi-trailer
truck combinations is not reported.

Oil consumed by motor vehicles as a result of burning,
evaporation, and/or leakage is given in Table 27 for the
composite passenger car, the pickup truck, and the two-axle
six-tire truck, These values were determined through re-
search conducted for NCHRP Project 2-5.

The oil consumption rate to use for a particular problem

ENGINE OIL ADDITIONS BETWEEN OIL CHANGES TO MAKE UP
THAT LOST BY LEAKAGE AND COMBUSTION ?

TRACTOR SEMI-

COMPOSITE TWO-AXLE TRAILER TRUCK
SPEED PASSENGER PICKUP SIX-TIRE
(MPH) CAR 2 TRUCK 2 TRUCK 3 2-82 3-S2
(a) Free-flowing traffic (qt/1,000 miles)
30 0.27 0.27 0.27 —_ —
35 0.27 0.27 0.27 —_ —
40 0.42 0.42 0.34 — —
45 0.58 0.58 0.50 —_ —
50 0.75 0.75 0.66 — —
55 0.94 0.94 0.83 — —
60 1.08 1.08 1.00 — —
(b) Major street urban arterial (qt/1,000 miles)
20-25 — — 1.55 — —_
25-35 0.45 — — — —
(c) Excess per stop-go cycle (qt/1,000 stops)
25 0.09 - — — —

1 Minimum trip length = 10 miles.

2 Both the composite passenger car and the pickup truck are represented by an eight-cylinder Chevrolet sedan

(engine displacement — 283 cu in.)

3 The two-axle six-tire truck is represented by a two-axle six-tire truck with six cylinders (engine displace-
ment — 351 cu in.) weighing 16,000 1b.
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is the sum of the oil consumption rate for contamination
removal given previously and the oil consumption rate due
to running losses (Table 27). Some error of double
counting is introduced when these two rates are added,

because motor vehicle users often change oil to remove
contaminants at the same timc oil is down a quart because
of burning and leakage. For economic analyses, however,
this error is relatively small.

CHAPTER NINE

FINDINGS: MOTOR-VEHICLE DEPRECIATION

Research efforts of NCHRP Projects 2-5 and 2-7 relative to
evaluation of the unit cost of depreciation (difference
between original new and terminal scrap values divided
by lifetime mileage) were confined to gathering infor-
mation on the relationship between average vehicle speeds
and lifetime mileage. Neither original cost nor terminal
scrap values is affected by vehicle operation and no suitable
research approach could be devised to evaluate the effects
on lifetime mileage of other factors, including changes in
route lengths and road surface conditions.

In this connection, the average lifetime mileage of
passenger cars was sought through a review of the speedom-
eter readings of 64 cars reecntly removed from the high-
way because of progressive physical deterioration (not as
a result of collision or other physical mishap).
readings ranged from less than 100,000 miles to 200,000
miles, with an average value of 130,000 miles.

These -

There are two relationships that determine how total
lifetime mileage is affected by average speeds. They are
the following:

1. Relationship between average vehicle speeds and the
average annual mileage of vehicles.

2. Relationship between average annual mileage per
vehicle and vehicle service life in years.

The first of these relationships was investigated through
a review of published information on vchicle use. Average
vehicle speeds by vehicle type in free-flowing traffic on
rural roads for each of the years from 1946 to 1962 are
given in the Highway Capacity Manual (3, Table 3.13),
and total annual mileages per vehicle by vehicle type for
the years 1950 to 1967 appear in the 1969 edition of Auto-
mobile Facts and Figures (10, p. 50). From these sources,
common values of average annual speeds and annual mile-

Vehicles 1.1 1. k . I ] ] I t |
1962 Grevrolet Seday— |-Hoths Lo ‘ il 1]
V-8 Englne . npe¥ G Pasket yaluep sbobe the dashel It v beterhi b
-".:o:nn.- u UL T o1 qu{. Nife Wil 10":“ 't‘ 17 ‘J
Radio | | _ ket Yaluep below t hird Lihe_ ]
Heater i 1o48 (vn iz :‘—‘L—l‘}? ,‘%:_&NNT_Eﬁ:: dre g T [
Value New (1962)= it [ ;
$ 2,700 ot i .
2 ; ‘
5 S Y N S FF RN SV
& :
¥y ;
§ . ?
4 "N
L HEp
3 E
2 4
3 s > :
35 t T ¥ it
. el -
g il 1 K i i H | o g o
I O A ! A ] s
° i P [ T L L H
zn-:nl:u-.no l -9 I 51 - 60 ]ex-'m ln-ao 81 - 90 lm-xoo

Ranges of Asommilated Mileage - Thousands of Miles

Figure 17. Relationship of mileage and age to actual market value for 37 identical

passenger cars purchased in 1962.



ages for passenger cars were found for the years 1950 to
1962. Fitting a straight line to the plots of annual mileages
for corresponding average speeds indicates the following
relationship: passenger cars develop an average total
annual mileage of 9,150 miles when the average speed on
rural roads in free-flowing traffic is 50 mph. This mileage
increases to 9,360 at 52 mph, and to 9,560 at 54 mph,
implying that users travel farther per year when possible
speeds are increased through highway improvement.

The second relationship of importance in determining
how average speeds affect vehicle lifetime mileage, the
relationship between average annual mileage and total
vehicle service life in years, was investigated for passenger
cars through a study of patterns of change in an auto-
mobile’s value occurring during its service life. Figure 17
shows the market values of a particular model passenger
car (a 1962 Chevrolet sedan) after the first 5 years of
service life (data above the dashed line) and at 7 years of
service life (data below the dashed line). Ranges of market
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value data are plotted according to ranges of accumulated
mileage noted on vehicle speedometers at the time market
values were established through actual negotiation.

Assuming the pattern of market value changes during a
vehicle’s life is a reasonable measure of the time rate at
which a vehicle’s value is approaching terminal scrap value,
Figure 17 suggests that increases in annual mileage have
little effect in accelerating the time rate of vehicle deterio-
ration during the early years of a vehicle’s service life.

The results of this study are inconclusive because of the
limited number of vehicles for which depreciation infor-
mation is available. However, the conclusion seems
inescapable that as highways are improved, the average road
user travels faster and farther with a relatively small
reduction in the service life of his vehicle. Average
depreciation cost per mile goes down as roads are improved
because total depreciation is distributed over a greater
mileage.

CHAPTER TEN

FINDINGS: VEHICLE ACCIDENT COSTS

The cost of accidents that take place when vehicles are
operated on roads and streets is a motor-vehicle running
cost, because it is an expenditure individuals can avoid by
not using their vehicles. Although erratic and haphazard
in its impact, accident cost nevertheless is a tangible user
expense directly associated with vehicle operation. A spe-
cial analytical study of motor-vehicle accident cost as a
user operating cost based on 1958 accident cost data was
carried out in connection with the research for NCHRP
Project 2-5. This study is described as Special Project 5
and is reported in Appendix F.

Table F-7 indicates that passenger-car accident cost per
million miles of travel of all vehicle types (passenger cars,
buses, and trucks) is $1,673 on rural non-freeway routes,

$4,287 on urban non-freeway routes, $734 on rural free-
ways, and $1,430 on urban freeways (1958 dollars).

Table F-8 gives information on the cost of accidents as
affected by curves and intersections. Passenger cars suffer
an average of $2,419 per million miles of travel of all
vehicle types on curves greater than 10° but only $1,814
per million miles of travel of all vehicle types on curves
of 3° to 6°. Passenger cars have accident costs of $5,796
per million miles of travel of all vehicle types on roads
with 0.8 intersection per mile but only $2,520 per million
miles of travel of all vehicle types on roads with only 0.3
intersection per mile. Similar data for trucks appear in
Appendix F.
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CHAPTER ELEVEN

INTERPRETATION OF FINDINGS

Special interpretative comments are unnecessary for most
of the material presented in this report. Fuel consumption,
tire wear cost, maintenance cost, oil consumption, depre-
ciation, and accident costs are presented in relation to
highway design and traffic to the extent these items could
be identified with and evaluated for specific road design
elements and traffic conditions. Although the variety of
factors involved in road user cost research complicates the
presentation of report data, most of the subject matter is
easily understood. The few exceptions are discussed in the
following sections.

FUEL CONSUMPTION OF PASSENGER CARS IN
GENTLY ROLLING TERRAIN

In Table 6, where the fuel consumption of passenger cars
is given relative to speed and gradient, fuel consumption is
greater for level roads than for successive equal-length
grades that are alternately plus and minus (grades less than
4 percent). This would seem to indicate an error in the
data, because the level road is generally considered to be
most economical for operation when there is a zero over-all
change in elevation. This apparent aberration of the data
was noted early in the study and numerous check test runs
were made on the 3%2-percent test grade and on the level

test road. Invariably it was found that the sum of the

fuel consumed operating up and down the 3V%-percent
grade a given distance was a little less than that for oper-
ating twice the distance on a level road. Table 6 is not in
error. It is slightly more economical at medium speed to
operate passenger cars up and down equal-length grades
up to about 3° than to operate continually on level roads.

EFFECT OF VERTICAL CURVES ON
FUEL CONSUMPTION PREDICTIONS

A frequently voiced concern regarding the interpretation
of the findings of fuel consumption is the possibility of
error in fuel consumption predictions at grade breaks due
to the vertical curves that normally connect successive
gradients. A special study was undertaken to determine
how much error in fuel consumption predictions would be
introduced by assuming that grades change abruptly at
the point of grade-line intersection rather than gradually
by means of a vertical curve. This study was carried out
after all fuel consumption data for operation on specific
grades had been collected and analyzed.

A section of New York State Route 30 between Tupper
Lake and Long Lake was selected for the vertical curve
study because of the succession of severe grade changes
provided in a relatively short distance (6,500 ft). The
road had a good concrete surface and consisted of a se-
quence of grades (northbound) as follows: —1.08 percent,
+4.1 percent, +2.4 percent, +5.4 percent, —1.0 percent,

+7.0 percent, and —4.2 percent. The grades were con-
nected by vertical curves having a typical rate of grade
change of 1.0 percent per 100 ft. The fuel consumption
of the Chevrolet and Plymouth test cars in Table 1 were
predicted for operation in each direction on this test sec-
tion, assuming the grade-lines intersected without vertical
curves. The predicted values of fuel consumption were
then compared with fuel consumption actually measured
for operation over the test section. It was found that the
predicted values agreed almost exactly with the measured
values. Fuel consumption measurements for a few of the
test runs varied from the predicted values but none with
an error greater than 5 percent. The error introduced by
ignoring vertical curves connecting successive grades is,
therefore, small and need not be a concern in the analysis
of vehicle costs.

REPRESENTATIVENESS OF THE TIRE WEAR COSTS
REPORTED HEREIN FOR PASSENGER-CAR
TIRE WEAR IN GENERAL

Passenger-car tire wear rates on which the findings of
Chapter Five are based were determined using medium-
quality 7.50 X 14 tires and a 1964 Chevrolet sedan. Cer-
tain check tire wear measurements were also made to sub-
stantiate these results using good-quality 8.55 X 14 tires
and a large car (Plymouth sedan at 4,200 1b with 383-cu-in.
engine). These vehicles represent 65 percent of the pas-
senger cars on U.S. highways (see Chapter Three).

However, it must be recognized that tire wear rates are
sensitive to many factors that vary with vehicle design and
tire details. For example, aerodynamic forces that tend to
press down on cars at high speeds for vehicles with certain
body configurations may tend to lift cars with a different
shape. Different body suspension systems that vary in their
response to road roughness also affect forces holding tires
to the road. These factors affect tire wear principally at
speeds greater than 50 mph.

The values of tire wear cost given in Chapter Five are
accurate for most cars of the standard- and large-size cate-
gories for speeds up to 50 mph. For specialty cars and
small cars like the Volkswagen and for speeds greater than
50 mph, when body shape affecting aerodynamic forces
becomes a factor in tire wear, report values can still be
used but are most accurate the closer vehicles resemble the
Chevrolet sedan test vehicle (Fig. 1).

TIRE WEAR OF PASSENGER CARS AT HIGH SPEED

In Table 19, tire wear cost drops off at speeds greater than
50 mph. It is surprising that this is so, inasmuch as traction
forces necessarily increase at high speeds to overcome
increased air resistance. Still, this feature of tire wear was



noticed in the field, where it was supported with repeated
check measurements. The reason for the fall-off in tire
wear at high speed is probably the aerodynamic down
pressure imposed on the car by its shape—especially the
downward sloping front hood. This downward pressure
increases tire friction and reduces wheel slippage at high

speed. Because wheel slippage is a major cause of tire.

wear, the reduction of wheel slippage at high speed is the
apparent cause of reduced tire wear at these speeds.

The importance of wheel slippage as the cause of tire
wear is suggested by information on the effect of surface
on tire friction given by De Vinney (/2). De Vinney notes
that portland cement concrete surfaces exhibit an appre-
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ciably higher coefficient of friction than dense asphalt
pavements for all speeds. Tire wear, however, is much less
on concrete pavements than on asphalt, indicating that tire
wear is reduced with greater friction because of less wheel
slippage.

It is worth noting also that the Volkswagen, for which
tire wear rates are particularly low, has a pronounced
downward sloping front hood. This feature of body design
enables the Volkswagen to take advantage of aerodynamic
forces to minimize wheel slippage at relatively low speeds.

The drop-off in tire wear at high speeds noted for the
test car is probably applicable for all modern cars because
most have somewhat downward sloping front hoods.

CHAPTER TWELVE

APPLICATION OF FINDINGS

The research findings of NCHRP Projects 2-5 and 2-7
provide a comprehensive display of operating cost data
for a composite passenger car and each of three composite
trucks: (1) a pickup truck, (2) a two-axle six-tire truck,
and (3) a tractor semi-trailer truck combination. Tables
in Chapters Three and Four provide information on fuel
consumption rates; Chapters Five and Six, tire wear costs;
Chapter Seven, maintenance costs; Chapter Eight, oil con-
sumption costs; Chapter Nine, depreciation information;
and Chapter Ten, accident costs. These findings are in-
tended for use by highway planners, administrators, engi-

TABLE 28

neers, economists, and others who find it necessary in the
course of their work to evaluate motor-vehicle running
costs for particular road and traffic conditions.

DISTRIBUTION OF BASIC TRUCK TYPES
BY HIGHWAY SYSTEM

To make full use of the tables and graphs of findings for
trucks to establish the average cost of truck operations on
a given section of highway, the applicable distribution of
pickup trucks, two-axle six-tire trucks, and -tractor semi-
trailer trucks should be known. Only by knowing this

TYPICAL DISTRIBUTION OF TRUCK TYPES BY HIGHWAY SYSTEM !

DISTRIBUTION OF TRUCKS (% )

TRACTOR

SEMI-

TRAILER
FEDERAL-AID TWO-AXLE COMBINA-
HIGHWAY SYSTEM PICKUP SIX-TIRE TIONS OTHERS TOTAL
Rural Interstate 32 15 49 4 100
Urban Interstate 39 23 35 3 100
Rural F.-A. Primary 42 25 30 3 100
Urban F.-A. Primary 48 25 24 3 100
Rural F.-A. Secondary 56 28 13 3 100
Urban F.-A. Secondary 57 26 14 3 100
Rural non-F.-A. 57 27 13 3 100
Urban non-F.-A. 63 25 10 2 100

1 PData developed from Ref. 9 (Table 11) updated to 1967 with information from Ref. 13 (Table 12, Fig. 2).
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distribution can the data from the tables and graphs of
findings be applied accurately to the truck population by
truck type. The distribution of truck types can be obtained
quickly and conveniently for highways in service by simple
traffic observations, For proposed highways or those not
yet in operation, the general truck distributions by Federal-
aid Highway System given in Table 28 can be used.

VEHICLE SPEEDS FOR RUNNING COST COMPUTATIONS

Vehicle speed, an important factor in motor-vehicle run-
ning cost computations, is the principal parameter in the
tables and graphs of findings in this report. Where average
spot speeds are not known, recourse can be made to
Table 29 for passenger-car speeds. The average spot speeds
in this table are differentiated by level of service, road

TABLE 29

gradient, speed, and basic route design. Table 29 should
be entered at the top line of the applicable level of service
(Col. 1), moving downward until the appropriate combi-
nation of grade and curvature at that level of service is
reached.

FUEL CORRECTIONS FOR PASSENGER CAR WEIGHT
AND ENGINE SIZE AND FOR THE EFFECTS OF
ENVIRONMENTAL CONDITIONS

Corrections to adjust the fuel consumption rates of passen-
ger cars for variations in vehicle gross weight and engine
size and corrections for various conditions of the environ-
ment are given in Appendix B. The tables and graphs of
findings in Chapter Three are for typical distributions of
vehicle weight and engine size, air temperatures between

SPEEDS TYPICAL OF AVERAGE SPOT SPEEDS FOR SELECTED ROAD DESIGNS

AND TRAFFIC CONDITIONS—PASSENGER CARS!

SPEED (MPH) BY BASIC ROUTE DESIGN :

FREEWAYS

LEVEL GRADE CURVE AND TWO-LANE URBAN CBD
OF SERVICE (%) ) EXPRESSWAYS RURAL ROADS  ARTERIALS 2 STS. 2
A 0-3 0-3 60 30 25
A 3-7 © 03 60-52 53-52 30 25
A 7-10 0-3 52-46 52-46 30 25
A 0-3 3-6 60-47 53-47 30 25
A 0-3 6-12 47-38 47-38 30 25
B 0-3 0-3 54 25 20
C 0-3 0-3 49 25 20
D 0-3 0-3 45 25 20

1 Tabular data developed from Ref. 3 (Figs. 3.26, 3.27, 3.28) supplemented with field observations of speeds
on grades and curves.
2 Attempted speeds.

Figure 18. Two-lane rural road showing views before and after major improvement

(see “Sample Problem One”).



80° and 90° F, and elevations below approximately 1,700
ft above sea level. In particular problems where vehicle
and environmental conditions differ substantially from
these conditions, corrections should be applied from
Appendix B.

SAMPLE PROBLEM ONE

Consider the section of two-lane rural road shown in Fig-
ure 18. The left view shows the road before improvement,
2 miles long with a good concrete surface built on a suc-
cession of 4° curves and 4-percent grades. One-half of the
2-mile section in this view is on +4-percent grade and the
other half is on —4-percent grade. The right view shows
the same road after improvement, Y2 mile shorter with a
good asphalt surface and all gradients and curvature elimi-
nated. Before the improvement all vehicles suffered an
average of three 10-mph slowdown speed cycles per mile
due to sight distance limitations and one 30-sec stop at a
troublesome stream ford (0.5 stop per mile). The slow-
downs and stops were eliminated by the improvement. The
road carries 5,000 cars and 250 pickup and panel trucks
each day, plus a negligible number of other types of trucks.
Running speed was 30 mph for all vehicles before the
improvement. After the improvement, the average speed
was 70 mph for passenger cars and 50 mph for trucks.
Gasoline is priced at 40 cents per gallon; oil is priced at
80 cents per quart.

Problem: Determine the total daily running costs before
and after the improvement.

Daily running costs for gasoline, tire wear, oil,
maintenance, and accidents were $535.40 before
the improvement and $363.97 after the improve-
ment. In addition, there was a substantial saving
to the users in reduced unit depreciation cost as
a result of the increased speeds achieved through
the improvement.

Answer:

The computations are as follows:

A. Determine the Daily Running Costs of the Composite
Passenger Car Before Improvement:

1. Compute the total unit running costs at 30 mph for
operation on the 1 mile of plus 4-percent grades (including
curvature and speed change effects) in cents per mile:

Answer: .

Fuel consumption rate (Fig. 11A) = 0.098 gpm
Fuel price in cents/gallon = 40 cents o

Unit fuel consumption cost in cents/ mile 3.92
Unit tire wear cost (Fig. 15A) in cents/mile 0.78
Unit maintenance cost (Tables 24 and 26) in

cents/mile 1.21
Oil consumption rate (Chap. Eight and Table 27) '
= 0.97 qt/ 1,000 miles
Oil price in cents/quart = 80 cents
Unit oil consumption cost in cents/ mile 0.08
Total unit cost in cents/mile ' -5.99

Accident cost (Chap. Ten) in cents/mile/vehicle
(all vehicles) 0.18
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2. Compute the total unit running cost at 30 mph for
operation on the 1 mile of minus 4-percent grades (includ-
ing curvature and speed change effects) in cents per mile:

Answer: '

Fuel consumption rate (Fig. 11A) = 0.040 gpm
Fuel price in cents/gallon = 40 cents

Unit fuel consumption cost in cents/mile 1.60
Unit tire wear cost (Fig. 15A) in cents/ mile 0.78
Unit maintenance cost (Tables 24 and 26) in

cents/ mile 1.21

Oil consumption rate (Chap. Eight and Table 27)
= 0.97 qt/ 1,000 miles
Oil price in cents/quart = 80 cents
Unit oil consumption cost in cents/ mile 0.08

Total unit cost in cents/mile 3.67
Accident cost (Chap. Ten) in cents/mile/vehicle

(all vehicles) 0.18

3. Compute the daily running costs of 5,000 passenger
cars on the 2-mile-long road section before improvement
in dollars:

Answer: ‘

Upgrade—1 mile X 5,000 cars X 5.99¢/mile
Downgrade—1 mile X 5,000 cars X 3.67¢/mile
Accidents—2 miles X 5,250 vehicles X 0.18¢/mile

Total cost for 2-mile distance

$299.50
183.50
21.00

$504.00

B. Determine the Daily Running Costs of the Composite
Passenger Car After Improvement:

1. Compute the total unit running costs for operation at
70 mph on the 1%:-mile section of straight level road in
cents per mile:

Answer:

Fuel consumption rate (Fig. 11C) = 0.067 gpm
Fuel price in cents/gallon = 40 cents

Unit fuel consumption cost in cents/mile 2.68
Unit tire wear cost (Fig. 15C) in cents/mile 0.44
Unit maintenance cost (Table 24) in cents/mile 1.15

Oil consumption rate (Chap. Eight and Table 27)
=1.78 qt/ 1,000 miles
Oil price in cents/quart = 80 cents

Unit oil consumption cost in cents/mile 0.14
Total unit cost in cents/ mile ] 4.41
Accident cost (Chap. Ten) in cents/mile/vehicle

(all vehicles) 0.16

2. Compute the daily running costs of 5,000 passenger
cars on the 1%%2-mile road section after the improvement
in dollars:

Answer:

14 miles X 5,000 cars X 4.41¢/mile $330.75
Accidents—1%2 miles X 5,250 vehicles

X 0.16¢/ mile 12.60
Total cost for the 172 -mile distance $343.35

C. Determine the Daily Running Costs of the Composite
Pickup Truck Before Improvement:

1. Compute the total unit running cost at 30 mph for
operation on the 1 mile of plus 4-percent grades (including
curvature and speed change effects) in cents per mile:
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Answer:
Fuel consumption rate (Fig. 12A) = 0.100 gpm
Fuel price in cents/ gallon = 40 cents

Unit fuel consumption cost in cents/ mile 4.00
Unit tire wear cost (Fig. 16A) in cents/mile 1.05
Unit maintenance cost (Tables 25 and 26) in

cents/ mile 1.48

Oil consumption rate (Chap. Eight and Table 27)
= 0.87 qt/ 1,000 miles
Oil price in cents/quart = 80 cents

Unit oil consumption cost in cents/ mile 0.07
Total unit cost in cents/mile 6.60
Accident cost (Table F-8) in cents/mile/vehicle

(all vehicles) 0.04

2. Compute the total unit running cost at 30 mph for
operation on the 1 mile of minus 4-percent grades (includ-
ing curvature and speed change effects) in cents per mile:

Answer:

Fuel consumption rate (Fig. 12A) = 0.042 gpm
Fuel price in cents/ gallon = 40 cents

Unit fuel consumption cost in cents/ mile 1.68
Unit tire wear cost (Fig. 16A) in cents/mile 1.05
Unit maintenance cost (Tables 25 and 26) in

cents/ mile 1.48

Oil consumption rate (Chap. Eight and Table 27)
= 0.87 qt/ 1,000 miles -
QOil price in cents/quart = 80 cents

Unit oil consumption cost in cents/ mile 0.07
Total unit cost in cents/ mile 428
Accident cost (Table F-8) in cents/mile/vehicle

(all vehicles) 0.04

3. Compute the daily running costs of 250 pickup trucks
on the 2-mile road section before improvement in dollars:
" Answer:

Upgrade—1 mile X 250 trucks X6.60¢/mile $16.50
Downgrade—1 mile X 250 trucks X 4.28¢/mile 10.70
Accidents—?2 miles X 5,250 vehicles X 0.04¢/ mile 4.20

$31.40

Total cost for the 2-mile distance

D. Determine the Daily Running Costs of the Composite
Pickup Truck After Improvement:

1. Compute the total running cost at 50 mph for opera-
tion on the 1% -mile section of straight level road in cents
per mile: .

Answer:

Fuel consumption rate (Fig. 12B) = 0.065 gpm
Fuel price in cents/gallon = 40 cents

Unit fuel consumption cost in cents/ mile 2.60
Unit tire wear cost (Fig. 16B) in cents/mile © 053
Unit maintenance cost (Table 25) in cents/mile 1.42

Oil consumption rate (Chap. Eight and Table 27)
= 1.35 qt/ 1,000 miles
Oil price in cents/quart = 80 cents

Unit oil consumption cost in cents/mile 0.11
Total unit cost in cents/mile 4.66
Accident cost (Table F-7) in cents/mile/vehicle

(all vehicles) 0.04

2. Compute the daily running costs of 250 pickup trucks
on the 1Y%2-mile road section after improvement in dollars:
Answer:
1%2 miles X 250 trucks X 4.66¢/mile
Accidents—1%%2 miles X 5,250 vehicles
X 0.04¢/ mile 3.15

Total cost for the 1V%-mile distance "$20.62

$17.47

E. Summary of Running Costs and Final Answer to the
Problem: ‘

Total daily running costs before improvement:
Passenger cars (Problem Solution Section A-3) $504.00

Pickup trucks (Problem Solution Section C-3) 31.40

Total $535.40
Total daily running costs after improvement:

Passenger cars (Problem Solution Section B-2) $343.35

Pickup trucks (Problem Solution Section D-2) 20.62

Total $363.97

SAMPLE PROBLEM TWO

Consider the alternative alignments shown in Figure 19
for a section of highway in rugged mountainous terrain.
One alternative route will be straight; the other will consist
of three successive 8° curves, a center curve 1,200 ft in
length and two end curves each 600 ft long. The over-all
length of the curved alternative route will be 2,400 ft
(0.454 mile); the corresponding length of the straight
alternative will be 2,126 ft (0.403 mile). Both alternatives
are level. The straight route will be paved with high-type
asphalt; the curved route will have a good hard gravel
surface. Running speeds of 50 mph may be assumed for
each alternative route. Daily traffic will consist of 500
passenger cars and 50 pickup trucks. Gasoline is priced
at 40 cents per gallon and oil is priced at 80 cents per
quart.

Problem: Determine the total daily running costs for each
alternative.

Daily running costs of the 550 vehicles for fuel,
tire wear, maintenance, oil, and accidents will
be $8.95 on the straight alternative and $98.68
on the curved alternative. In addition, there
will probably be some differential unit deprecia-
tion cost due to the difference in length and
surface conditions of the alternatives.

The computations are as follows:

Answer:

A. Determine Unit Running Costs of the Composite Pas-
senger Car and Composite Pickup Truck on the Straight
Alternative at 50 mph:

1. Compute total unit running costs for the composite
passenger car on the straight alignment in cents per mile:
Answer:
Fuel consumption rates (Fig. 11B) = 0.053 gpm
Fuel price in cents/gallon = 40 cents .

Unit fuel consumption cost in cents/ mile 2.12
Unit tire wear cost (Fig. 15B) in cents/mile 0.45
Unit maintenance cost (Table 24) in cents/mile 1.15

Oil consumption rate (Chap. Eight and Table 27)
- = 1.45 qt/1,000 miles
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Figure 19. Alternative level road designs in rugged territory: a straight alterna-
tive and one with three successive 8° curves (see “Sample Problem Two”}.

Oil price in cents/quart = 80 cents

Unit oil consumption cost in cents/mile 0.12
Total unit cost in cents/ mile 3.84
Accident cost (Chap. Ten) in cents/mile/vehicle

(all vehicles) 0.16

2. Compute the total unit running costs for the com-
posite pickup truck on the straight alignment in cents per
mile:

Answer: :

Fuel consumption rate (Fig. 12B) = 0.065 gpm
Fuel price in cents/ gallon = 40 cents

Unit fuel consumption cost in cents/mile 2.60
Unit tire wear cost (Fig. 16B) in cents/mile 0.53
Unit maintenance cost (Table 25) in cents/mile 1.42

Oil consumption rate (Chap. Eight and Table 27)
= 1.35 qt/ 1,000 miles
Oil price in cents/quart = 80 cents

Unit oil consumption cost in cents/mile 0.11
Total unit cost in cents/mile 4.66
Accident cost (Fig. F-7) in cents/mile/vehicle 0.04

B. Determine Unit Running Costs of Composite Passenger
Car and Composite Pickup Truck on the Curved Alter-
native at 50 mph:

1. Compute the total unit running cost for the com-
posite passenger car on the curved alignment with gravel
pavement in cents per mile: '

Answer:

Fuel consumption rate (Fig. 11B) = 0.130 gpm
Fuel price in cents/gallon = 40 cents
Unit fuel consumption cost in cents/mile 5.20
Unit tire wear cost (Fig. 15B) in cents/mile 31.00
Unit maintenance cost (Table 24 and Chap. Seven)

in cents/mile 2.30
Oil consumption rate (Chap. Eight and Table 27)

= 4.75 qt/ 1,000 miles
Oil price in cents/quart = 80 cents

Unit oil consumption cost in cents/ mile 0.38
Total unit cost in cents/ mile 38.88
Accident cost (Chap. Ten) in cents/mile/vehicle

(all vehicles) 0.20

2. Compute the total unit running cost for the com-
posite pickup truck on the curved alignment with gravel
surface in cents per mile:

Answer:

Fuel consumption rate (Fig. 12B) == 0.100 gpm
Fuel price in cents/ gallon = 40 cents
Unit fuel consumption cost in cents/mile 4.00

Unit tire wear cost (Fig. 16B) in cents/mile 36.00
Unit maintenance cost (Table 25 and Chap. Seven)

in cents/ mile 2.84
Oil consumption rate (Chap. Eight and Table 27)

= 4.75 qt/ 1,000 miles
Oil price in cents/quart = 80 cents
Unit oil consumption cost in cents/ mile 0.38
Total unit cost in cents/ mile 43.22

Accident cost (Table F-8) in cents/mile/vehicle 0.05

C. Summary of Total Daily Running Costs:

Straight Alignment:

Passenger'cars—SOO cars X 0.403 mile

X 3.84¢/mile (A-1) $ 7.60
(Accidents)—550 vehicles X 0.403 mile -

X 0.16¢/mile (A-1) 0.35
Pickup trucks—S50 trucks X 0.403 mile

X 4.66¢/mile (A-2) 0.92
(Accidents)—>550 vehicles X 0.403 mile

X 0.04¢/ mile (A-2) 0.08
Total daily cost on straight alignment $ 8.95

Curved Alignment:

Passenger cars—3500 cars X 0.454 mile

X 38.88¢/mile (B-1) $88.25
(Accidents)—550 vehicles X 0.454 mile

X 0.20¢/ mile (B-1) ‘ 00.50
Pickup trucks—50 trucks X 0.454 mile

X 43.22¢/ mile (B-2) 09.81
(Accidents) —550 vehicles X 0.454 mile

X 0.05¢/mile (B-2) . 00.12
Total daily cost on curved alignment $98.68
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CHAPTER THIRTEEN

CONCLUSION

The findings presented in this report constitute a broad
array of operating cost data relative to road design and
traffic conditions for each of four composite vehicles rep-
resenting (1) passenger cars, (2) pickup and panel trucks,
(3) two-axle six-tire trucks, and (4) tractor semi-trailer
truck combinations. Although they are incomplete for tire
wear, maintenance, oil consumption, accidents and depre-
ciation, the findings, nevertheless, provide a wealth of
material needed to evaluate motor-vehicle running costs for
the road and traffic conditions encountered on modern
highways.

SUGGESTED FURTHER RESEARCH

Although the amount of operating cost data available for
highway economy analyses is now substantial, further re-
search of this subject is needed (1) to organize the existing
data for computer application, including development of
suitable computer programs, and (2) to extend study data
to cover gaps in existing data. Specifically, further research
into the subject of motor-vehicle operating costs is recom-
mended as follows:

1. Organization of existing operating cost data for
mechanical storage and ease of acquisition.

2. Development of computer programs for carrying out
the calculations of road user costs for a variety of problem
types. .

3. Detailed evaluation of the effects that levels of traffic
service have on motor-vehicle operating costs.

4. A review of the effects that motor-vehicle anti-
air-pollution devices have on fuel consumption, especially
while vehicles are stopped with the engine idling or while
vehicles are running slowly in traffic.

5. An investigation into the rates of motor-vehicle in- *

volvement in accidents and the costs of such involvements
by road design feature and by type of vehicle.

6. A clarification of certain aspects of motor-vehicle
depreciation, especially those relative to the effect of road
design, speed, speed changes, and annual vehicle mileage.

7. Detailed consideration of the effects of speed, grades,
speed changes, and rough surface on truck maintenance
costs.

8. A study of tire wear for pickup trucks and tractor
semi-trailer truck combinations as tire wear is affected by
road surface, curvature, and, if possible, by gradient.

9. Further inquiry into the effects of environment and
altitude on motor-vehicle fuel consumption, especially en-
vironmental conditions of snow and ice and altitude con-
ditions encountered at more than 4,000 ft above sea level.

10. A study of passenger-car design and aerodynamic
factors relative to tire wear at high speed.

11. Further fuel consumption research, especially for
vehicles not adequately represented in this report: large
diesel-operated as well as gasoline-operated tractor semi-
trailer and full-trailer combinations, 3-axle single-unit
trucks, small U.S. cars (Gremlin, for example), and recrea-
tion vehicles (motor houses, pickup trucks with camper,
and cars pulling travel trailers).
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APPENDIX A

GRAPHICAL PRESENTATION OF THE FUEL (GASOLIN'E) CONSUMPTION RATES OF EACH
TEST VEHICLE FOR UNIFORM INCREMENTS OF ROAD AND TRAFFIC FACTORS

Fuel consumption rates in gallons per mile, as determined
for each of the test vehicles used in the study, are shown
in Figures A-1 through A-54. Fuel consumption informa-
tion is shown in Figures A-1 through A-24 for passenger
cars, in Figures A-25 through A-37 for pickup trucks, in
Figures A-38 through A-45 for two-axle six-tire trucks, in
Figures A-46 through A-48 for the transit bus, and in
Figures A-49 through A-54 for tractor semi-trailer truck
combinations. Each figure shows fuel consumption rates
relative to a particular road design or traffic condition for
one test vehicle. All test operations were conducted under
calm wind conditions with air temperatures between 80°
and 90° F.

EFFECT OF GRADE

The effect of gradient on passenger-car fuel consumption is
shown in Figures A-1 through A-9 for operation in high
gear and in Figure A-10 for operation in low gear. The
effect of gradient on the fuel consumption of pickup trucks
is shown in Figures A-25 through A-27 for operation in
high gear and in Figures A-28 through A-30 for operation
in low gear. The effects of gradient on the fuel consump-
tion of two-axle six-tire trucks, transit buses, and tractor
semi-trailer truck combinations are shown in Figures A-38
and A-39, Figure A-46, and Figures A-49° and A-50,
respectively. In each of these figures, values for operation
at various uniform speeds on plus grades are shown in the
upper section of the figure; those for operation on minus
grades are shown in the lower section. The floating speed
for each test vehicle on each minus grade is the speed
corresponding to the low point of the appropriate minus
grade curve.

EFFECT OF CURVATURE

Fuel consumption on curves is shown in Figures A-11 and
A-12 for passenger cars, in Figures A-31 through A-33 for
pickup trucks, in Figure A-40 for the two-axle six-tire truck,

and in Figure A-51 for the tractor semi-trailer truck com-
binations. In each of these figures data on the fuel con-
sumed while operating at uniform speed on curves of
different degrees of curvature are given in the upper part
of the figure. The corresponding front-wheel slip angles
are shown in the lower part, except for two-axle six-tire
trucks (Fig. A-40) and tractor semi-trailer combinations
(Fig. A-51).

EFFECT OF SURFACE

Fuel consumption rates for operation on gravel roads, badly
patched asphalt surfaces, and loose sand (as well as on
good paved road surfaces) are shown in Figure A-13 for
passenger cars, in Figure A-34 for pickup trucks, and in
Figure A-41 for both two-axle six-tire trucks and tractor
semi-trailer truck combinations.

EFFECT OF SPEED CHANGE

The effects of speed changes on the fuel consumption of
passenger cars are shown in Figures A-14 through A-21.
Similarly, the fuel consumption rates of trucks as affected
by speed changes are shown in Figures A-35 through A-37
for pickup trucks, in Figure A-42 for the two-axle six-tire
truck, and in Figure A-52 for tractor semi-trailer truck
combinations. The fuel consumption curves in each of
these figures show the fuel consumed per mile for each of
several speed change situations: (1) no speed change, (2)
one stop cycle per mile, (3) one 10-mph slowdown cycle
per mile, (4) one 20-mph slowdown cycle per mile, and
(5) one 30-mph slowdown cycle per mile. The excess fuel
consumption for a particular speed change cycle can be
found by subtracting the fuel consumption per mile for no
speed change from the corresponding fuel consumption per
mile for the speed change cycle.
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EFFECT OF TRAFFIC CONDITIONS

The relationships between vehicle fuel consumption rates
and traffic conditions are shown in Figures A-22 through
A-24 for passenger cars, in Figures A-43 through A-45 for
single-unit trucks, in Figures A-47 and A-48 for buses, and
in Figures A-53 and A-54 for tractor semi-trailer truck
combinations. Fuel consumption rates relative to traffic
volume are given for operation at each of several attempted
speeds (1) on six-lane expressways and freeways, (2) on
four- and six-lane urban arterial routes, and (3) on the
four-lane CBD streets of large cities. For arterial routes

. T T l BB T~ T
v P S P R
. S . N ey
. Vahi¢lds i
{1965 Valkswagen (t-&o door) .
‘Four eyurﬂan T2 ol An. dupllcenent
nud Tranamlesion = I

A

‘Condi tionas
[ e -scmgmvmr———*-" T T

. 80° - 90° F, ;

Gredierit 've. Gesir Position -

g Low speed Gear 3 y .
High speed Gear 4 H L
speeds Gear 3 T
& -uu All speeds Gear 2 t

i

Plug Grades
-

-
=y

8

Fusl Consumption in Gallons Per Mile

.
-

Minus Grades
l
.

: ; -1®
o 20 30 40 %0 € 0
Speed in Miles For Hour

o

-

Figure A-1. Effect of grade on fuel consumpnon—Volks-
wagen, 2,100 1b.

and CBD streets, separate curves show the effect on fuel
consumption of frequency of stops Fuel consimption
rates for no-stop runs at a given speed vary among these
street types because of basic traffic interference effects.

The curves showing the effect of traffic conditions on
fuel consumption include only traffic volumes associated
with Levels of Service A through D. Fuel consumption
rates when Levels of Service E (unstable flow) and F
(forced flow) prevail are substantially affected by factors
not identified in the figures, such as duration of the periods
when the test vehicles were stopped by congestion con-
ditions.
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Figure A-22. Effect of traffic volume on passenger-car fuél

consumption—six-lane expressway.

Figure A-21. Effect of speed change on fuel consumption—

Chrysler, 4,800 b G.V.W.
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Figure A-26. Effect of grade on fuel consumption—pickup
truck at 7,200 Ib G.V.W. in high gear.
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Figure A-33. Effect of curvature on fuel consumption—
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Figure A-32. Effect of curvature on fuel consumption—
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pickup truck at 7,200 Ib G.V.W.
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Figure A-38. Effect of grade on fuel consumption—two-
axle six-tire truck at 16,000 Ib G.V.W.
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Figure A-40. Effect of curvature on fuel consumption—
two-axle six-tire truck at 16,000 1b G.V.W.
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Figure A-42. Effect of speed change on fuel consumption—

two-axle six-tire truck at 16.000 Ib G.V.W.
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Figure A-50. Effect of grade on fuel consumption—3-S2
tractor semi-trailer truck combination at 50,000 b G.V.W.

Figure A-49. Effect of grade on fuel consumption—2-S2

truck combination at 40,000 Ib G.V.W.
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APPENDIX B

GRAPHICAL PRESENTATION OF THE EFFECT ON PASSENGER-CAR FUEL CONSUMPTION
OF AIR TEMPERATURE, ALTITUDE, ENGINE SIZE, AND VEHICLE WEIGHT, AGE, AND

ACCUMULATED MILEAGE

Information on the effect on motor-vehicle fuel consump-
tion rates of variations both in environmental conditions
and in certain details of vehicle design and service history
are provided in this Appendix. By using this material, fuel
consumption data given in Chapters Three and Four
(findings of fuel consumption) may be adjusted to fit
conditions different from those under which the findings
were determined.

AIR TEMPERATURE

Figure B-1 shows the relationship between vehicle fuel
consumption and air temperature for various running
speeds. Fuel consumption is appreciably higher at lower
temperatures, with nearly the same increase in fuel con-
sumption per unit of temperature drop at all speeds. Be-
cause the fuel consumption rates given in the findings of
this report are based on an air temperature of 80° F to
90° F, they should be increased when operation is con-
sistently at a lower temperature. For example, at 60 mph,
fuel consumption rates should be increased 2 percent for
a temperature of 60° F, 5 percent for a temperature of
40° F, 8 percent for a temperature of 20° F, and 12
percent for a temperature of 0° F.

ALTITUDE

Figure B-2 shows limited information on the effect of
altitude (elevation above sea level) on vehicle fuel con-
sumption. Variations in altitude have no measureable effect
on passenger-car fuel consumption for elevations up to
2,000 ft above sea level. Above 2,000 ft, however, there
is a small increase in fuel consumption for altitudes up to
3,000 ft, followed by a sharp rise in fuel consumption
between 3,000 and 4,000 ft. Further research is necessary
to establish a suitable spectrum of vehicle fuel consumption
rates for elevations above 2,000 ft.

ENGINE SIZE

Figure B-3 shows how engine size (piston displacement)
affects vehicle fuel consumption for vehicles that have
similar design and weight characteristics. The values are
for passenger cars with eight-cylinder engines, automatic
transmissions, and gross vehicle weights of 4,400 1b.

The larger engines consume more fuel than the smaller
engines at all speeds and at all loads up to. that imposed by
the 6-percent grade. At 60 mph, for example, the vehicle
with a 440-cu-in. engine consumes approximately 17 per-
cent more fuel than does the car with a 300-cu-in. engine.
The curves of Figure B-3 can be used to estimate the effect

on over-all user fuel consumption rates in the future if the
trend of future car designs is to larger or smaller engines
than those used now.

VEHICLE WEIGHT

The effect of weight on passenger-car fuel consumption is
shown in Figures B-4 and B-5. Figure B-4 shows the rela-
tionship between fuel consumption rates and weight for
various total weights where all the weight is carried within
the vehicle itself. Figure B-5 shows the same relationship,
but in this case additional weight is carried as a travel
trailer (3,000 1b) rather than inside the vehicle.

Figure B-4 shows the relationship between fuel consump-
tion and weight for various speeds on level roads, on
2-percent grades, on 6-percent grades, and on 10-percent
grades. On level roads, weight has its greatest impact on
fuel consumption at low speeds because at the higher
speeds air resistance accounts for a disproportionately
greater share of fuel consumption than does the rolling
resistance of the vehicle—even at the heavier loads. On
grades, however, particularly the 10-percent grade, fuel
consumption at the higher speeds varies directly with
weight, even at speeds of 60 mph, because the direct effect
of weight on vehicle grade resistance is great enough to
overshadow the effect of speed on air resistance, even at
high speeds.

Figure B-5 also shows how passenger-car fuel consump-
tion varies with gross vehicle weight, with the difference
that the extra weight is carried in a travel trailer rather than
inside the vehicle itself. The travel trailer weighs 3,000 1b
and has a cross-section area of 65 sq ft. The effect of the
extra weight in this case is an increase in fuel consumption
with weight at all speeds. The high fuel consumption
associated with the heavy weight at high speed on level
roads is explained by the large size of the trailer in which
the weight is carried. The increased fuel consumption at
the higher speed on level roads is due to the effect of the
air resistance of the larger vehicle and not to greatly in-
creased rolling resistance at high speed. '

VEHICLE AGE AND MILEAGE

Figure B-6 shows how vehicle age and accumulated mileage
affect passenger-car fuel consumption rates for vehicles
kept in good running condition through careful adherence
to good maintenance procedures. Fuel consumption rates
are only 5 to 6 percent higher after 4 years of service and
more than 60,000 miles of travel than they were when the
vehicle was new.
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APPENDIX C

GRAPHICAL PRESENTATION OF THE RELATIONSHIP OF TIRE WEAR TO

ROAD AND TRAFFIC FACTORS

The effects of road and traffic factors on tire wear are
shown in Figures C-1 through C-5 for passenger cars and
in Figures C-6 through C-7 for two-axle six-tire trucks.
Tire wear is given in each figure as a percentage of total
useable tire wear consumed each 100 miles of travel. In
certain figures (Figs. C-1, C-3, C-6, and C-7) tire wear is
shown per tire (100 tire-miles of travel). In others (Figs.
C-2, C-4, and C-5), values are shown for a full set of tires
per vehicle (100 vehicle-miles of travel).

ROAD SURFACE

The effect of road surface on passenger-car tire wear is
shown in Figure C-1. Data were collected for speeds of 25
to 80 mph (30 mph on gravel surface) under free-flowing
traffic conditions on each of three surfaces: (1) dry port-
land cement concrete, (2) dry asphalt, and (3) dry well-
packed gravel. The portland cement concrete surface, built

to Interstate standards, was 2 years old and had a coefficient
of friction of 0.36 (wet). The asphalt pavement, also built
to Interstate standards, was 6 years old and had a coefficient
of friction of 0.48 (wet). The gravel road was hard (it
easily supported the vehicle) but was covered with a thin
spreading of loose stones varying in size from %-in. to 1 in.
in diameter.

SPEED

The effect of speed on tire wear is shown in Figure C-2 for
passenger cars by tire position and in Figure C-6 for two-
axle six-tire trucks for the full set of tires. Figure C-2
shows that passenger-car tire wear rates rise steeply with
increased speed up to about 60 mph, where they level off
with further increases in speed for the rear tires and drop
somewhat for the front tires. Figure C-6 shows that at 45
mph two-axle six-tire trucks consume about 0.08 percent



of their total useable tire wear (before recapping) each 100
vehicle-miles of travel (six tires.)

CURVATURE

Data on the effect of curvature on tire wear are shown in
Figures C-3 and C-4 for passenger cars and in Figure C-7
for the two-axle six-tire truck. Figures C-3 and C-7 show
how the tire wear of passenger cars and trucks varies with
speed and degree of curvature. Figure C-4 shows the rela-
tionship between passenger-car tire wear on curves and the
position of the tire on the vehicle.

STOP AND GO OPERATIONS

The effect that stop and go operations (stop cycle) have on
passenger-car tire wear is shown in Figure C-5. Data are
given as rates of tire wear per tire mile, assuming one stop
per mile. The tire wear per stop may be obtained by sub-
tracting the value given in Figure C-2 from that given in
Figure C-5 at any particular speed.

URBAN ARTERIALS

Data on tire wear occasioned by travel on typical urban
and suburban arterials are shown in Figure C-1 for pas-
senger cars and in Figure C-6 for two-axle six-tire trucks.
In each case the surface is largely portland cement concrete,
signals are spaced about 1,000 ft apart, and traffic condi-
tions are those of Service Level A.

Ry| seting) |

-
. ag#
Tle
-
gl
- NS
=
»
-
Ed
o
§<
o
KA

1.6

1.2

1.0

0.8

| 4==i1

0.6

0.4

Fercent of Total Usesble Tire Wear Consumed Rer 100 Vehicle-Miles (Four Tires)

Jost +

Speed in Miles Fer Hour
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wear—passenger car at 4,000 G.V.W.

°® )

65

0.9
I

.8 WS R TROAL

E irye Y Pe30-iny no Teting}
s i
]
5 u&i Tdre f
3 0.7 a " ( y v
§un

H 1 o pped
=) It td 59 s
1.
)
g
]
2

0.5
E “
& -
£ 0.4

A

L]
': “Frd D
2 A J
3 0.3 ,,/ [
- L ™t
3 =
Lol "
- I~
o
£ 02
2

01

o -
o L L 0.

Speed in Miles Rr Hour

Figure C-2. Effect of speed on wear of front and rear
tires—passenger car at 4,000 b G.V.W.

< 1 IE |
! cled
: pedad { 7
| H RIAG ]
1 i 13 0 34
T j -
- ! h Jt
=
® - 3 ) 8 1 nf
: 2T , ]
g = 0
z ;
& _“_...!.
¥
! + T2
§ [ f
I ]
8 ; /
p
-4
]
i I
8
3 i i
[ I / |
3 i :
. T
K} i
3 i} /
Rl ER RSN RRRN
2 R __;_i { /
s N A1
€ ool | LA, Pdd
Pr T
| | o~ 7
»—».1,.. T =11 -v
°% L 0

Speed In Miles Fer Hour

Figure C-3. Effect of curvature on tire wear—passenger car
at 4,000 1b G.V.W.



66

© : ' . : 4,3 " T T
Vehicles : s . . R e B Gl .
g« Ghevrolet sedan (4000 :n c?v'.') ) Yohjcler -

Tes: Two-ply 7,50 in. x 14 tn, {four-ply reting) ' 7 1964 Chevrolet bedan (4000 {b-. (343 T

Medium grede tizes . v T "

| - 1300 grane of usesble tive weas sach tise... - . ool E""_"‘"""P’z 250 Ino x 14 in ‘fﬂn'{'l’fvﬂ"w)
Condi tionss . 1500 grame usssble tire -u; esach tire : o . P
Dry ssphalt pavement. ... ... .. . . . . H :

" Conditionsr Vv T

,i » Curvatiires o e é ETY - 12 uw;ww "
a 122 ‘ 5 " Bullt to Interstete stardaids P
$ ! s * E P :
3 . ( b
. o - e e e - 5 aof— e : : e
2 ¥ i . :
3 : |
[ 4 = :
= . 8 :
b R e e m N ’ B ; -
£ | ) £ ! 5
H : :
2 i i i :
[ H : . .
QT_ SR B 8 T, e+
2,0 -
d : 3 . S .
q ; £
H -
:-E i 2 18
; ; i
4 HERA I ‘i
310 . ~ .
- .0
: o iy
T H
% P ] :
SREEE £
4 " K
L i [ oo o , )
o = ) 2 B e R R Amm
Speed in Miles Per Hour Speéd 1M Mles  ier Howr
Figure C-4. Effect of curvature on tire wear of front and Figure C-5. Effect of stop-cycle on the wear of front and
rear tires—passenger car at 4,000 b G.V.W. rear tires—passenger car at 4,000 lb G.V.W.
Bl SRS SRS SR B8 S T
~ g f $o ; :
[ R b - Lo
= [ V*Agl!l ot i
T ol ——196 Tvomaxte Eixrtire—tamok{ 16000ttt 8 4o [ 1960 Deoaia statize truck (16000 trn. &W
H " Ten-Rly standard pranepist tife- ! s SUT Ry standerd trarapert tire
P 8% ;;:-m“-: ’ u_@_.;m'namu) 5 Fram _wiar sach tirs (befors reanpping)
a |7 : ; { PO T
g | Cd ! . s .
§ e 3 : T T T e
i [ Bey Pirtland Caneit Concrade | i : 8 Dty Fortland Genent Comm
] 80° -190° F, o ! i - ‘8P
2 i N S H H -
K] : : : : P4 Fxro ﬂadng mfﬂc
o : e 2 ! e
8 : . , i T
u ; 2 '
2 i : 8 ;
ol ; e 'g ;
2 ¢ . Ll .
8 i ' 3
? P i s
‘é . Foup-lans urten, amrlu [ 4
3 X o 200400 vehicley per hour S -
3 7 c signals at 1009 i m§ Tntervals 2
i i é
| I e ] . i
' : ' |4 ;
3 — e e i s e - a1 : P e e e
. .
L . 2 : :
% ; X é :
of —— RS e e o 10— E ——
i . i ‘
- N
3 : .
o Fres Sloving traftic 3 "
il <
: OO ey "z.ﬁ&_‘p"& Te? F o e e
4
£ - 5
. . . _ . o .
° .
o ™ : - —wt- ™ 0 5 ki o w0 — —
Speed in Mles FRor Hour Speed in Mles Rr Hour
Figure C-6. Effect of speed and urban traffic on tire wear— Figure C-7. Effect of curvature on tire wear—two-axle six-

two-axle six-tire truck at 16,000 b G.V.W. tire truck at 16,000 1b G.V.W.



APPENDIX D

67

A COMPARATIVE ANALYSIS OF THE FUEL CONSUMPTION RATES OF

DIESEL AND GASOLINE TRUCKS

A special investigation of the relative use of fuel by gasoline
and diesel trucks under a variety of conditions was carried
out to develop correction factors for adjusting fuel con-
sumption rates of ‘gasoline trucks to what they would be
for diesel trucks under the same conditions. These correc-
tion factors made it unnecessary to measure diesel-oil fuel
consumption rates for the different truck types and sizes
and for the many different road and traffic conditions
included in the gasoline fuel consumption study. Rather,
the fuel consumption findings data of this report (expressed
in units of gasoline fuel consumption) can be converted to
what they would be if diesel trucks were used, by applying
appropriate correction factors (Table D-2).

Comparative fuel consumption rates of two nearly iden-
tical trucks at 16,000 lb, one gasoline-propelled and the
other diesel-propelled, are shown in Figure D-1 for opera-
tion on level roads at speeds of 10 to 60 mph. Figure D-2
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Figure D-1. Comparative fuel consumption rates for gaso-
line and diesel trucks at 16,000 Ib G.V.W. on level paved
surfaces.

shows a similar comparison of fuel consumption rates for
operation on positive grades from 2 to 10 percent. Figure
D-3 shows comparative fuel consumption rates for the
gasoline and diesel test vehicles for a variety of speed
change conditions. Table D-1 gives ratios of gasoline to
diesel-oil fuel consumption rates for two sets of gasoline-
diesel comparison vehicles—one set having gross vehicle
weights of 16,000 1b and the other gross vehicle weights of
58,000 Ib. Table D-2 gives conversion factors to correct
gasoline fuel consumption rates to diesel fuel consumption
rates for various vehicle weights, speeds, and grade condi-
tions.

The bulk of the data on comparative gasoline and diesel-
oil fuel consumption rates were developed using two
two-axle six-tire trucks at 16,000 1b each, identical in
every way (size, weight, transmission ratios, age, mileage
accumulation, and driving controls) except that one had
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Figure D-2. Comparative fuel consumption rates for gaso-
line and diesel trucks at 16,000 Ib G.V.W. on positive
grades.
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a gasoline engine and the other had a diesel engine. The
engine in each vehicle had six cylinders but necessarily
differed in piston displacement and horsepower. The
gasoline engine had a displacement of 351 cu in., com-
pared to 477 cu in. for the diesel engine. The gasoline and
diesel engines had net horsepower capabilities of 142 at
3,800 rpm and 135 at 3,200 rpm, respectively.

Fuel consumption data for both of these trucks were
obtained for operation on a level road at speeds of 10 to
60 mph and on a series of grades at appropriate speeds.
In addition, test data were obtained for both test vehicles
for operation through a variety of speed changes. The data
from these test operations are shown in Figures D-1
through D-3 and are given in the top portion of Table D-1.

Data on the fuel consumption rates of gasoline and diesel
trucks weighing 58,000 Ib developed by Sawhill at the
University of Washington in 1959 were used to expand the
study results to cover a broad band of vehicle weights
(16,000 to 58,000 1b). The ratios computed from Sawhill’s
study are given in the bottom section of Table D-1 and are
reflected, along with data developed for the 16,000-Ib
trucks, in Table D-2.

The conversion factors of Table D-2 agree with conver-
sion factors based on comparative gasoline and diesel fuel
consumption rates reported by Kent in 1960 (7). Using

TABLE D-1

RATIOS OF DIESEL FUEL CONSUMPTION RATES
TO GASOLINE FUEL CONSUMPTION RATES
FOR TWO PAIRS OF TEST VEHICLES

Fusl Consumption in Gallons Fer Mile

10

L - i L
E 40 S0 60 Té
Speed in Miles Rr Hour

Figure D-3. Comparative fuel consumption rates for gaso-
line and diesel trucks at 16,000 b G.V.W. for stop and
slowdown cycles.

RATIOS BY ROAD DESIGN AND OPERATING CONDITIONS:

UNIFORM SPEED ON GRADES

ONE SPEED CHANGE CYCLE/MILE

SPEED STOP 10 20 30
(MPH) LEVEL 2% 4% 6% 8% 10% MPH MPH MPH
(a) Two-axle single-unit trucks (16,000 1b G.V.W.)
10 1.32 094 0.83 0.88 0.90 0.90 - —_ - =
15 0.94 086 080 0.88 0.90 0.90 — —_ = =
20 0.73 0.800 0.80 089 090 — 0.76 0.76 — —
25 0.70 0.78 0.78 090 090 — 0.72 070 — —
30 0.64 074 077 090 — — 0.72 0.68 0.67 —_
35 0.65 072 080 — — 0.70 0.64 0.65 —
40 0.65 0.73 —_ - = — 0.67 0.64 0.63 0.63
45 0.65 e — 0.67 0.63 0.63 0.62
50 0.67 —_ —_- = = = 0.67 0.63 0.63 0.62
55 0.69 —_ — = - = — R
60 0.70 e — —_— — -
(b) 2-S2 tractor semi-trailer truck combinations (58,000 Ib G.V.W.) 1

10 0.71 082" 080 072 — — — SR —
15 0.70 082 067 060 — — —_ —_ —_— =
20 0.68 070 060 — — — — —_ — -
25 0.66 067 — — @ — — —_ —_ — =
30 0.62 062 — — — — —_ —_ = -
35 0.68 060 — - — — —_ = -
40 0.70 e T — _ = =
45 0.73 e — — _— = =
50 0.74 e — — e

1 Source: Sawhill and Firey (2).



Kent’s data, the following conversion factors for line-haul
vehicles may be computed: for 30,000-1b trucks, 0.70; for
40,000-1b trucks, 0.70; for 50,000-b trucks, 0.66; for
60,000-1b trucks, 0.62; and for 70,000-Ib trucks, 0.61.
Because these values were observed for vehicles operating
at average speeds of about 40 mph on routes with rise and
fall rates of 1 to 2 ft per 100 ft, they may be compared
with the following values from Table D-2 for 40-mph
speeds on 2-percent grades: for 30,000-1b trucks, 0.68;
for 40,000-1b trucks, 0.66; for 50,000-1b trucks, 0.63; and
for 60,000-1b trucks, 0.61. The close agreement between
the conversion factors based on Kent’s data and those of
Table D-2 is clearly evident.

The conversion factors developed in this study of the
relative fuel consumption rates of gasoline and diesel
trucks, and given in Table D-2, provide the means of
correcting gasoline fuel consumption findings to diesel fuel
consumption findings. When it is desired to compute the
fuel consumption rate of a diesel truck operating on a road
of given design under a particular set of traffic conditions,
proceed as follows: first, find in the tables of fuel consump-
tion findings of this report the fuel consumption rate as
though the vehicle were gasoline-operated. Second, apply
the appropriate conversion factor from Table D-2 to correct
the gasoline fuel consumption rate to the corresponding
diesel fuel consumption rate. The conversion factors of
Table D-2 make all fuel consumption findings of this report
(other than for engine idling conditions) applicable to
diesel- as well as gasoline-operated trucks.

References
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TABLE D-2

FACTORS TO CONVERT GASOLINE FUEL
CONSUMPTION RATES TO DIESEL-OIL FUEL
CONSUMPTION RATES FOR UNIFORM SPEEDS!

CONVERSION FACTORS BY
GROSS VEHICLE WEIGHT (LB):

SPEED
(MPH) 20,000 30,000 40,000 50,000 60,000
(a) Level roads

10 1.26 1.12 0.98 0.83 0.69

20 0.72 071 0.70 0.69 0.68

30 0.63 0.63 0.62 0.62 0.62

40 0.66 0.67 0.68 0.68 0.70

50 0.68 0.69 0.71 0.72 0.74
(b) 2-percent positive grade

10 0.94 0.91 0.88 0.85 0.82

20 0.80 0.77 0.75 0.73 0.71

30 0.73 0.70 0.68 0.65 0.63

40 0.71 0.68 0.66 0.63 0.61
(c) 4-percent positive grade

10 0.83 0.82 0.81 081 . 0.80

20 0.76 0.72 0.68 0.64 0.60

30 0.78 — — — —
(d) 6-percent positive grade

10 0.88 0.84 0.80 0.76 0.72

20 0.89 — — —_ —

30 0.91 — — —_ —
(e) 8-percent positive grade

10 0.90 — —_ — —

20 0.90 - . — — —
(f) 10-percent positive grade

10 0.90 — — — —

15 0.90 — — — —_

1 Factors developed from ratios of Table D-1.
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APPENDIX E

ANNOTATED BIBLIOGRAPHY OF HIGHWAY MOTOR-VEHICLE OPERATING COSTS, 1950-1970

The following items provide a full coverage of references
that contain research data on fuel and oil consumption,
tire wear, and maintenance applicable in road user cost
analyses. Except for four important works on road user
cost analysis listed in the Special category, all of the items
are research reports of motor-vehicle operation investiga-
tions. Where a given research project is reported in more
than one publication, only the principal reference is given.
The items are listed chronologically by subject area.

FUEL CONSUMPTION
1950-1955

1. LAUTZENHISER, F. B., “Diesel Compared With Gaso-
line Engine.” SAE J., Vol. 58, No. 6, p. 72 (June
1950).

An early study of the comparable use of fuel
by gasoline and diesel trucks showed that heavy
diesel trucks used only about 67 percent as much
fuel as comparable gasoline trucks for long hauls.
For short hauls, however, the fuel consumption
rates of gasoline and diesel trucks were about the
same.

2. SaaL, C., “Time and Gasoline Consumption in Motor
Truck Operation.” HRB Spec. Rep. 94 (1950) 73 pp.

Seven trucks, varying in size from the two-axle
six-tire truck to the tractor semi-trailer full-trailer
truck combination, were operated at a variety of
loads on the Pennsylvania Turnpike and parallel
U.S. 30. Each route was divided into definite
sections, each having a given rate of rise and fall.
Test runs were made at normal truck speeds,
about 50 mph on level sections, and somewhat
less on grades, with momentum used to assist ve-
hicle operation on upgrades. Fuel consumption
was recorded by test section for each vehicle at
each weight.

Fuel consumption values are presented in
graphical form by gross vehicle weight and aver-
age rate of rise and fall. Separate graphs show
fuel consumption for particular rates of rise and
fall and for various percentages of total rise and
fall that is rise.

3. “Test of Road Vehicles Under Controlled Conditions.”
Transport Research Quart., No. 5, pp. 33-44 (Oct.
1951).

The fuel consumption rates of two British
trucks (one gasoline-operated weighing 12,000 1b
and the other diesel-operated weighing 36,000 1b)
were determined for operation on nearly level
roads at various uniform speeds and for cycles
of stop-go operation. Ambient air temperatures

during test operations fell between 54° F and
78° F.

The fuel consumption rate of the 12,000-Ib
truck in gallons per mile was 0.07 at speeds of 15
to 25 mph and 0.09 at 35 mph. Similarly, the
fuel consumption rate of the 36,000-1b truck was
0.09 gpm at 20 to 25 mph and 0.11 gpm at 30
mph. '

The excess fuel consumption for stop-go cycles
at 25 mph was found to be 0.14 gal. for the
12,000-1b vehicle and 0.17 gal. for the 36,000-1b
vehicle.

BoNE, A. J., “Travel Time and Gasoline Consumption
Studies in Boston.” Proc. HRB, Vol. 31 (1952) pp.

440-456.

In connection with the “before” part of a
“before and after” investigation of time and fuel
consumption rates on Boston arterial streets rela-
tive to the impact of the Boston Central Artery,
the fuel consumption of a 1951 sedan was mca-
sured for trips on several streets. With the
thought that a sufficiently close relationship be-
tween average speed in traffic and the correspond-
ing fuel consumption rates could be established
for estimating fuel consumption from time con-
sumption data, a mass of fuel and time consump-
tion data for travel on Boston streets was accumu-
lated and analyzed. However, there was far too
great a scatter of fuel consumption rates for a
given travel speed for the concept to be useful.

Only a limited amount of over-all fuel con-
sumption data for travel over the length of test
sections on certain Boston streets are given in the
findings tables of this report.

“Petrol Consumption on Gravel and Bituminous
Roads.” Commonwealth Eng. (Australia), Vol. 40,

No. 6, p. 245 (Jan. 1953).

Research of the Department of Main Roads
shows fuel consumption is about 1Y% times greater
on good gravel roads than on good bituminous
roads for speeds up to 50 mph. This agrees well
with results of a similar study for passenger cars
conducted for NCHRP Project 2-5.

MirzeLreLp, T. H., “Large Low-Speed Engine Eco-
nomical.” SAE J., Vol. 61, No. 5, p. 126 (May 1953).

A carefully controlled test was carried out to
determine the relative fuel consumption of differ-
ent size engines for the same operating condi-
tions. -Two cars exactly alike were equipped with
identical 331-cu-in. engines. One was left alone.
The other, however, was converted to a 248-cu-
in. engine by changing the piston stroke and



modifying the crankshaft. The rear axle of this
car was changed to produce rear-axle torques in
operation equal to that of the car with the un-
changed engine.

The two vehicles were operated extensively
- under the same road and traffic conditions. It
was found that fuel consumption was approxi-
mately the same for both vehicles. Everything
else being the same, engine size has little effect on
fuel consumption rates.

WHITE, H. S., ENocH, O., and HAYNES, A. L., “Gaso-
line Economy Depends on the Driver Too.” SAE J.,

Vol. 61, No. 8, pp. 61-63 (Aug. 1953).
This article reports on engine fuel economy

studies conducted by the Ford Motor Company 9. MaTtsoN, T. M., SMiTH, WILBUR, and HUrD, F. W,
Engineering Research Department in 1952. Traffic Engineering. McGraw-Hill, pp. 26-34 (1955).
Among numerous items of useful information This textbook in traffic engineering outlines in
developed, it was found that maximum conver- detail the various resistances encountered in the
sion of the fuel energy into useful work is accom- operation of motor vehicles. Rolling resistance
plished at a median speed range, about 2,000 on good pavement was reported as 20 to 27 b
rpm. Brake specific fuel consumption drops with per ton of gross weight. Air resistance was re-
increasing engine speed at low speeds but in- ported as equalling 0.0008 times the product of
creases at speeds greater than about 2,000 rpm the frontal area in square feet and the square of
because of greater internal engine friction at the the speed in miles per hour, about 60 1b at 55
higher speeds. mph for the typical U.S. sedan. Impact resistance

Smaller engines run somewhat more efficiently on rough roads can increase rolling resistance by
than large engines when the relative size is on the 30 percent.
order of two to one. However, for operation at 10. SaaL, C., “Operating Characteristics of a Passenger
speeds near the optimum and for median loads, Car on Selected Routes.” HRB Bull. 107 (1955) pp.
fuel consumption is about the same for all engine 1-34.
sizes. The fuel consumption of a 1951 model stan-

An important item of information noted in this dard-type passenger car for operation on each of
research is that, when coasting downhill with several freeway-type roads and parallel non-free-
closed throttle, fuel consumption is the same way routes is reported. Over-all fuel consumption
regardless of speed. Further, coasting fuel con- rates for the long test sections of the comparison
sumption with closed throttle is less than fuel routes, however, are not differentiated by gradi-
consumption while stopped with engine idling, ent, curvature, surface condition or traffic vol-
because no fuel energy is needed to turn the en- umes. It is worth noting that the test operations
gine crankshaft. This aspect of vehicle fuel were carried out by attempting to travel at certain
consumption was also noted in NCHRP Project speeds, even when traffic conditions imposed
2-5 studies. slower actual speeds.

LisTER, R. D., and Kemp, R. N., “Some Traffic and Limited studies of passenger-car fuel consump-
Driving Conditions Which Influence Petrol Consump- tion as affected by gradient and acceleration rates
tion.” Road Abstracts, Vol. 21, No. 12, p. 186 (Dec. are also given.

1954). ~11. NorrucuTtt, J. P., “Cost Per Hour.” Mass Trans.,

The fuel consumption rates of three vehicles Vol. 51, No. 12, p. 45 (Dec. 1955).

(a small car, a large car, and a 3-ton truck) were In 1954 a study of diesel bus operation in
measured for operation (1) at a uniform speed CBD’s developed the following fuel consumption
of 30 mph on a level paved road at three traffic rates for the given stop frequencies: 0.239 gpm
volume levels (zero, light, and heavy), (2) for four stops per mile (17 mph), 0.321 gpm for
while accelerating from O to 40 mph on a level eight stops per mile (12 mph), and 0.413 gpm at
road with no traffic, (3) while traveling up a 12 stops per mile (9 mph).

4-percent grade at 30 mph, and (4) while travel- .

1956-1960

ing on a 100-ft-radius curve. Fuel consumption
rates were found to be 35 percent greater in light
traffic and 100 percent greater in heavy traffic
compared to operation in zero traffic, 100 percent
greater on the 4-percent grade compared to oper-
ation on the level road, and about 2% times
greater for acceleration to 40 mph or for opera-

tion around a 100-ft circle compared to uniform
speed at 30 mph on a tangent.

The test results developed in this study agree
well with study results of NCHRP Project 2-5
for acceleration, grade, and curve operations.
Whether agreement exists for operation in light
and heavy traffic could not be determined because
traffic details of the Lister-Kemp study were not
given (frequencies of slowdowns and traffic stops,
for example). .

The authors of this article observed that the
most consistent and useful running cost data
could be obtained only by operating over a defi-
nite test section of known length.
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12. NacGLEr, L. H., BUrkEg, C. E., LuNpsTROM, L. C,,
and ASSOCIATES, “Where Does All the Power Go?”

SAE J., Vol. 65, pp. 54-63 (Apr. 1957).

The research reported in this article was de-
veloped for typical passenger cars of 1956. It
describes the magnitude under a variety of con-
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13.

14.

ditions of the various power-consuming items
needed to operate these cars. The power require-
ments for each of the following items are consid-
ered: (1) generator, (2) fan, (3) power steering,
(4) automatic transmission, (5) rear axle, (6)
rolling tire on pavement, (7) still air, and (8)
wind. At 60 mph about 50 percent of the rated
gross brake horsepower of the engine (nominal
power) is available at the traction surfaces of the
rear wheels to propel the vehicle.

Air temperature affects power needs appreci-
ably. Power requirements increase at a rate of 1%
percent per degree F temperature drop from 70°
F to 30° F at 60 mph.

Horsepower requirement is about 40 percent
greater on loose gravel roads than on good rigid
pavement.

These values agree in general with the corre-
sponding effects of surface conditions and tem-
perature on fuel consumption as determined for
NCHRP Project 2-5.

MILLER, J. C., “Prime Factors Affecting Diesel Fuel
Economy.” SAE J., Vol. 65, No. 11, p. 68 (Oct.

1957).

Engine speed is a major determinant of fuel
consumption for diesel trucks. For example, a
48,000-1b diesel tractor-trailer combination uses
21.5 1b of fuel per hour at 1,500 rpm (35 mph)
on a level road. However, it uses 51.0 Ib of fuel
per hour at 2,000 rpm (50 mph). Thus, a 33-
percent increase in engine speed results in 137-
percent increase in fuel use. If the engine were
operated at 2,500 rpm instead of 2,000 rpm at 50
mph (use of lower gear), fuel consumption would
have been 57.0 Ib per hour instead of 51.0 Ib—
an increase of 12 percent due to increased engine
speed alone.

The diesel engine is relatively inefficient at low
road speeds with the gear position set for high
engine speed. Thus, heavy diesel trucks may have
a particularly high fuel consumption rate when
operating in congested traffic in low speed with
much changing of gears.

This agrees with the data recorded for NCHRP
Project 2-5 in that fuel consumption rates are
greater for diesel than for gasoline trucks of the
same weight when operating at speeds of less
than 15 mph on level roads.

CLAFFEY, P. J.,, “Time and Fuel Consumption for

Highway User Benefit Studies.” HRB Bull.
(1960) pp. 20-34.

Fuel consumption measurements were made
for a passenger-car sedan, a pickup truck, and a
two-axle six-tire truck for operation at constant
speds of 15 to 55 mph on level roads, both paved
and gravel surfaces. Fuel consumption measure-
ments were also made for stop-go and 10-mph
slowdown cycles. The passenger car was operated
at a gross vehicle weight of 3,850 Ib, the pickup
at 3,860 Ib (empty) and 5,340 1b (loaded), and
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17.

the two-axle six-tire truck at 10,200 b (empty)
and 15,300 Ib (half-loaded).

The fuel consumption data are shown graphi-
cally both as absolute values and as savings re-
sulting from improvement of a road from gravel
to paved surface, elimination of stop cycles, and
elimination of slowdown cycles.

Crooks, L. E., “Consumers Union Test Data Rate
Compact Performance.” SAE J., Vol. 68, No. 8, p.

128 (Aug. 1960).

Consumer’s Union conducted an investigation
into the relative fuel consumption of large (i.e.,
Chrysler), compact (i.e., Falcon), and small (i.e.,
Volkswagen) cars. All operations were carried
out on level roads at constant speed with no wind.
It was found that at 50 mph the fuel economy of
large, compact, and small cars was 20, 25, and
40 miles per gallon, respectively.

The values given in this report agree with
those of NCHRP Project 2-5 for large and com-
pact cars. However, the small car achieves a fuel
economy of 40 mpg only at 30 mph. At 50 mph,
its rate of fuel consumption is the same as that
for the compact car.

CLEVELAND, A. E., and Bishor, 1. N., “Fuel Eco-

nomy.” SAE J., Vol. 68, No. 8, p. 27 (Aug. 1960).

This article explains the various energy losses
in an automobile engine from heat losses via
cylinder walls to energy losses in metering fuel.
It covers the reasons only about 22 percent of the
heat energy of fuel is available for propelling
motor vehicles against road and air resistances.
This paper is chiefly useful to the highway
economist in defining the variability of the factors
that affect fuel consumption between firing of the
fuel in the cylinders and the use of the resulting
energy forces at the traction wheels. Examples
of items affecting energy realization in cars are
magnitude of heat loss in cylinders, ratio .of
cylinder bore to stroke, accelerator pump fric-
tion, air friction entering cylinders, and engine
oil viscosity.

KenT, M. F., “Fuel and Time Consumption Rates
for Trucks in Freight Service.” HRB Bull. 276 (1960)

pp. 1-19.

Fuelmeters were mounted in line-haul trucks
operating in regular service between Baltimore
and Richmond on the east coast, between Cleve-
land and Columbus and Detroit and Lansing in
the mid-west, and between Seattle and other
Washington cities in the far west. Fuel consump-
tion and gross vehicle weight per trip were re-
corded for each truck, diesel or gasoline, on each
test route. In addition, fuel consumption measure-
ments and speed changes greater than 3 mph
were recorded during each trip by identified
road sections. For example, fuel consumption
and speed change on urban extensions were dif-
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ferentiated from those on rural road sections.
Speeds were those normally used by drivers and
essentially matched those of the general traffic.
Fuelmeters measured fuel consumption to the
nearest Yo of a gallon.

Over-all fuel consumption rates by gross
vehicle weight, road type, frequency of speed
change, and type of fuel are presented in graphi-
cal and tabular form. Research results are
explicit in showing the relative use of fuel by
gasoline and diesel trucks.

At 50,000 Ib gross vehicle weight, diesel trucks
in normal service consume about 66 percent as
much fuel as do gasoline trucks. This agrees
with data developed for NCHRP Project 2-5.

SawHILL, R. B., and Firey, J. C., “Motor Transport
Fuel Consumption Rates and Travel Time.” HRB

Bull. 276, (1960) pp. 35-91.

Nine tractor-trailer combinations and three
buses, some of which were, gasoline-propelled and
some diesel-propelled, were operated at various
constant speeds on level paved road sections,
on paved grades of 1.53, 2.79, 4.00, and 5.96
percent, and on level gravel road sections. In
addition, each test vehicle was operated through
test sequences of stop and go cycles and 10-mph
slowdown cycles.

The fuel consumption rates of the test vehicles
are shown as a function of speed in a series of
graphs for operation on paved roads of various
gradients, on level gravel roads, and for stop-go
and slowdown cycles.

This report served as a major source of re-
search information for NCHRP Project 2-5.

1961-1965

19. MitcHELL, B. J., RansoM, G. P., and ReED, H. E,,
“Effect of Engine RPM on MEP and Fuel Economy.”

SAE J., Vol. 69, No. 3, p. 87 (Mar. 1961).

The relationships between the mean effective
cylinder pressure, horsepower, and fuel consump-
tion of a V-8 engine with 371-cu-in. capacity
were studied under controlled conditions in a
laboratory. It was found that mean effective
pressure is maximum at about 3,000 rpm, drop-
ping off at both higher and lower speeds.

Horsepower output of the engine was found
to increase almost in a straight line with increases
in engine speed for the range from 1,000 to
4,000 rpm. However, engine friction also in-
creases with speed, although at a lesser rate.
At 4,000 rpm engine friction consumed nearly
100 hp, whereas total output was about 280 hp.

Fuel consumption in pounds of fuel per horse-
power-hour remained constant for engine speeds
of 1,000 to 4,000 rpm. That is, fuel consump-
tion is proportional to horsepower production for
this range of engine speed. Because lost horse-
power due to engine friction increases with speed,

20.
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the net horsepower output per pound of fuel
decreases with increased speed.

KEeNT, M. F., “AASHO Road Test Vehicle Operating
Costs Related to Gross Weight.” HRB Spec. Rep. 73

(1962) pp. 149-165.

Records of rates of fuel and oil consumption,
tire wear, and maintenance were kept for all
vehicles during the operation of the test trucks
on the nearly level AASHO test loops in Ottawa,
Ill, in 1959. Operations were conducted on two
test loops, each consisting of two parallel straight
roads, several thousand feet in length, connected
at each end by nearly 30° curves about equal .
in length to the tangents. The test trucks were
operated at a uniform speed of 35 mph on the
tangents and 25 mph on the loops.

Average over-all fuel consumption rates were
found to be 0.07, 0.08, 0.22, and 0.26 gpm for
the pickup (4,200 1b), the two-axle six-tire truck
(8,200 1b), the 2-S1 truck (40,000 lb), and the
3-S2 truck (50,000 Ib), respectively. These values
are somewhat higher than those measured in
NCHRP Project 2-5 for operation of these types
and weights of trucks on level tangents. This,
of course, reflects the effect of the tight end-loop
sections on fuel consumption of the test trucks.

SawHILL, R. B., and Firey, J. C., “Predicting Fuel
Consumption and Travel Time of Motor Transport

Vehicles.” HRB Bull. 344 (1962) pp. 27-46.

The fuel consumption rates of two gasoline-
operated and two diesel-operated tractor semi-
trailer trailer combination trucks were determined
for specific operating conditions (1) by actual
fuel measurement, and (2) by calculation using
basic energy relationships. Due to variations in
the thermal efficiency of the engines, however,
considerable differences were found between cal-
culated and measured fuel consumption rates.
For fuel consumption prediction formulas to give
results of acceptable accuracy they become highly
complex and require formulae inputs that them-
selves are difficult to evaluate.

SawnHiLL, R. B., “Fuel Consumption of Transport
Vehicles on Horizontal Curves.” Univ. of Wash.
Traffic and Operations Series Research Report No.

5, Seattle (June 1962) 12 pp.

A 2-S1-2 tractor semi-trailer trailer combination
was operated around a series of circles at each
of three gross vehicle weights: empty at 32,100
Ib, half-loaded at 53,500 1b, and fully loaded at
64,200 1b. The circles were nearly flat (an air-
port runway) with radii of 90 ft, 150 ft, and
210 ft. Tests were made at speeds of 7 to 25 mph
in regular 5-mph increments.

The curves had an appreciable effect on fuel
consumption. For example, at 25 mph, fuel con-
sumption rates of the empty vehicle were 0.18,
0.23, 0.25, and 0.30 gpm on tangents, 210-ft
radius curves, 150-ft radius curves, and 90-ft
radius curves, respectively.
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23. SawniLL, R. B., “Fuel Consumption of Transport
Vehicles on Grades.” Univ. of Wash. Traffic and
Operations Series Research Report No. 6, Seattle

wind, variations among drivers, and differences
among fuel types is reported on in detail.

(June 1962) 11 pp.

To determine the effect on truck fuel consump-
tion on upgrades when approach speeds exceed
maximum on-grade crawl speeds (momentum
grades) two trucks (one gasoline and the other
diesel) were operated up a 4-percent and a nearly
6-percent grade at approach speeds up to 50 mph.
Each truck was investigated at each of three
gross vehicle weights: empty at about 33,000 Ib,
half-loaded at about 54,000 1b, and fully loaded
at 65,000 1b. At the lower speeds, the trucks
were able to complete the trip up the grades
without changing speed; but above the crawl
speeds the grades forced the speed down to crawl
speed. In the latter case appreciable on-grade
distance was covered on momentum.

It was found that fuel consumption on the
grades dropped off appreciably on momentum
grades for the gasoline vehicles but only slightly
for the diesel truck.

Patterns of tire wear and the magnitude of
wire wear for operation on a curve of 65-ft
radius are also given.

1966-1970

27.

JOYNER, J. A., “Factors Affecting Fuel Economy in
Diesel-Powered Vehicles,” SAE Trans., Vol. 74, p.

341 (1966).

The fuel consumption rates of diesel trucks
were investigated for highway operation under
controlled conditions. It was found that the
brake specific fuel consumption per horsepower-
hour was relatively high for light loads (low
brake horsepower) but dropped to a minimum at
approximately 160 hp before increasing at loads
greater than 160 hp. It was evident from the
results of this study that fuel economy in diesel
truck operation is best when the truck is over-
coming a substantial resistance.

These results tend to agree with information
developed for NCHRP Project 2-5 which showed

24. Stonex, K. A, “How Cars Have Changed in 30
Years.” SAE J., Vol. 70, No. 10, pp. 33-36 (Oct.
1962). '

The research information presented in this 28.
article and applicable in user cost studies is the

that at low speeds diesel trucks operating on
level roads consumed fuel at a higher rate than

on a 1-percent grade at the same speed.

CorNELL, J. J., “Car Size Chiefly Responsible for
Low MPG at High MPH.” SAE J., Vol. 74, No. 4,

road distance required for passing maneuvers of
passenger cars. Most passings from 40 mph re-
quire from 750 to 850 ft of passing distance.

p. 37 (Apr. 1966).
Passenger-car fuel consumption for operation
on level roads at high speeds, 70 to 80 mph, is

25. LieDEr, N., “Passenger Car Fuel Consumption Rates.” determined principally by the dimensions of the
Public Roads, Vol. 32, No. 5, p. 113 (Dec. 1962). car (rather than vehicle weight or engine size).
This article reports on a study of over-all fuel Thi's results from the overr iding. effect of air

consumption relative to vehicle and weather fac- resistance on fuel cons‘umpt{on at high speed. )
- tors. It does not distinguish fuel consumption The standard U.S. six-cylinder car has a rolling
according to road design elements. resistance of about 80 1b at 50 mph and 90 Ib at
Fuel consumption is approximately 10 percent 80 mph. The rolling resistance of compact cars
greater in winter than in summer for most auto- is about 12 percent less than that of the standard-
mobiles. type car, whereas the large car rolling resistance
Passenger-car fuel consumption rates change is about 12 percent greater than that of the

very little over time. In 1960, cars of a particular standard car. .

type that were 10 years old consumed about the The fuel consumption rates of three cars of the
same amount of fuel as new cars of the same 'same size and weight, but with different size
type and design. engines, was determined for level road operation
These values agree with those developed for at 30 and 80.mp h. At 30 mph, fuel consump tl.on
NCHRP Project 2-5 rates were different due to the effect of engine
_— . i 0.034, 0.038, and 0.040 ) H ,
26. CLAFFEY, P. J., “Running Cost of Motor Vehicles size ( 0 an gpm.) However

as Affected by Highway Design—Interim Report.”

NCHRP Report 13 (1965) 43 pp.

NCHRP Report 13 is an interim report on
Project 2-5 covering fuel consumption of the
standard-type passenger car. Fuel consumption
rates of this vehigle on level roads, grades, certain
curves, and on several different road surfaces are

at 80-mph speeds, the strong effect of air re-
sistance produced the same fuel consumption
rate for each vehicle (0.067 gpm) because each
car had the same dimensions.

The reduction of the effect of engine size on
fuel consumption rates at the higher speeds was
noted in the research for NCHRP Project 2-5,
but only for the larger engines.

given. 29.
The photo-electronic fuelmeter is described in
Appendix B.

The impact on vehicle fuel consumption of

SCHEFFLER, C. E., and NIEPOTH, G. W., “Tests Show

Fuel Economy Effects of Car Design and Driver

Factors.” SAE J., Vol. 74, No. 10, p. 46 (Oct. 1966).
Fuel consumption rates are significantly af-
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fected by ambient temperatures. After traveling
about 10 miles so that the engine is at normal
operating temperature, [uel economy is about
90 percent of maximum economy at 70° F ambi-
ent temperature and // percent of maximum
economy at 10° F ambient temperature.

Passenger-car weight affects fuel consumption

by causing approximately 25 percent increase in
fuel consumption for a 1,000-1b increase in
weight. These are approximately the results found
in the NCHRP Project 2-5 study.
BoNNEY, R. S. P., and STEVENS, N. F., “Vehicle
Operating Costs on Bituminous, Gravel and Earth
Roads in East and Central Africa.” Road Research
Laboratory Report 76 (1967) 43 pp.

A study was conducted on selected African
roads to determine the effects of road surface on
the cost of operation for vehicles in regular
service. Each of the 65 commercial vehicles for
which data were developed in the study (46
buses and 19 trucks) normally operated on a
route with the same road surface type for most
of its length. Road grades were light and vehicle
weights were about the same from vehicle to
vehicle.

It was found that operating on a good grade of
gravel surface rather than on a paved bituminous
surface had little effect on fuel consumption at
normal operating speeds. However, operation on
unimproved earth roads resulted in a 20-percent
increase in fuel consumption.

KessLEr, J. C., and WaLLis, S. B., “Aerodynamic
Test Techniques.” SAE Trans., Vol. 75, Sec. 3, p. 12
(1967).

This paper reports on an extensive investiga-
tion into the basic resistances encountered in
automobile operation: rolling resistance (road
friction, tire deflection, wheel bearing friction,
and differential gear friction) and air resistance.
A typical mid-1960’s model U.S. sedan was used
for the study. Lubrication of the vehicle and tire
pressures were according to manufacturer’s re-
commendations.

The test car with its transmission disconnected
was pulled by a second vehicle while a strain
gauge mounted in the coupling measured the
drag of the test car. Operations were at various
uniform speeds from 10 to 80 mph on level,
straight, high-type pavements when wind condi-
tions were calm.

Rolling resistance was determined as follows:
a box large enough to completely enclose the
test car was mounted over the test car on sepa-
rate dollies. The box had long skirts reaching to
the road surface in all directions. The drive car
pulled both the box (on its dollies) and the test
car with the coupling for the test car passing
through a hole in the front of the box. Test data
with the box in place were measurements of the

32.
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rolling resistances, only without the effect of air
resistance.

Air resistance was determined by repeating the
test runs without the box in place, recording the
drag due to both rolling and air resistances, and
subtracting to find air resistance.

Rolling resistance (with the transmission dis-
connnected) was found to be about 55 Ib for all
speeds from 10 to 60 mph, increasing gradually
to about 65 Ib at 80 mph. Rolling resistance at
rest is about 75 1b. Because the typical car weighs
about 2 tons, rolling resistance is about 27 1b
per ton on high-type level pavement.

Air resistance is about zero at 10 mph, 55 Ib
(equal to rolling resistance) at 55 mph, and in-
creases generally as the square of the speed.
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EveraLL, P. F., “The Effect of Road and Traffic
Conditions on Fuel Consumption.” Road Research

Laboratory Report LR 226 (1968) 71 pp.

Six test vehicles varying from a small passenger
car to a 22-ton diesel tractor semi-trailer truck
combination were operated over a 154-mile test
road (1) at normal speeds, (2) at highest prac-
tical speeds, and (3) at speeds designed to maxi-
mize economy. The test road was divided into
154 separate marked-off test sections (0.1 to 3.5
miles in length), each of which had a specific
known speed limit, grade, and cross-section de-
sign. Fuel and time consumption for operation
over each test section at times of light, medium,
and heavy traffic flows were recorded for each
vehicle type for the various traffic flows and for
each of the attempted speed conditions. Un-
fortunately, traffic volumes encountered on the
various road sections are not reported.

It was found that the fuel consumption of
passenger cars is least at a uniform speed of
about 35 mph and is particularly high in low-
speed traffic (10-mph traffic speeds). Fuel con-
sumption on expressway is 10 to 20 percent
less than on rural highways in general. Five-per-
cent grades produce about 14 percent more fuel
consumption (averaged uphill and downhill) than
do level roads.

The fuel consumption of trucks is particularly
affected by grades, being 125 percent greater on
6Va-percent grades (again averaged uphill and
downhill) than on level roads.

PeLENSKY, E., BLUNDEN, W. R., and Munro, R. D,,
“Operating Costs of Cars in Urban Areas.” Proc.,
Fourth Conference, Australian Road Research Board,

Vol. 4, Part 1, pp. 475-504 (1968).

Fuel consumption measurements of a passenger
car at 3,200 1b gross vehicle weight were made on
each of 39 urban routes in Sidney and on each of
8 urban routes in Melbourne. The 47 route sec-
tions for which fuel data were recorded were
typical of urban routes; some were in the central
business districts, some were on major arterials,
and some were on expressways. Sections were
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relatively long (1 to 9 miles in length) and each
incorporated a variety of grades, traffic condi-
tions, and road types. Even on sections identified
as level, there were rates of rise and fall as great
as 4.38.ft per 100 ft. Traffic volumes were not
recorded. Test drivers were instructed to drive
with the traffic.

From the measurements of fuel consumption
made for this study, together with relationships
developed between fuel consumption rates and
urban travel speeds, tables of fuel consumption
for typical English cars in cents per mile are
presented as functions of 'travel speed on urban
routes.

Abrasion is the loss of tread due to friction
between tires and pavement. Abrasion gradually
wears away tire material until a tire tread is too
thin for safety. Tire wear measurements are
measurements of tire abrasion.

Tires wear or abrasion results from stop-go
operations, speed, accelerations, grades (upgrade
and downgrade), and rough surface. Tire wear
on winding mountain roads is about 66 percent
greater than on straight level routes. Surface
wear is least where particles of pavement mate-
rial are rounded and smooth, even though the
surface may be “bumpy” or “lumpy.” However,
on an apparently smooth surface, if particles are

34. OGLESBY, C. H., and ALTENHOFEN, M. J., “Economics
of Design Standards for Low-Volume Rural Roads.”
NCHRP Report 63 (1969) pp. 55-76. 37.

sharp-angled and striated, tire wear will be high
(harsh surface).

“Factors Affecting Tire Mileage.” Commercial Car’].,

Appendix D of this report contains important .

user operating cost data for travel on low-volume
two-lane roads of various widths. Operating costs
of passenger cars when meeting and passing other
vehicles are given in a series of graphs as func-
tions of road widths. As roads of ample width
lead to roads of ever-decreasing width, conflicts
of meeting and passing vehicles become amplified
and result in speed changes and shoulder running
which add to operating costs. All of the effects
that operation on low-volume secondary roads

Vol. 81, No. 2, pp. 120-121 (Apr. 1951).

Truck tire studies in 1950 developed informa-
tion to show that tire wear at a constant speed
of 50 mph is about twice what it would be for
constant-speed operation at 20 mph. Tire wear at
normal speeds on loose gravel surface is ap-
proximately double the tire wear on a good paved
surface at the same speed. These results agree
well with similar tire wear studies conducted for
NCHRP Project 2-5.

38. StECHERT, D. G., and BoLT, T. D., “Evaluation of
Tread Wear.” Analytical Chemistry, Vol. 23, No. 11,
p. 1641 (Nov. 1951).
A technique is presented for measuring the

have on vehicle operating costs are explored.

35. SawniLL, R. B., MarTEsoN, J. H., and HaLr, J. W.,
Vehicle Characteristics of Fuel and Travel Time on
Urban Arterials and Freeways.” Univ. of Wash.

Traffic and Operations Series Research Report No.

144, Seattle (Jun. 1970) 44 pp.

A “before and after” study of fuel and time
consumption rates was conducted on four nearly
parallel arterial routes and a parallel freeway
before the freeway was built (1962) and after the
freeway had been in operation some time (1968).
One set of five test vehicles (a compact, a stan-
dard-type sedan, a pickup truck, a two-axle six-
tire truck, and a diesel tractor-trailer combination
truck) was used in the “before” study. A similar
set was used for the “after” study. Some difficulty
was suffered in calibrating the different “before”
and “after” vehicles.

“Before” and “after” fuel and time consump-
tion values were developed for the operation of
each vehicle in both directions on all test routes
during peak hours and during off-peak hours.

effect on tire wear of road design that is of inter-
est for tire wear cost studies. The technique
was considered for use in NCHRP Project 2-5
but was discarded because assurance of satis-
factory results was lacking.

This technique for tire wear measurement is as
follows: on the basis of 2V4 years of study, it
was established that the log-log graph of tread
depth versus mileage is a straight line. Thus,
it is possible to predict tire mileage to baldness
for a given set of running conditions if tread
depth is measured at two values of travel mileage
during the time mileage is accumulated for the
given conditions. The mileage for total consump-
tion of tire tread .to baldness for these conditions
can be estimated on the basis of a very limited
amount of travel.

A major deterrent to the use of this technique
is the inaccuracy inherent in tread depth measure-
ment.

TIRE WEAR 39. StTiEHLER, R. D., STEEL, M. N., and MANDEL, J.,
“Factors Influencing the Road Wear of Tyres.”
Engineering, Vol. 173, No. 4499, pp. 218-222 (Feb.
15, 1952).

This article deals principally with the chemis-

try of tires—the relative amounts of rubber and

1950-1955

36. SprowLs, G. M., “Impediments to Tire Longevity.”
SAE J., Vol. 58, No. 11, p. 40 (Nov. 1950).
Heat and abrasion are the principal causes of

tire failure. Heat causes a deterioration of tire
material and may lead to a dangerous failure and
probably results in a shortened over-all tire life.

black needed for tire durability. However, the
research developed the following information of
use in operating cost studies:



1. Measurement of tire wear should be made
by tire weight rather than by tread depth.
Laboratory studies show that tread depth de-
creases much more rapidly during the first few
years of life than during the latter years for the
same conditions of use. Weight loss relative to
wear, however, is nearly the same throughout the
life of a tire.

2. The rate of wear of a 6.00 X 16 passenger-
car tire is 0.03 and 0.05 gm per mile at 30 and
50 mph, respectively. This is substantially the
same as that found in NCHRP Project 2-5 for
the 7.50 X 14 tire.

3. For straight normal operation, tire wear on
the rear wheels is much greater than on the front
wheels.

a large cornering force with a relatively small
slip angle.

Tire wear on curves is quite large. For ex-
ample, steering-wheel tires are worn more hy
turning a 90° angle at a certain speed than they
are by three full stop-go cycles at that speed.

The work performed in turning a vehicle is
measured by the area under the curve of corner-
ing forge versus lateral movement and is devel-
oped chiefly under the rear half of the pavement
contact area.

It is interesting to note that at slip angles
greater than about 3° (with normal automobile
loads) cornering force can be more than doubled
with practically no driver effort (loss of driver
feel). Tire wear has little relationship to steering-
wheel torque at greater than 3° of slip angle.
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1956-1960

40. PATTERsoN, P. D., “The Tire on the Road.” Road
International, No. 21, pp. 28-33, 56 (Summer 1956).

43. RIeHL, T. A., “Treadwear Life Down 18 Percent.”
SAE J., Vol. 66, No. 6, p. 56 (June 1958).
The results of tire wear studies conducted by

41.

42.

This is a report on a review of general tire
wear considerations in different countries, alti-
tudes, types of road surfaces, and speeds.

A particular point was made that even when
running conditions do not cause great wear, high
temperature may shorten life of tires by interior
deterioration (where temperature is highest). In
desert areas, for example, tire life is prolonged
by using an extra-thin tread to promote interior
cooling of the tire on the hot sand.

HEersHEY, M. P., “Tire Degradation.” SAE J., Vol.

65, No. 7, p. 85 (July 1957).

Tires deteriorate rapidly at sustained high
speeds because of the elevated temperatures as-
sociated with such speeds. High temperature
causes a degradation of tire rubber, resulting in
chunking and/or essential separation of tire tread
from casing. Such tire temperatures do not
cause appreciable tread wear or weight loss.
Rather, temperature shortens life through tire
deterioration.

A tire with a tread life of 33,000 miles at
60-mph sustained speeds will have a tread life, as
a result of heat degradation, of only 14,000 miles
if a speed of 90 mph is maintained.

GougH, V. E., “Cornering Can Wear Tires
Rapidly.” SAE J., Vol. 66, No. 1, pp. 28-29 (Jan.
1958).

This article describes in detail and with dia-
grams how front-wheel tires wear on curves. A
cornering force that deflects the vehicle into a
curved path is developed by turning the steering
wheels a certain angle (slip angle) beyond the

“direction the wheels are actually moving relative

to the road. The resultant slippage produces the
force needed to turn the car, while greatly ac-
celerating tire wear.

Pneumatic tires are of particular value in
motor-vehicle operation because they can produce

tire manufacturers in 1958 show for 50 mph that
one stop every 5 miles reduces tire life to 50 per-
cent of what it would be at a uniform speed of 50
mph. This agrees with findings of NCHRP Proj-
ect 2-5.

Findings on the effect of constant speeds, age
of car, and tire rubber composition are also
reported in this article.

1961-1965

44. KenNT, M. F., “AASHO Road Test Vehicle Operating
Costs Related to Gross Weight.” HRB Spec. Rep. 73

45.

(1962) pp. 149-165.

Records of rates of fuel and oil consumption,
tire wear, and maintenance were kept for all
vehicles during the operation of the test trucks on
the nearly level AASHO test loops in Ottawa, Ill.,
in 1959. Operations were conducted on two test
loops, each consisting of two parallel straight
roads, several thousand feet in length, connected
at each end by nearly 30° curves about equal in
length to the tangents. The test trucks were
operated at a uniform speed of 35 mph on the
tangents and 25 mph on the loops.

Tire wear costs were found to be 0.05 cents
per tire-mile for the pickup and two-axle six-tire
trucks, and 0.15 cents per tire-mile for the tractor
semi-trailer combinations.

The tire wear rates recorded by Kent approxi-
mate the results obtained in the NCHRP Project
2-5 study for the same conditions.

MERNAGH, L. R., “Tyres at Speed.” Rubber Develop-

ments, Vol. 15, No. 1, pp. 2-5 (1962).

Under laboratory test conditions of constant
load, tire life decreases for all speeds up to 100
mph. Expected tire life at sustained 100-mph
operation is about 15 percent of that for 40-mph
operation.

Heat build-up at high speed shortens tire life.
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46.

47.

48.

A temperature rise to greater than 200° F de-
teriorates tire rubber, thus shortening tire life.
“Tyre Abrasion Testing on the Road.” Rubber

velopments, Vol. 15, No. 4, pp. 102-104 (1962).

Development of a specially constructed trailing
vehicle for measurement of tire wear due to
abrasion is described in this article. Only one
value of tire wear rate is given: a tire operating
continuously at a 1° slip angle will consume
about 1 percent of its useable tire tread each 100
miles. This approximates findings in NCHRP
Project 2-5 for operation on a 1° curve at 60
mph (about a 1° slip angle).

De-

NorpEEN, D. L., and CorTESE, A. D., “Large Differ-
ences in Vehicle Handling.” SAE J., Vol. 71, No. 7,

pp. 83-89 (July 1963).

This article reports on detailed research into
the interplay of forces between motor-vehicle
steering wheels and road surfaces. The pertinent
information developed relative to tire wear study
is a graph showing how wheel load (mormal
force), slip angle, and cornering force (lateral
force at zero camber angle) are interrelated
when a vehicle traverses a curve.

For slip angles of 2° or less, cornering force is
independent of normal force (wheel load). How-
ever, for slip angles greater than 2°, cornering
forces increase with increases in normal force at
an increasing rate.

For tire wear purposes it can be noted that
vehicles having heavy loads will develop the
needed cornering force at a lesser slip angle than
the lighter vehicle. This tends to reduce tire wear
by holding down slip angle. However, this is
offset by the higher cornering force necessary to
change the direction of the greater mass of the
heavier vehicle.

“Tires.” Product Eng., p. 53 (Nov. 23, 1964).

Studies of the Firestone Tire and Rubber Com-
pany show how horsepower loss due to rolling
resistance varies with speed and how cornering
force varies with steering angle. The rolling re-
sistance horsepower loss of conventional tires is
about 0.5 at 10 mph, 2.2 at 50 mph, and 3.9 at
80 mph. The cornering force developed at 1°
turning angle is 160 1b; at 3°, 295 1b; and at 6°,
420 1b.

1966-1970

49. BoNNEY, R. S. P., and StevEns, N. F., “Vehicle
Operating Costs on Bituminous, Gravel and Earth
Roads in East and Central Africa.” Road Research

Laboratory Report 76 (1967) 43 pp.

A study was conducted on selected African
roads to determine the effects of road surface on
the cost of operation for vehicles in regular ser-
vice. Each of the 65 commercial vehicles for

50.

51.

which data were developed in the study (46
buses and 19 trucks) normally operated on a
route with the same road surface type for most
of its length. Road grades were light and ve-
hicle weights were about the same from vehicle
to vehicle.

It was found that operating on a good grade of
gravel surface rather than on a paved bituminous
surface increased tire costs by about 10 percent.
However, operation on an unimproved earth road
resulted in a 50-percent increase in tire costs,
compared to operation on a bituminous surface.

De VINNEY, W. E., “Factors Affecting Tire Trac-

tion.” SAE Trans., Vol. 76, Sec. 3, p. 1649 (1967).

The coefficient of friction between the traction
tires of cars and the pavement they travel on for
various tire conditions, surface types, surface
textures, and operating speeds were studied under
actual operating conditions. The following infor-
mation was developed:

1. The coefficient of friction of new tires drops
off rapidly with increased speed on a given sur-
face, being about 0.20 at 60 mph compared to
0.34 at 20 mph on fine-textured asphalt surfaces.

2. The coefficient of friction is substantially
more for portland cement concrete than for dense
asphalt at all speeds.

3. The coefficient of friction is as much as
eight times as great on coarse-textured surfaces
as on fine-textured surfaces.

4. The coefficient of friction of smooth tires is
low, about 0.10 on good fine-textured surfaces,
and does not change appreciably with speed.

These research results show how friction is
related to road surfaces and speed. Conditions
where friction is low induce traction wheel slip-
page with resultant tire wear, such as that noted
for increasing speeds (up to about 60 mph), and
for operation on asphalt compared to concrete
surfaces.

LownE, R., “The Effect of Road Surface Texture on
Tyre Wear.” Road Research Laboratory Report LR

265 (1969) 19 pp.

An investigation of tire wear as affected by
road surface was conducted by operating an
automobile on various surfaces and measuring
tire wear for operation on each surface through
weight determination before and after each trip.

Specific tire wear rates as a function of surface
type were not given in the report. However, it
was stated that mere lumpiness of surface (such
as that where small rounded pebbles project
through the surface material) had little effect on
tire wear. However, any surface, lumpy or
smooth, doubled or tripled tire wear if the road
surface particles themselves had an abrasive or
scratchy surface.



MAINTENANCE

1950-1960

52. JacksoN, H. R., “Laboratory Testing and Field Wear
Tests Using Radioactive Tracers.” SAE Trans., Vol.

61, pp. 233-236 (1953).

Early research on the wear-resistant character-
istics of cylinders’ bores shows that 1952 pas-
senger-car cylinders wore at the rate of 0.002 in.
per 10,000 miles. Because a wear of 0.016 in.
required an engine overhaul, car engines needed
new rings and overhaul at 80,000 miles. Inter-
vening developments in engine design and oil
composition have greatly reduced this wear rate
(1970).

Jackson also used radioactive top rings to study
the effect on engine wear of adding detergents to
oil. He found that at cylinder jacket temperatures
up to 100° F (such as develop with short hauls,
light loads, and low speed), engine life was three
to four times longer with high-detergent oils than
with low-detergent oils. At high engine tempera-
tures, detergents have little effect on cylinder

55.

take their toll in cylinder wear after prolonged
use of the same oil without change.

PonTIUs, R. L., “Higher Power Output Accentuates
Wear Problems.” SAE J., Vol. 66, No. 7, p. 120

(July 1958).

Observations of the cylinder walls, ring and
piston surfaces, and valve seats of motor-vehicle
engines used in various types of service show that
engine wear is accelerated by each of the follow-
ing:

1. Frequent stop-go operations.’

2. Sustained high speeds (toll-road operation).

3. Heavy engine load (operation on long, steep
grades).

The need for an improved engine oil that would
protect engines against the strain of modern high-
way travel was recognized at this time (1958)
when an engine life comparable to that of over-
all car life was set as a goal of oil research and
engine development. The high cost of engine oil
in 1970 partially reflects the cost of oil improve-
ment to reduce engine wear.

wear. Detergent additives are, therefore, prin- 56.
cipally effective in reducing corrosion in cylinders.

53. Kung, J. F.,, MCARTHUR, D. S., and Moopy, L. S.,
“How Engines Wear.” SAE Trans., Vol. 61, pp. 221-

RosBiNs, B. A., PinotTI, P. L., and JoNEs, D. R,,

“Radiotracers Measure Wear Effects of Fuel Varia-

bles”. SAE J., Vol. 67, No. 10, p. 64 (Oct. 1959).
The research reported in this study shows that

54.

223 (1953).

This article reports on an extensive study of
the cylinder wear of 1952 model cars. It was
found that corrosion caused the most wear for
low-temperature operation (less than 100° F
jacket temperatures) and abrasion for high-tem-
perature operation. Low-temperature operation
is typical of short trips, cold-weather operation,
and low speed. High temperatures are associated
with toll-road or expressway speeds.

At present (1970), improved cylinder mate-
rials, ring designs, and oil composition have
greatly reduced the effects of corrosion as a factor
in engine wear. Furthermore, improved oil and
air filters now minimize abrasive wear by keeping
abrasive particles out of the engine.

JacksoN, H. R., “Why Does Your Car Wear Out.”

SAE Preprint No. 57, pp. 1-6 (1957).

This article reports on an extensive study of
the effects of air temperature and mileage be-
tween oil changes on passenger-car engine cylin-
der wear for certain oils and engine designs.

Graphs are presented that show cylinder wear
to be much greater at low ambient air tempera-
tures than at temperatures greater than 50° F to
60° F, and that cylinder wear is greatest just
before oil changes. This demonstrates the effect
of the corrosion that takes place in engines before
they are heated up to a suitable temperature. It
also shows that accumulations of abrasives in oil

57.

diesel-engine cylinder wear is largely unaffected
either by engine forces (brake mean effective
pressure) or by engine speed (rpm). This re-
search covers only diesel engines, but the results
also apply generally to gasoline engines.

“Line-Haul Vehicle Repair and Servicing Costs.”
Commercial Car J., Vol. 100, No. 4, p. 106 (Dec.

1960).

The costs of maintaining component operating
parts of line-haul trucks in inter-city service
were developed from a broad survey of truck
repair costs in the United States. The average
costs nationwide (in cents per mile) of main-
taining truck parts are as follows: engine, 0.40;
electrical system, 0.14; transmission, 0.14; dif-
ferential, 0.12; clutch, 0.10; brakes, 0.08; cooling
system, 0.08; lubrication system (o0il pump),
0.08; fuel system (fuel pump), 0.07; and rear
axle, 0.02. The total is 1.23 cents per vehicle-
mile. This agrees well with similar information
developed for the passenger car and pickup truck
in NCHRP Project 2-5—1.15 cents per vehicle-
mile for the passenger car and 1.42 cents per
vehicle-mile for the pickup truck.

However, the line-haul repair costs reported
here are less than the repair costs published in
certain other articles (such as Stevens’ “Line-Haul
Trucking Costs Upgraded, 1964,” for example)
which include total vehicle repair costs—not just
those affected by vehicle operation.
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1961-1970

58. BoNNEY, R. S. P, and SteVENs, N. F., “Vehicle
Operating Costs on Bituminous, Gravel and Earth
Roads in East and Central Africa.” Road Research

engine parts, and erodes cylinder walls. Major
engine overhauls will be necessary if sludge for-
mation is not controlled through frequent oil
changes.

59.

Laboratory Report 76 (1967) 43 pp.

A study was conducted on selected African
roads to determine the effects of road surface on
the cost of operation for vehicles in regular
service. Each of the 65 commercial vehicles for
which data were developed in the study (46
buses and 19 trucks) normally operated on a
route with the same road surface type for most
of its length. Road grades were light and vehicle
weights were about the same from vehicle to
vehicle.

It was found that operating on a good grade of
gravel surface rather than on a paved bituminous
surface increased maintenance costs by 100 per-
cent. Operation on unimproved earth roads re-
sulted in a 500-percent increase in maintenance
costs.

Truck Costs, A Comparison of Private Ownership and
Full-Service Leasing. Univ. Research Center, Chicago

(1968) 41 pp.

An investigation of the operating costs of more
than 7,000 trucks owned and operated by more
than 1,300 companies was carried out to establish
both the fixed and variable costs of typical two-
axle six-tire trucks and tractor semi-trailer com-
binations.

Good data on truck maintenance and oil con-
sumption costs are presented in tabular form for
easy reference.

OIL CONSUMPTION

1950-1960

61.

Sludge is formed principally through low-speed
operation, frequent short trips, stop-go operations;
and other vehicle operations that do not develop
adequate engine temperatures. A particularly
serious sludge condition problem arises when a
vehicle operates at low speed (low temperature)
long enough for a soft sludge to be formed and
this situation is followed by operation at high
speed (high temperatures) when sludge becomes
baked on sensitive engine parts.

LANE, P. S., “Controlling Oil Consumption in Pas-
senger Cars.” SAE J., Vol. 58, No. 11, p. 18 (Nov.

1950).

This article, prepared on the basis of engine
designs and oil compositions used in 1950, notes
that at high speed oil consumption increases dra-
matically, partly because of higher crankcase
pressure and partly because of oil thinning at the
high temperatures associated with high speed.
Considerable oil is also lost at high temperature
due to vaporization. In 1950 the average car
consumed about 1.25 qt of oil per 1,000 miles at
30 mph and 2.50 qt per 1,000 miles at 60 mph.

Improved engine designs and materials and oil
additives have greatly reduced oil consumption
rates from those of 1950. However, the research
results of the early oil consumption studies are
useful today in showing how oil consumption
tends to react both to engine conditions and to
types of vehicle operations. Engines with worn
cylinder bores and/or oils with additives burned
out with excessive use will consume oil much
like the cars of 1950.

62. FRASER, D., KLINGEL, A. R., and Tura, R. C., “Fric-
tion and Combustion Characteristics of Motor Oils.”
Industrial and Eng. Chemistry, Vol. 45, No. 10, pp.

60. Georal, C. W., Motor Oils and Lubrication. Reinhold,
pp- 276-309 (1950).
Oil consumption of automotive engines results

from worn engine condition, high vehicle running
speeds, and high engine temperatures. The prin-
cipal elements of engine wear that allow leakage
are (1) worn ring grooves, (2) loss of tension or
freedom of movement in rings, (3) worn and/or
eroded cylinder walls, (4) worn valve guides,
(5) worn or loose bearings, (6) leaking gaskets,
and (7) leaks in the diaphragm of the fuel
pump. High vehicle speeds throw excessive oil
against cylinder walls and reduce opportunities
for oil to drain from cylinder walls. High engine
temperatures (resulting from the imposition of
heavy engine loads) cause a thinning or loss of
viscosity in oil, permitting oil to escape more
easily around pistons.

Engine oil consumption through deterioration
results from the formation and disposition of col-
lected impurities or sludge. Sludge plugs oil pas-
sages, causes valve and ring sticking, lowers en-
gine efficiency, forms deposits on gears and other

2336-2342 (Oct. 1953).

This article reports on a thorough investigation
of the advantages of using polymers in motor oils
to reduce friction. All good oils now have poly-
mers, so the principal results of the study are not
applicable to road user cost studies.

However, useful information is provided on the
increase in engine friction associated with higher
temperatures and the relationship of engine speed
to engine friction.

1961-1970

63.

STtaRKMAN, E. S., “A Radioactive Tracer Study of
Lubricating Oil Consumption.” SAE Trans., Vol. 69,

pp. 86-90 (1961).

The oil consumption characteristics of a gaso-
line engine were examined by introducing a
radioactive substance (tritium) into the engine
oil and observing the level of radioactivity of the
exhaust, crankcase breather, and blow-by gases.



64.

65.

It was found that oil consumption rates in
gallons per hour of operation increased with both
engine load and engine speed. The oil consump-
tion rate at full load is approximately double that
at half load for the middle range of normal engine
speed. At full load it is about 50 percent greater
at normal rates of engine speed as compared to
that for minimum full-load engine speeds. Oil
consumption is definitely a function of piston
travel.

KaLmwowskl, M. L., and AssocCIATES, “When Should
Oil be Changed.” SAE J., Vol. 70, No. 3, p. 73 (Mar.

1962).

This report describes specific engine designs
that minimize oil contamination and identifies oil
characteristics for maximum drain periods. Oil
should be changed regardless of mileage before
detergent additive has been depleted by 75 per-
cent. Because mileage rate of detergency loss
varies with engine design (location of baffle plates
to keep oil from hot spots, for example), engine
manufacturer’s recommendations for maximum
oil drain periods should be followed.

KenNT, M. F., “AASHO Road Test Vehicle Operating
Costs Related to Gross Weight.” HRB Spe. Rep. 73

(1962) pp. 149-165.

67.

Engine temperatures at low speed and for short
trips do not rise high enough to burn off the
binders that permit sludge to form.

Use of an oil with an additive dispersant to
offset action of the binders greatly reduces sludge
formation. However, such oil additives are slowly
lost out of oil, and the oil must be regularly re-
placed if the anti-sludge formation effect is to be
maintained.

81

BaME, J. L., and Coon, J. S., “Performance of Multi-
grade Oils in Heavy-Duty Diesel and Gasoline En-
gines.” SAE Trans., Vol. 76, Sec. 4, p. 3248 (1967).

This article describes the effects that diesel
truck operation has on oil consumption. Diesel
trucks do not develop much sludge or water in
the lubricating oil for low-speed, stop-go opera-
tions, as is the case for gasoline engines. How-
ever, excessive amounts of soot (unburned diesel
oil) do accumulate in the oil. The net effect is
that in both diesel and gasoline engines contami-
nants accumulate in the oil at low-speed stop-go
short-haul operations.

Diesels in long-haul operations burn off con-
taminants at normal running speeds on long hauls
—customarily averaging about 17,000 miles be-
tween oil changes.

BoNNEY, R. S. P, and STEvVENs, N. F., “Vehicle
Operating Costs on Bituminous, Gravel and Earth
Roads in East and Central Africa.” Road Research

Records of rates of fuel and oil consumption, 68.
tire wear, and maintenance were kept for all ve-

66.

hicles during the operation of the test trucks on
the nearly level AASHO test loops in Ottawa, Ill.,
in 1959. Operations were conducted on two test
loops, each consisting of two parallel straight
roads, several thousand feet in length, connected
at each end by nearly 30° curves about equal in
length to the tangents. The test vehicles were
operated at a uniform speed of 35 mph on the
tangents and at 25 mph on the loops.

The oil-added rates expressed in quarts per
1,000 miles were found to be 0.51 for the pickup,
0.30 for the two-axle six-tire truck, and 0.13 for
the 40,000- and 50,000-Ib combination vehicles.
These results are similar to those found for
NCHRP Project 2-5.

DiMITROFF, E., and QUILLIAN, J., “Low Temperature
Engine Sludge—What, Where, How.” SAE Trans.,

Vol. 75, p. 55 (1966).

Sludge is formed in engines operating at low
temperatures, such as for short trips of up to
about 5 miles in length and/or for frequent stops
and slow driving. This sludge contains oxygen
and salts that corrode and eventually ruin interior
engine surfaces.

Sludge is formed of insolubles in engine oil
caused by liquid oxidation products, salts, and
polymerized organic compounds. These form
sludge binders that make it possible for inorganic
substances (sulphur, carbonyls, inorganic salts,
and water) to be deposited as sludge. Essentially,
sludge is made up of acidic water, oxidized car-
bons, and unburned fuel.

Laboratory Report 76 (1967) 43 pp.

Operation on a good grade of gravel surface
rather than on a paved surface had little effect on
oil consumption. However, operation on an un-
improved earth surface resulted in a 50-percent
increase in oil use.

MISCELLANEOUS

1950-1970

69. Grazg, C. K., and VAN MIEGHAN, G., “Washington
Motor Vehicle Operating Cost Survey.” Proc. HRB

(1957) Vol. 36, pp. 51-60. .

Information on average over-all motor-vehicle
running costs, as well as on all other vehicle costs,
were obtained for representative vehicle types in
the State of Washington by directly interviewing
vehicle owners and operators. Appropriate sam-
ples of vehicle owners and operators were con-
tacted and their records of motor-vehicle expense
were reviewed. Average over-all costs in cents
per mile for gasoline and oil consumption, tire
wear, maintenance, and depreciation, as well as
for all non-running items of expense, are pre-
sented in tabular and graphical form.

Of particular interest are passenger-car main-
tenance costs. These were reported as 1.69 cents
per mile; in NCHRP Project 2-5 they were re-
ported as 1.15 cents per mile. The discrepancy
stems from the inclusion of all car maintenance
costs (even body hardware repairs) in the Wash-
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70.

71.

72.

ington State value, whereas only maintenance
costs of items affected by vehicle operation are
included in the NCHRP Project 2-5 value.

STEVENS, H., “Line-Haul Trucking Costs Upgraded,
1964.” Hwy. Res. Record No. 127 (1966) pp. 1-21.

This report provides average over-all line-haul
truck operating costs in cents per vehicle-mile for
fuel consumption, oil consumption, tire wear, and
depreciation, as well as for driver wages for both
gasoline and diesel truck combinations at price
levels applicable in 1964 (trucks in normal operat-
ing service).

CopEg, E. L, and LisToN, L. L., Automobile Operating
Costs. Federal Highway Administration (Jan. 1968)

9 pp.

The average costs of passenger-car ownership
in cents per mile were computed, assuming a car
purchased for $2,806 in May 1967 is kept 10
years and operated a total of 100,000 miles. The
average costs in cents per mile were estimated to
be as follows: fuel, 1.50; oil, 0.23; tires, 0.23;
grease, 0.08; maintenance, 1.76; depreciation,
2.81; insurance, 1.42; and other (garaging, etc.),
1.80. This is a total of 9.83 cents per mile.

PELENSKY, E., BLUNDEN, W. R., and MuUNRo, R. D,,
“Operating Costs of Cars in Urban Areas.” Proc.,
Fourth Conference, Australian Road Research Board,

Vol. 4, Part 1, pp. 475-504 (1968).

Operating costs for other than fuel consumption
were obtained from a sample of 80 Public Works
Department cars that were operated only in urban
areas. Department records of repairs and depre-
ciation were used to evaluate maintenance, tire,
and depreciation costs of passenger cars. From
these records non-fuel operating costs could be
related to fuel consumption rates in such a way
that, given vehicle fuel consumption rates on
urban streets, total operating costs could be
roughly estimated.

From the measurements of fuel consumption
made for this study, together with relationships
developed between fuel consumption rates and
urban travel speeds, tables of fuel consumption
rates for typical English cars in cents per mile are
presented as functions of travel speed in urban
areas. From the relationship of fuel consumption
and operating costs described previously, tables of
operating costs as functions of urban travel speed
were also developed and presented in a series of
tables. ’

SPECIAL
1950-1970

73. Road User Benefit Analysis for Highway Improve-
ment. American Association of State’ Highway Offi-

cials (1960) 151 pp.

74.

75.

76.

Motor-vehicle operating cost data from re-
search conducted prior to 1950 were used to de-
velop graphs and tables of vehicle running costs
in relation to road design for highway economy
analyses. However, the supporting data of this
work were obtained between 1930 and 1950 for
the road and vehicle conditions of that period and
are of limited value today. The format for pres-
entation of running cost data for road user cost
studies and the techniques of applying these data
for economy analyses given in this publication,
however, are still worthy of careful consideration.

“Supplementary Report of the Highway Cost Alloca-
tion Study.” House Document No. 124, 89th Cong.,

1st Sess. (1965) pp. 53-55 and 212-290.

Information developed for the Federal High-
way Cost Allocation Study on the average distri-
bution of passenger cars, pickup trucks, two-axle
six-tire trucks, and tractor semi-trailer trucks on
the various highway systems of the United States
is given on pages 53 to S5.

Certain operating cost values accumulated for
the Differential Benefit Study are given; this in-
cludes information on the relative use of fuel by
gasoline and diesel trucks on page 216 and acci-
dent cost data on pages 220 and 229.

DE WEILLE, J., Quantification of Road User Savings.
International Bank for Reconstruction and Develop-

ment (1966) 93 pp.

Important information on road user operating
costs from many sources has been compiled in
this book in a form readily useable for highway
economy studies. The material on pages 59 to 67
dealing with the evaluation of depreciation for
vehicle operating cost analysis is particularly
valuable.

WINFREY, R., Economic Analysis for Highways.

ternational Textbook Co., Scranton, Pa. (1969)
pp. :

This book contains excellent material on motor-
vehicle operating costs in a form for maximum
utility in highway economy studies. It reflects the
latest research information available on road user

_costs in relation to highway design as of 1969.

Chapters 12, 13, and 14, covering vehicle per-
formance, operating cost factors, and running
cost values, respectively, provide a broad cover-
age of current information on vehicle costs.
Tables of specific costs for fuel, oil, maintenance,
tire wear, and depreciation for various road de-
signs and vehicle operations appear in Appen-
dix A.

Chapter 14 gives a comprehensive explanation
of the place of accident costs in user cost studies
and identifies the specific relationships that exist
between road designs and accident costs as these
are known in 1969.

In-
923



APPENDIX F
SPECIAL PROJECTS

Several special projects were carried out in connection with
the activities of NCHRP Projects 2-5 and 2-7. The primary
objectives of these special projects were development of
the equipment needed to achieve over-all project goals and
determination of the effects that certain operating maneu-
vers have on operating costs. In addition, a special project
was carried out to determine the effect that road design
has on vehicle accident costs insofar as this is possible
using research data available in public references.

Two items of specialized equipment were required to
achieve over-all project objectives: a fuelmeter capable of
measuring fuel consumption with acceptable service char-
acteristics as well as suitable accuracy capability, and a
reasonably convenient device for making highly precise
tire wear measurements. Because this equipment was of
fundamental importance to the study, special projects to
determine the most suitable fuelmeter (Special Project 1)
and the best means of measuring tire wear (Special Project
2) were carried out before any field studies were under-
taken.

Speed changes have a definite effect on fuel consumption.
Special Projects 3 and 4 were conducted to determine how
speed changes affect fuel consumption for particular situa-
tions. In Special Project 3 the effects that the speed
changes associated with passing maneuvers have on fuel
consumption were investigated. In Special Project 4 the
effects that speed changes have on fuel consumption for
operation on grades were studied. Special Project 5 was a
limited investigation of the effects that road design and
traffic conditions have on motor-vehicle accident costs.

SPECIAL PROJECT 1—DEVELOPMENT OF EQUIPMENT FOR
THE MEASUREMENT OF VEHICLE FUEL CONSUMPTION

Fuelmeter Requirements

An accurate and dependable fuelmeter capable of making
precise measurements of the fuel consumption of both
gasoline and diesel engines for broad ranges of tempera-
ture, flow rate, and operating conditions was a prerequisite
for the large-scale investigations of vehicle fuel consump-
tion contemplated in the study of motor-vehicle operating
costs. A high degree of precision was necessary to detect
differences in fuel consumption arising from variations in
road design elements such as the difference in fuel con-
sumed on a curved instead of a straight road section of
identical length, gradient, and surface condition. The
meter had to be highly dependable, essentially immune to
capricious failure in the field, in order that every advantage
could be taken of all opportunities afforded by weather
conditions and vehicle and test-site availability to make
fuel measurements. Accuracy, particularly avoidance of
erroneous readings, was of paramount importance because
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the magnitude of the over-all test program precluded the
making of more than two or three repetitions of individual
test operations. The meter had to function properly for
air temperatures from —20° F to +100° F because test
readings would be taken for operation at temperatures
throughout this range. It had to handle flow rates.varying
from those associated with the idling of a small automobile
to those encountered in operating a 50,000-1b truck up a
10-percent grade at maximum speed. Finally, the meter
had to operate regardless of how or where the vehicle was
being operated, including sudden start-stop operations and
operations on sharp curves and on rough road surfaces.

Need for Development of a New Fuelmeter

It was necessary to develop an entirely new fuelmeter for
this investigation because the meters available at the time
the project activities were initiated (1963) did not meet
the requirements noted previously. Test operations had
been attempted earlier (1959) with the FM200 fuelmeter
developed by the University of Washington, the British-
developed Petrometa, a fuelmeter developed by the Ford
Motor Company, and the meter produced by the Service
Manufacturing Company. Although each of these devices
functioned satisfactorily under certain conditions, all failed
to provide the service characteristics needed for the operat-
ing cost study. Each of these meters was of the volumetric-
displacement type and depended on a small cylinder filling
and emptying fuel in accordance with demand. These
cylinders, with piston or diaphragm movements, were very
sensitive to temperature conditions. For example, at air
temperatures greater than 80° F it was necessary to pack
ice about moving parts of the Ford meter in an attempt to
keep it functioning. Service availability of the FM200
fuelmeter depended heavily on maintenance of air at a
definite pressure and on the condition of certain “O” rings
that were not commercially available. The Petrometa
tended to stop functioning after constant use of 1 to 2 hr,
probably because of piston expansion from friction-induced
heat. The Service Company’s fuelmeter suffered from lack
of precision because it was designed to read only to the
nearest %o of a gallon.

In addition to operation of these four fuelmeters under
actual test conditions, a fifth meter, developed by General
Motors, was observed in operation at the company’s
Warren, Mich., Proving Grounds. This meter depends for
its operation on fuel discharging from one side of a “U”
tube to the other on demand and did not provide the level
of precision needed for the operating cost study.

Finally, to ensure that no suitable fuelmeter was over-
looked, a questionnaire was sent to 52 persons throughout
the world, who are well known for their interest in motor-
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vehicle operating cost studies, asking for suggestions as to
the best fuelmeter to use for a large-scale operating cost
study. Although all questionnaires were returned, no fuel-
meters other than those discussed previously were sug-
gested.

Development of the New Fuelmeter

A new fuelmeter was developed for the operating cost study
by Dr. J. C. Michalowicz, Head of the Electrical Engineer-
ing Department at Catholic University, Washington, D.C.
It is basically a three-tube buret-type meter with the posi-
tion of the fuel surface in each tube (identified by an
opaque float) monitored by photoconductive cells. FElec-
trically operated valves controlled the filling and emptying
of the tubes, and an electrically operated counter noted
each 4 cu cm of fuel delivered from the buret tubes to the
engine. The photoconductive cells, the valves, and the
counter were interconnected electrically to function con-
tinuously without any action by the observer other than
to record fuel consumption in units of 4 cu cm, as displayed
by the counter. The meter and its component parts are
described in NCHRP Report 13.

In addition fo the electronic fuelmeter, a companion
device to be used with the fuelmeter for the measurement
of the fuel consumption of diesel engines was also devel-
oped. The fuel system of a diesel engine differs radically
from that of a gasoline engine. Where all fuel delivered to
the gasoline engine is consumed in the cylinders, only a
portion of the diesel fuel delivered to the diesel engine is
consumed in the cylinders, with the remainder recircu-
lating back to the fuel tank. The device developed for
handling this problem in diesel-fuel-consumption measure-
ments consists of a common reservoir accepting diesel fuel
both from the vehicle’s fuel tank (after passing through
the electronic fuelmeter) and from the recirculating fuel
line, and discharging fuel to the engine. A float on the
reservoir fuel surface maintains a constant surface level
by interrupting a light beam to a photoconductive cell set
at the proper surface level. The cell is connected electri-
cally to the filling valve controlling the fuel from the vehi-
cle’s fuel tank that has passed through the fuelmeter and has
been measured. Thus, the electronic fuelmeter in this case
measures only new fuel coming from the vehicle’s fuel tank
and feeding into the complex of the engine and the re-
circulating fuel lines.

Both the electronic fuelmeter and the companion device
for handling the recirculating fuel of the diesel engine
were fully developed as part of NCHRP Projects 2-5 and
2-7. It was necessary both to build the component parts
of these devices and to assemble the components into
properly functioning units. In addition, many hours of
research were expended in testing and evaluating the suit-
ability of materials, fuel-line layouts, and electrical circuitry
to ensure that the meter would provide all the service
characteristics identified previously as needed for a fuel-
meter to be used in the operating cost study.

One example of the time-consuming research involved
in developing a new and sophisticated fuelmeter is the
extensive research involved in selecting material for the
buret floats. Each float had to float almost submerged in

gasoline, be completely opaque, be impervious to gasoline,
and have an outside diameter only slightly less than the
inside diameter of the buret tubes. It was only after trying
more than 15 materials that a satisfactory float (consisting
of a section of plastic tubing with a cork insert) was
discovered.

Two electronic fuelmeters were constructed for NCHRP
Projects 2-5 and 2-7; these were identical in all basic
design concepts but exhibited superficial differences, prin-
cipally in over-all size and convenience of component
arrangement. The first meter (essentially an experimental
model) measured nearly 3 ft in height and 18 in. by 12 in.
in plan; it consisted of three items: (1) buret tubes with
valves and photoconductive cells, (2) the stepper switch
box, and (3) the programmer box. This meter can be
mounted in an automobile only with difficulty by removing
the front seat and substituting a bucket seat on the driver’s
side. Its size and unwieldy shape make it impractical
for use in the cab of a truck, although it can be used
satisfactorily in a bus.

The second meter, however, is a small compact unit
(11 in. high, 18 in. long, and 11 in. wide) with all com-
ponent parts in a single chassis. It can be placed on the
floor of the front seat of any vehicle (including a small
car, such as the Volkswagen) or on the front seat next
to the driver, if more convenient. This meter is equipped
with a separate control panel that can be placed on the
seat next to the driver, regardless of where the meter is
placed, and operated by the driver without assistance.
Pressing one switch button starts the meter counting,
pressing another stops the count, and pressing a third
zeros the counter. Fuel can be directed through the fuel-
meter or through a bypass line by flipping a switch handle.

. With this equipment, test operations can be conducted by

the driver with no one else in the test vehicle.

Capability of the Electronic Fuelmeter

The electronic fuelmeter has adequate precision for motor-
vehicle operating cost studies. It counts 923 times per gal-
lon of fuel consumed (each unit count measures 0.001082
gal of fuel). Even under conditions of very low fuel con-
sumption (a Volkswagen operating at 30 mph on a level
paved road, for example), a reasonable count of fuel con-
sumption can be detected—25 counts per mile for the
Volkswagen in the example. For heavier vehicles, speeds
other than 30 mph, speed changes, and grade, curve, or
rough-surface operations, fuel consumption is higher. In
general, a test section of 2,000 to 2,500 ft is long enough
for most fuel consumption measurements. Test sections of
this length are relatively easy to find.

The dependability of the electronic fuelmeter has been
demonstrated in actual service as a research instrument
during the 6 years it has been available. It has been used
intensively during the warm-weather months, and less in-
tensively during the rest of the year, for each of the 6 years.
Normal shop maintenance is limited to one overhaul per
year; this involves replacing some photoconductive cells,
replacing electronic tubes, and checking the operation of



the electrically operated valves and stepper switch. Field
maintenance is limited to the occasional realignment of
photoconductive cells—a simple procedure. Except for
shop maintenance once a year and the vccasional realign-
ment of the cells in the ficld, the meter has been continu-
ously available for service during the operating cost study
period, 1964-1969. :

The accuracy of the meter stems from basic concepts
featured in its design. Fuel flows from the buret tube to
the vehicle’s engine, with the float passing fixed counting
points (location of the photoconductive cells.) Because
these count points are rigidly fixed in position, the amount
of fuel measured per unit count is always exactly the same.
This has been attested to by the annual calibration checks
of fuel measured per count, which always shows the same
result. Furthermore, if one of the photoconductive cells
fails to function, the meter will stop completely rather than
continue, giving erroneous results. The stepper switch and
associated electrical circuitry are so designed that a count
will not be registered for any cell unless the preceding cell
has counted. Thus, the researcher using the meter is abso-
lutely assured that fuelmeter readings are accurate.

The meter has been used without difficulty to obtain fuel
consumption data for the following extreme environmental
and operating conditions: (1) temperatures of —20° F
and +101° F, (2) fuel flow rates of 0.005 gal per minute
(idling Volkswagen) and 0.130 gal per minute (50,000-
Ib truck on a 10-percent grade), and (3) sudden stops
at 40 mph on rough gravel roads. The operation of the
electronic fuelmeter is essentially unaffected by the tem-
perature ranges, fuel flow rates, and vehicle accelerations
encountered in highway motor-vehicle operations.

SPECIAL PROJECT 2—INVESTIGATION OF DEVICES FOR
THE MEASUREMENT OF TIRE WEAR

Requirements of Tire Wear Measuring Devices

A highly precise, yet convenient to use, means of measur-
ing tire wear was needed for a full determination of the
effect of road design on tire wear. A high degree of pre-
cision is necessary to measure tire wear over the relatively
short distances associated with certain road design ele-
ments. For example, the measurement of tire wear on
curves flatter than about 10° cannot be made on full circles
because few, if any, such circles exist. For these flat curves,
the effect of the curvature on tire wear can be determined
only if tire wear can be measured for operation on a por-
tion of a circle, a distance of less than 4,000 ft in the case
of the 10° curve. Only an extremely precise means of
measurement will detect the minute trace of passenger-car
tire worn away in this short distance—less than 0.05 gm
for most road designs.

Convenience of use is also an important consideration in
connection with the suitability of a means of measuring
tire wear. Because tire wear investigations are conducted
on operating highways, often far from the laboratory, cum-
bersome and complex measuring equipment for direct
evaluation of tire wear in the field is not acceptable.
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Need for Investigating New Devices for
Tire Wear Measurement

To achieve fully the objectives of the operating cost study,
there was a definite need for investigating any and all
promising avenues that might lead to development of an
improved means of measuring tire wear. The two existing
means of tire wear determination, weighing and tread
depth measurement, do not provide the precision necessary
for an evaluation of the effect of grades and flat curves on
tire wear. Tire wear can be determined by weight to the
nearest 0.1 gm for passenger-car tires and to the nearest
gram for truck tires. Tire wear for both passenger .cars
and trucks can be accurately determined by tread depth
measurement only to the nearest 0.001 in. Neither of these
means can be used for determination of tire wear on curves
flatter than those of about 10°, or on grades, because of the

limited lengths of test sections available.

A questionnaire sent to 52 persons well-known for their
interest in motor-vehicle operating cost studies included an
inquiry as to the best method of measuring tire wear. All
of the questionnaires were returned with the inquiry an-
swered. However, no mention was made of any method of
tire wear measurement other than weighing and tread depth
measurement.

Investigation of a Radioisotope Technique for
Measuring Tire Wear

One possible method of making highly precise measure-
ments of tire wear that had not been explored by others
was based on the use of radioisotopes. It was speculated
that a radioisotope source placed on the inner surface of
the tire casing would display radioactivity on the tire tread
surface in proportion to tire thickness. The difference in
radioactivity on the tire tread surface before and after a test
run could be detected by a Geiger counter and converted
to a measure of tire tread wear. This method of measuring
tire wear precisely seemed to offer considerable promise
because it was already used routinely in industry to mea-
sure the thickness of sheets of paper, aluminum, copper,
and other materials.

Dr. D. C. Braungart and Dr. F. A. Biberstein of Catholic
University in Washington, D.C., made an intensive study
of the radioisotope technique for measuring tire wear dur-
ing the summer of 1964 as part of the research effort of
NCHRP Projects 2-5 and 2-7. They tried many different
types of radioisotopes, numerous methods of applying the
radioisotopes to the tire, and a variety of detection tech-
niques. The precision and accuracy of tire wear measure-
ments obtained through the use of the radioisotope mate-
rials was determined for known tire tread thickness for a
broad range of test conditions.

The investigators established optimum procedural de-
tails for applying the radioisotope technique for tire wear
measurements:

1. The best available radioisotope is a high-energy beta
emitter (2.25 mev), yttrium-90.

2. The best method of inserting the radioisotope in the
tire is in a shallow hole drilled into the inside of the tire
casing at a depth dependent on the density of the tire
rubber.
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3. The best equipment for detecting surface radioactivity
is a D-57 Geiger-Muller detecting tube combined with a
Nuclear-Chicago Model 186 scaler.

However, the principal conclusion of their study was
that the radioisotope technique was basically unsatisfactory
for making precise tire wear measurements for two reasons:

1. As tire surface wears away, its surface response to the
emission of radioactivity varies in such a way as to cause
a distortion in the resultant measurements based on radio-
activity variations.

2. The procedural details are very difficult to apply in
practical field studies. The technique is generally restricted
to laboratory experimental study at present.

Tire Wear Measuring Technique Selected for
Operating Cost Study

The end result of the investigation of devices for tire wear
measurement, including the investigation of the radioiso-
tope technique, was that the most precise, yet convenient,
method of measuring tire wear for operating cost studies
was by means of weight determination. Accordingly, two
precision scales were acquired for the tire wear studies of
NCHRP Projects 2-5 and 2-7—one for passenger-car tires
and one for truck tires. The scales for weighing passenger-
car tires were manufactured by the Henry Troemmer
Company and were capable of weighing up to 68 Ib to
the nearest 0.1 gm. The scales for measuring truck tire
weights were Howe scales, which are able to weigh up to
300 Ib to the nearest gram. Passenger-car tires were
weighed off the rim; truck tires were weighed on the rim
at a given tire pressure.

There were limitations imposed on the study of the effect
of road and traffic conditions on tire wear due to the neces-
sity of relying on weight determination for tire wear deter-
mination. These were that only the effects on tire wear of
speed, road surface, stop-and-go operations, and curvature
sharper than 10° could be measured. The effects of tire
wear of grades and curves of 10° or flatter could not be
measured.

SPECIAL PROJECT 3—DETERMINATION OF THE EXCESS
FUEL CONSUMED BY A PASSENGER CAR DURING PASSING
MANEUVERS

Information on the amount of excess fuel consumed by
highway vehicles in passing one another is helpful in con-
nection with the determination of motor-vehicle running
costs on roads where passing maneuvers are prominent
features of vehicle operation. In most cases, passing is im-
portant as a factor in highway user cost estimation only
when a route carries a moderately heavy traffic flow relative
to its capacity. In situations where traffic volume flows are
great enough to approach or exceed route capacity, conges-
tion conditions govern, and the pattern of speed changes
associated with the interaction of vehicles with one another
becomes the overriding traffic factor affecting fuel con-
sumption, rather than the completion of individual passing
operations. Conversely, when traffic volumes are slight,
passing maneuvers occur only infrequently, if at all, and
the excess fuel consumption involved does not materially

contribute to over-all motor-vehicle operating cost. When
traffic volume falls in the intermediate range of traffic vol-
umes for a given route, whether two or more lanes, the
fuel consumption for the normal passings that will take
place to bring vehicle positions in a traffic lane or among
traffic lanes into harmony with desired speed is an impor-
tant element of operating cost.

The effect of passing on the fuel consumption of one type
of vehicle, the passenger car, is of particular importance
in motor-vehicle operating cost studies. The great number
of cars on the highways (compared to trucks and buses)
and their superior passing ability accounts in part for this
importance. However, the principal reason that passing
maneuvers stand out prominently in passenger-car opera-
tions is the competition that takes place among passenger-
car drivers to hold and maintain favorable positions in
traffic streams relative to their desired speeds. It often hap-
pens, for example, that two passenger cars moving at about
the same speed will pass and re-pass each other several
times in an attempt to hold a lane position, with the road
ahead clear.

Data on the excess fuel consumption for passing opera-
tions for individual vehicles can be used to estimate the
total excess fuel consumed per mile of road for passings
when traffic volumes, vehicle speeds, and the frequency of
passings are known. This assumes that data are available
on the percentage of users wishing to travel in each of
several ranges of travel speed, and on the number of pass-
ing maneuvers that are possible and which can be expected
for these vehicles to be positioned on the route in accor-
dance with desired speeds. The total excess fuel for pass-
ings, in addition to the fuel consumption for operation at
uniform speeds, can be calculated as the sum of the prod-
ucts of the number of passings predicted for the users in
each speed range and the excess passing fuel consumption
determined for the corresponding mean operating speed in
each range.

Research Procedure

The excess fuel consumed by a passenger car for passing
operations at a given operating speed was determined as
the difference between the fuel consumed (1) when passing
a second vehicle, and (2) when proceeding at steady speed
over a test section of given length. All measurements were
made on a 1,680-ft test course on a straight section of four-
lane divided roadway having a uniform grade of 0.5 per-
cent in one direction. The test vehicle, a 1964 Chevrolet
sedan, was first operated for a series of test runs at constant
speeds in each direction at each of the five test speeds
selected for the study (25, 30, 35, 40, and 45 mph) in
order to establish fuel consumption rates when no passings
are involved. These test runs were repeated with the test
vehicle following a second car operated at the given test
speeds and executing a passing maneuver around the sec-
ond car within the limits of the test section on each trip.
The effects of all factors that might distort fuel con-
sumption measurements (changes in weather and traffic
conditions, and variations in engine efficiency, for exam-
ple) were eliminated by appropriate testing procedures.
All test runs were made on a dry pavement with winds of



3 mph or less and with temperatures ranging between
40° F and 55° F. Traffic volumes on the test section were
relatively light at all times. Nevertheless, to assure that
traffic conditions did not atfect data, test runs were made
only between 10:00 A.M. and 4:00 P.M. when interference
by traffic was negligible. The combustion efficiency char-
acteristics of the test vehicle’s engine were determined by
use of an exhaust gas analyzer with the vehicle on a dyna-
mometer. Data on engine efficiency at the time of the
tests were compared to corresponding values that had been
established when the vehicle was new; this established the
stability of engine efficiency at the time of the tests. Uni-
formity of fuel energy characteristics was secured through
use of fuel from a single source. Finally, tire pressures
were maintained at constant pressure (28 psi), engine
vacuum readings were kept steady for constant-speed runs,
and the same driver operated the test vehicle for all test
runs in any speed range.

All measurements. of fuel consumption were for opera-
tion of the test vehicle from one end of the test course to
the other. In the case of constant-speed runs, fuel con-
sumption measurements were made for travel at a given
uniform speed from a flag indicating one end of the test
course to the flag indicating the other end of the course.
For the passing runs, a second vehicle, also a passenger car,
was used. It proceeded at a given constant speed for the
full length of the test course while the test vehicle executed
a passing maneuver around it. For these runs the test
vehicle followed the second vehicle into the test section,
moving at the same speed, and spaced behind it in a posi-
tion considered by the driver to be close enough for
passing without being dangerously close. Shortly after -the
test vehicle entered the test section the driver accelerated
past the second vehicle and returned to the run lane as
quickly as possible. The test vehicle was then allowed to
slow to the given run speed (speed of the passed vehicle)
without applying braking effort. Fuel consumption mea-
surements for each test run, both constant speed and passing
runs, were made with the electronic fuelmeter.

A minimum of 30 test runs were made in each direction
for each run speed selected for the study (25, 30, 35, 40,
and 45 mph) both for constant-speed runs and for passing
runs, for a total of more than 600 runs. A full set of
test data was obtained for each direction in order that the
excess fuel consumption for passing could be computed for
each direction (and thus reflect the effect of the 0.5-percent
gradient) as well as for the combination of both directions
to develop values for passings on a nearly level route.

In addition to a record of the fuel consumption of the
test vehicle and the speed of the passed vehicle during each
test run, a careful record was made of all the elements of
the passing maneuver that are related in any way to vehicle
fuel consumption. These included the elapsed time for the
passing operation, the length of road over which the pass-
ing operation took place, the maximum rates of speed and
acceleration during passing operations, and the speed of the
passing vehicle just as it returns to the travel lane after
completion of the passing maneuver. The elapsed time
during passing was established by starting a stopwatch as a
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passing maneuver was begun and stopping the watch when
the passing vehicle returned to the travel lane. The distance
traversed during passing was found by noting the points
along the road, both where each passing operation began
and where it ended, and measuring the distance between
these points. This was greatly facilitated by setting markers
with identifying numbers at 15-ft intervals for the full
length of the test course. The numbers on the markers
could be read from the moving vehicle. The maximum rate
of acceleration during passing was determined by watching
a calibrated direct-reading accelerometer and noting the
maximum reading. Vehicle speeds, both the maximum
speed during passing and the speed on returning. to the
travel lane, were read on a calibrated survey-type speed-
ometer.

In summary, the principal elements of data obtained in
the field for this study consisted of run times and fuel con-
sumption rates for the test vehicle, both for test runs where
the test vehicle traveled at constant speed and for test runs
where the test vehicle passed a second vehicle traveling at
constant speed. In each case, more than 30 test runs were
made in each direction at each of five run speeds used for
the constant-speed runs. A complete record was made of
all pertinent information for each passing maneuver.

The primary analysis of the data involved determination
of the average increase in the fuel consumption of the test
vehicle for runs when it was used to pass a second vehicle,
compared to runs when it proceeded at constant speed for
each of the five run speeds used in the study. Three values
of the excess fuel consumption for passing were computed
for each run speed: (1) in the direction up the 0.5-percent
grade, (2) in the direction down the 0.5-percent grade, and
(3) for the combined direction where the 0.5-percent grade
is upgrade and downgrade for equal distances. The value
for the combined directions is essentially that for opera-
tion on a level road.

Associated analyses included determination of the aver-
age length of road transversed during passing operations,
the average time consumed in passing, maximum accelera-
tion rates and speeds achieved in passing, and average
speeds of vehicles when returning to the travel lane on com-
pletion of passing maneuvers.

Data and Analysis

Fuel consumption data obtained for this study are given in
Table F-1 by run speed and by direction of travel, including
the combined values for both directions. Because the mag-
nitude of these values of fuel consumption is small, cubic
centimeters rather than gallons are used as units of volume
measurement. Confidence ranges on the 95-percent level
and variances are given, as well as mean fuel consumption
values. The mean fuel consumption values given in Col. 2
are for constant-speed operation; those in Col. 5 are for
runs when passing maneuvers were executed. Those in
Col. 8 are the excess fuel consumption values for passing.

Data on several aspects of the passing maneuvers for
which fuel consumption data were obtained are given in
Table F-2. Data in this table are maximum accelerations
and speeds during passing, elapsed times and route dis-
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TABLE F-1

FUEL CONSUMED DURING A PASSING MANEUVER—PASSENGER CAR

AT 4000 LB

FUEL CONSUMED (CU CM)

WHEN VEHICLE PASSES

FOR CONSTANT-SPEED ANOTHER CAR MOVING

EXCESS CONSUMED

OPERATION—GIVEN IN SAME DIRECTION— TO EXECUTE PASSING

SPEED 1 GIVEN SPEED 1 MANEUVER
RUN VARI- CONFI- VARI- CONFI- VARI- CONFI-
SPEED MEAN,  ANCE, DENCE MEAN, ANCE, DENCE MEAN, ANCE, DENCE
(MPH) X a2 RANGE 2 X a2 RANGE 2 X a? RANGE 2

(a) Plus 0.5-percent grade
25 62.36 76 =53 7945 286 *=10.5° 17.1 362 =12
30 58.11 8.6 £57 7138 184 =+ 84 133 270 =10
35 62.56 6.7 =51 8167 63.6 155 19.1 703 =16
40 60.03 91 =59 8163 163 == 4.0 216 254 =+ 9
45 68.36 109 64 80.53 595 =150 122 704 =16
(b) Minus 0.5-percent grade
25 50.39 67 £5.1 70.07 328 +114 197 395 =13
30 — — — —_ — — — — —
35 52.37 69 +5.1 7546 201 =+ 84 23.1 27.0 =*10
40 52.33 9.0 =59 68.25 234 + 8.6 159 324 =11
45 5647 103 6.2 73.13 309 +108 167 412 =12
N (¢) Combined runs—level road

25 56.37 71 *53 7476 307 +£10.7 184 378 *12
30 — — — —_ — — — — —
35 57.46 6.8 =+5.1 78.56 418 127 21.1 486 =13
40 56.18 9.0 =*59 7494 198 + 8.2 18.8 288 =11
45 6242 106 6.3 80.00 454 +13.1 176 560 14

1 Run distance is 1,680 ft.
2 Confidence range established at 95-percent level of accuracy.

tances covered during passing maneuvers, and vehicle
speeds on returning to the travel lane. Mean values are
given for each of these items, together with confidence
ranges on the 95-percent level.

SPECIAL PROJECT 4—INVESTIGATION OF THE EFFECT OF
GRADIENT ON THE FUEL CONSUMPTION DUE TO SPEED
CHANGES

The effect of gradient on the amount of excess fuel con-
sumed by passenger cars as a result of speed changes was
investigated as part of the research carried out for NCHRP
Projects 2-5 and 2-7. Exhaustive information concerning
the effect on fuel consumption of speed changes induced
by traffic conditions had been developed, but only for op-
eration on level roads. It was considered important to
determine how much error would be introduced in assum-
ing that the effect of speed change on fuel consumption
remains the same on grades as on level roads. It would
have been prohibitively expensive to carry out a complete
field investigation of the effect of speed changes for each of
a number of different gradients, as was done for the level
roads. Nevertheless, operations on grades are very com-
mon, particularly in the extreme eastern and western parts
of the United States, and an indication of the effects of

grade on the fuel consumption due to speed changes would
be helpful.

Three test sites were selected. One was level, one was on
a grade of 4.8 percent, and one was on a grade of 5.5 per-
cent. Each consisted of a straight high-type surface having
a uniform grade at least 1,923 ft in length. The sites were
in remote areas where traffic interference was negligible.
Two flags were set at each location to identify the end
points of the 1,923-ft test sections on which test opera-
tions were to be conducted.

The Chevrolet sedan test car, equipped with the elec-
tronic fuelmeter, was operated in both directions at each
test site, both at a uniform speed of 30 mph and through a
specific pattern of speed changes. The fuel consumption
was recorded for each test run in each direction for travel
over the 1,923-ft test sections. A minimum of 30 test runs
were made in each direction at each test site, both at the
uniform speed and through the specific speed change
pattern. )

The results of the study are given in Table F-3; the fuel
consumption rates at a uniform speed of 30 mph and for
a specific speed change pattern are given in Cols. 1 and 2,
respectively. The differences, or the fuel consumption due
to the effect of the speed change pattern, are given in
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MAGNITUDE OF VARIOUS ELEMENTS OF THE PASSING MANEUVER OF
A PASSENGER CAR THAT MAY AFFECT FUEL CONSUMPTION OF

THE PASSING VEHICLE

ROAD DISTANCE

MAX. ACCELERATION MAX. SPEED ELAPSED TIME TRAVERSED
DURING PASSING DURING PASSING DURING PASSING DURING PASSING
(MPH/SEC) (MPH) (SEC) (FT)
RUN . CONFI- CONFI- CONFI- CONFI-
SPEED MEAN,  pENCE MEAN, DENCE MEAN,  pENCE MEAN, DENCE
(MPH) X RANGE * X RANGE * X RANGE ' X - RANGE
(a) Plus 0.5-percent grade
25 3.0 +1 40 +7 12.0 +3 664 +209
30 2.6 +1 42 *5 113 +3 649 +314
35 3.0 +1 50 +5 114 +2 780 +147
40 2.5 +1 52 +2 12.3 +3 — —
45 23 +1 56 +7 12.8 +3 1024 + 50
(b) Minus 0.5-percent grade
25 2.8 +1 40 +4 11.4 +3 623 +160
30 —_ —_ — — — — — —
35 2.9 +1 50 +5 114 +2 785 +200
40 2.2 +1 51 +4 12,9 +3 992 +400
45 2.1 *1 55 +4 13.5 +3 — —
(c) Combined runs—Ievel road

25 29 +1 40 +5 11.7 +3 643 +185
30 — — — — — —_ — —
35 29 +1 50 +5 114 +2 782 +175
40 24 +1 52 =5 13.1 +3 — —
45 22 +1 55 +5 13.3 *3 . — —_

1 Confidence range established at 95-percent level of accuracy.

Col. 3. The percentage differences in excess fuel consump-
tion due to speed changes for operation on level roads and
on grades are given in Col. 3, both for the 4.8-percent
grades and for the 5.5-percent grades.

" The excess fuel consumption due to the speed change
pattern is only 6 percent different for operation on positive
grades, compared to operation on level roads. However, it
is 13 percent different for operation on negative grades,
compared to operation on level roads. The discrepancy of
6 percent in the value of fuel consumption for speed
changes on plus grades is not serious because the over-all
project accuracy allows for discrepancies of as much as
5 percent. However, fuel consumption due to speed changes
on down grades should be estimated at at least 10 percent
greater than the fuel consumption for the same speed
changes on the level road.

SPECIAL PROJECT 5—MOTOR-VEHICLE ACCIDENT COSTS
RELATIVE TO ROAD DESIGN

A special study was undertaken with the assistance of Dr.
W. E. Corgill to review available research data on motor-
vehicle accidents and their costs in order to develop rea-
sonable estimates of the effects that various road designs
have on user accident costs.

Two items of information are needed to evaluate high-
way user accident costs in relation to road design: (1)
accident rates as affected by highway design details
(curves, grades, and intersections, for example) and (2)
average motor-vehicle user costs per accident. For this
information to be applicable in accident cost analysis,
however, the two items—accident rates and accident costs
—should be compatible or developed on the same basis
so they can be combined to obtain accident costs as func-
tions of road design.

Unfortunately, most existing accident research data have

" not been developed with compatible accident frequency

and accident cost rates. Good information on accident
rates relative to road design is available—but only for
reported accidents. Unreported accidents are not repre-
sented and, in most cases, the number and type of vehicles
involved in accidents are not given. On the other hand,
accident cost information is available only by vehicle in-
volvement. Although sometimes aggregated as cents per
accident cost per vehicle-mile of over-all travel, accident
costs per accident or per reported accident are not available.

This data incompatibility arises naturally. Information
on accident frequency in relation to road design is found
by examining historical records of accidents occurring at
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TABLE F-3

EFFECT OF GRADIENT ON THE EXCESS FUEL CONSUMPTION
CAUSED BY SPEED CHANGES—PASSENGER CAR

FUEL CONSUMPTION (GPM)

UNIFORM SPEED !

SPEED CHANGES °

EXCESS DUE TO SPEED CHANGES

ITEM (nH 2) (coL.2—cor. 1) (3)
(a) Plus 4.8-percent grade
On grade 0.0830 0.0997 0.0167
On level 0.0486 0.0642 0.0156
Difference 0.0344 0.0355 0.0011
% difference 6
(b) Plus 5.5-percent grade
On grade 0.0972 0.1137 0.0165
On level 0.0486 0.0642 0.0156
Difference 0.0486 0.0495 0.0009
% difference 6
(¢) Minus 4.8-percent grade
On grade 0.0196 0.0375 0.0179
On level 0.0486 0.0642 0.0156
Difference 0.0290 0.0267 0.0023
% difference 13
(d) Minus 5.5-percent grade
On grade 0.0202 0.0384 0.0182
On level 0.0486 0.0642 0.0156
Difference” 0.0284 0.0258 0.0026
% difference 14

1 Uniform speed is 30 mph.

2 Speed change pattern adhered to is as follows: 30 mph for 210 {t; followed by a decrease in speed from
30 to 20 mph in 207 ft; followed by constant-speed operation at 20 mph for 281 ft; followed by increase in
speed from 20 to 35 mph in 280 ft; followed by constant-speed operation at 35 mph for 267 ft; followed by
a decrease in speed from 35 to 25 mph in 147 ft; followed by constant-speed operation at 25 mph for 272 ft;
followed by an increase in speed from 25 to 30 mph in 259 ft. Total test distance was 1,923 ft.

road locations having particular design characteristics.
Such records are often lacking in detail, so that the
investigator must be content with a simple count of acci-
dents, without knowing the number or types of vehicles
involved. On the other hand, accident costs are determined
in the present by interviewing people who have been
involved in accidents. This provides accident cost informa-
tion per vehicle involved per accident, without including
all vehicles involved in any given accident. Except for
single-vehicle accidents, cost per accident involvement is
only part of the cost per accident. ,

The problem of using existing accident cost research
data for evaluating user accident costs is further compli-
cated by disagreement among researchers as to what should
be included in computing accident involvement cost. Some
include only costs for reported accident involvements,
whereas others develop composite costs for reported and
unreported accident involvements. A few researchers com-
pute involvement costs based on including in fatal accident
costs evaluations of the present worth of the future earn-
ings of the deceased, had they lived. Usually, however,
neither this cost item nor funeral expenses is included as
direct accident cost.

Procedure for Evaluating Total Accident Costs per
Reported Accident

A solution to the problem of estimating the cost of acci-
dents in relation to road design, despite the basic incom-
patibility of accident frequency and accident cost data,
was worked out for NCHRP Project 2-5. It consisted
essentially in using existing accident cost information to
develop factors equal to the average cost of passenger-car
accidents and factors equal to the average cost of truck
accidents for each reported accident. Because information
on the frequency of accidents by road design is given as
reported accidents per unit of exposure (million vehicle-
miles of travel, usually), these factors can be multiplied
by accident frequency rates to obtain passenger-car and
truck accident costs for the given unit of exposure.

Most existing accident cost data give the average cost
of an accident involvement, including both reported and
unreported accidents. Therefore, the first step in the
development of the average cost factors for reported
accidents was to compute the average number of total
accidents for each reported accident by type of road. The
second step was to determine the number of involvements



for each accident, both reported and unreported. The
products of these two sets of values are the ratios of num-
ber of vehicle involvements to number of reported acci-
dents by type of road.

The third step was to compute the average direct cost
of a motor-vehicle accident involvement for (1) passenger
cars and (2) trucks, based on the average costs of both
reported and unreported involvements (excluding funeral
costs and future earnings for fatal accidents).

The fourth step was to determine the percentage of
vehicle involvement in the average accident that are
passenger cars and the percentage that are trucks, on the
basis of exposure—namely, the relative vehicle-miles of
travel for each vehicle classification. The products of
these percentages and the ratios of number of involvements
to number of reported accidents by type of road (found
as described in Steps 1 and 2) give ratios of involvements
to reported accidents by vehicle type (passenger cars and
trucks) as well as by type of road.

The fifth step was to combine the ratios of number of
involvements to number of reported accidents with the
average direct costs of accident involvement by vehicle
type and road type. The results were two series of factors
by type of road, one equal to the average costs of
passenger-car accidents and the other equal to the average
cost of truck accidents for each reported accident.

These two series of factors, one for passenger cars and
one for trucks, may be multiplied by accident rates ex-
pressed as number of reported accidents per million vehicle-
miles of travel to obtain accident costs by vehicle type
per million vehicle-miles of travel. For example, where
the average accident rate per million vehicle-miles on a
given road type is known, it can be multiplied by the cost
factor for passenger cars and by the cost factor for trucks
to obtain the average cost of passenger-car and truck acci-
dents per million vehicle-miles of travel on the given road

type.
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The end products of this analysis procedure are average
accident costs for passenger cars and for trucks per unit
of over-all travel mileage (usually million vehicle-miles of
travel). That is, the procedure does not give passenger-car
accident costs per million vehicle-miles of passenger car
travel nor truck accident costs per million vehicle-miles
of truck travel. Rather, it gives passenger-car accident
costs and truck accident costs per million vehicle-miles of
combined travel of passenger cars and trucks.

Evaluation of Passenger-Car and Truck Accident Costs per
Reported Accident

Ratios developed for Steps 1 and 2 of the procedure are
given in Table F-4 for each of the four principal route
categories: non-freeway urban, non-freeway rural, freeway
urban, and freeway rural. Ratios of total accidents to
reported accidents (Col. 2) were established from ratios
of total to reported accidents determined for California in
1964 and given by Smith and Tamburri according to class
of accident severity (/). California’s ratios of total to
reported accidents, expressed as percentages, are the
following:

PERCENTAGE OF TOTAL ACCIDENTS REPORTED

PROPERTY DAMAGE

AREA FATAL INJURY ONLY
Rural 100 92 41
Urban 100 95 34

These ratios (percentages) were reduced to two (one for
urban areas, and one for rural areas) by computing aver-
ages weighted according to total number of fatal, injury,
and property-damage-only accidents listed in Accident
Facts for 1968 (2). The number of fatal, injury, and
property-damage-only accidents for 1968 is as follows:

RATIOS OF TOTAL ACCIDENTS TO REPORTED ACCIDENTS, AND OF ACCIDENT
INVOLVEMENTS BOTH TO TOTAL ACCIDENTS AND TO REPORTED ACCIDENTS

RATIO

TOTAL ACCIDENTS
TO REPORTED

ACCIDENT INVOLVE-
MENTS TO TOTAL

ACCIDENT INVOLVE-
MENTS TO REPORTED

ROAD TYPE ACCIDENTS * ACCIDENTS ? ACCIDENTS *
(1) (2) (3) (4)
Non-freeway:

Rural 2.08 1.61 3.34

Urban 2.56 1.91 4.89
Freeway:

Rural 2.08 1.55 3.22

Urban 2.56 1.81 4.63

1 Computed from data on accident severity given in Accident Facts (2, p. 45) and from data on the relation-
ships of reported to total accidents in California as given by Smith and Tamburri (I, p. 15).

2 Data for California highways as given by Smith and Tamburri (7, p. 13).
3 Product of values in Cols. 2 and 3.
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NUMBER OF ACCIDENTS IN 1968-—NATIONWIDE

PROPERTY DAMAGE

AREA FATAL INJURY ONLY
Rural 30,600 520,000 3,700,000
Urban 16,200 780,000 9,600,000

The weighted average ratios of reported to total acci-
dents were found to be 0.48 for rural areas and 0.39 for
urban areas. The reciprocals of these values, 2.08 and
2.56, respectively, are the ratios of total accidents to
reported accidents developed for NCHRP Project 2-5.
They are given in Col. 2, Table F-4.

The ratios of accident involvements to total accidents
(Col. 3, Table F-4) are averages of the number of vehicles
involved per accident on non-freeway rural, non-freeway
urban, freeway rural, and freeway urban routes. Each of
the ratios is the direct average of the ratios given by
Smith and Tamburri for fatal, injury, and property-
damage-only accidents, based on California’s experience
in 1964 (/7).

The ratios of number of accident involvements to num-
ber of reported accidents are given in Col. 4, Table F-4.
These were computed by multiplying the values of Cols. 2
and 3, Table F-4.

The average costs of accident involvements, including
both reported and unreported accidents, for passenger cars
and trucks are given in Table F-5. The average cost of a
passenger-car involvement is $196 and of a truck involve-
ment is $141, based on price levels of 1955-1958. These
values are averages of those determined for the accident
cost studies conducted in Massachusetts, Utah, and Illinois
during the period from 1953 to 1958.

The average cost of an accident involvement for reported
and unreported accidents in Massachusetts was given by
McCarthy as $200 for passenger cars and $143 for
trucks (3). Similarly, the average cost of an accident
involvement for reported and unreported accidents in

TABLE F-5

AVERAGE DIRECT COST OF REPORTED AND
UNREPORTED ACCIDENT INVOLVEMENTS—
PASSENGER CARS AND TRUCKS®

AVERAGE COSTS

($)

PASS.
SOURCE STUDY CARS TRUCKS
Massachusetts accident cost study (1953)° 200 143
Utah accident cost study (1957)° 191 138
Illinois accident cost study (1958)* 196 141
Average 196 141

1 Costs based on price levels of 1955-1958.

2 From McCarthy (3, Fig. 2, p. 26).

3 From Ref. 5. Computed from given percentages of accidents falling in
each of several ranges of accident cost.

4 From Billingsley and Jorgenson (4, Table 2, p. 52).

Illinois was given by Billingsley and Jorgenson as $196
for passenger cars and $141 for trucks (4).

The average costs of accident involvements for reported
and unreported accidents in Utah were computed from the
following distribution of passenger-car and truck accident
involvement costs given in the published results of the
Utah study (5):

PASSENGER CARS TRUCKS
COST RANGE PERCENT COST RANGE PERCENT
$ 099 32 $ 049 12.7
10-29.9 9.8 5-24.9 10.8
30-49.9 12.0 25-44.9 19.0
50-99.9 24.6 45-94.9 21.8
100-199.9 18.8 95-194.9 16.2
200-299.9 9.6 195-294.9 4.4
300-399.9 5.1 295-394.9 2.6
400-499.9 3.6 395-494.9 2.2
500+ 13.3 4954 10.3
Total 100.0 Total 100.0
Average cost, assuming Average cost, assuming

mid-point of upper range
of cost is $600, = $191

mid-point of upper range
of cost is $595, — $138

The results of the more recent Washington-area motor-
vehicle accident cost study (6, data for 1965) are not
included in the averages given in Table F-5 for two rea-
sons: (1) the Washington accident cost analysis differ-
entiated costs by vehicle type only for reported accidents—
not for reported and unreported accidents together, and
(2) only the Washington study included future earnings
of deceased persons in fatal-accident cost computations—
an amount equal to about 25 percent of the total reported
accident costs. The Washington study results—$527 per
reported accident and $74 per unreported accident—can
be adjusted for comparison with the results of the other
studies by reducing the reported accident cost by 25 percent
to remove the fatality’s future earnings factor and by
averaging the reported and unreported accident costs
weighted according to their relative frequency, one reported
accident for every 1.8 unreported accidents. The adjust-
ment gives a single accident cost value of $189 per acci-
dent, reported and unreported, for passenger cars and
trucks. This value is very nearly the same as the average
of those found in the Massachusetts, Illinois, and Utah
studies for passenger cars.

The average distributions of passenger cars and trucks
in accidents on rural and urban routes are given in Col. 2,
Table F-6. These were established equal to the correspond-
ing distribution of vehicle-miles of travel for passenger
cars and trucks on the theory that vehicle involvements in
accidents are proportional to exposure to accidents as
measured by travel mileage. Annual miles of travel by
passenger cars and trucks are given in the “Supplementary
Report of the Highway Cost Allocation Study” (7, Table
11).



TABLE F-6

93

DISTRIBUTION OF PASSENGER CARS AND TRUCKS BY ROAD TYPE,
TOGETHER WITH PASSENGER-CAR AND TRUCK ACCIDENT
INVOLVEMENTS AND COSTS PER REPORTED ACCIDENT

DISTRIBUTION OF
VEHICLE TYPES *

ACCIDENT INVOLVE-
MENTS PER
REPORTED ACCIDENT *

ACCIDENT COSTS
PER REPORTED
ACCIDENT ($) ?

(2)

(3) (4)

ROAD TYPE PASS. PASS. PASS.
(1) CARS TRUCKS CARS TRUCKS CARS TRUCKS
Non-freeway:
Rural 0.77 0.23 2.57 0.77 504 109
Urban 0.85 0.15 4.16 0.73 815 103
Freeway:
Rural 0.77 0.23- 2.48 0.74 486 104
Urban 0.85 0.15 3.93 0.70 770 99

1 See Ref. 7, Table 11, p. 55.

2 Product of Col. 2, this table, and Col. 4, Table F-4.
3 Product of Col. 3, this table, and average accident costs of Table F-5.

Accident involvements per reported accident by vehicle
type are given in Col. 3, Table F-6. These were found
by multiplying the vehicle distributions given in Col. 2,
Table F-6, by the ratios of accident involvements to
reported accidents given in Col. 4, Table F-4.

Average accident costs per reported accident by vehicle
type are given in Col. 4, Table F-6. These were computed
by multiplying accident involvements per reported accident
(Col. 3, Table F-6) by the average cost of accidents—$196
for passenger cars and $141 for trucks (Table F-5).

Accident Costs per Million Vehicle-Miles of Travel

Rates of reported accidents per million vehicle-miles of
over-all travel are given in Col. 2 of Table F-7 for non-
freeway and freeway, rural and urban routes, and in
Col. 2 of Table F-8 for various sharpness of curvature and
frequencies of intersections on non-freeway rural routes.
The rates of reported accidents by route type (Table F-7)

TABLE F-7

were taken from “The Federal Role in Highway Safety”
(8, Fig. 4, p. 58). The rates of reported accidents by
sharpness of curvature and frequencies of intersections
were taken from Raff’s study of Interstate Highway acci-
dents (9).

The average costs of passenger-car accidents and truck
accidents per million vehicle-miles of over-all travel (com-
bined car and truck travel) are given in Col. 3 of Tables
F-7 and F-8 for the given road types and design charac-
teristics. These costs were found by multiplying the acci-
dent rates of Col. 2, Tables F-7 and F-8, by the correspond-
ing values in Col. 4 of Table F-6. Table F-7 gives
passenger-car and truck accident costs for every million
vehicle-miles of travel by road type.

Table F-8 gives accident costs for travel on non-freeway
rural routes having sharp curvature and frequent inter-
sections.

RATES OF REPORTED ACCIDENTS AND RATES OF TOTAL ACCIDENT COSTS
BY VEHICLE TYPE FOR FREEWAY AND NON-FREEWAY ARTERIAL ROUTES

TOTAL ACCIDENT COSTS PER
MILLION VEHICLE-MILES
OF COMBINED TRAVEL ($)2

REPORTED ACCIDENTS PER
MILLION VEHICLE-MILES

OF COMBINED TRAVEL 3)
ROAD TYPE (PASS. CARS AND TRUCKS)'
(1) 2) PASS. CARS TRUCKS
Non-freeway:
Rural 3.32 1,673 362
Urban 5.26 4,287 541
Freeway:
Rural 1.51 734 157
Urban 1.86 1,430 184

1 From Ref. 8, p. §8.

2 Product of Col. 2, this table, and Col. 4, Table F-6.
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TABLE F-8

RATES OF REPORTED ACCIDENTS AND RATES OF TOTAL ACCIDENT COSTS
BY VEHICLE TYPE FOR SHARPNESS OF CURVATURE AND FREQUENCY OF
INTERSECTIONS ON NON-FREEWAY RURAL ROUTES (TWO LANES)

REPORTED ACCIDENTS PER

MILLION VEHICLE-MILES

TOTAL ACCIDENT COSTS
PER MILLION
VEHICLE-MILES OF
COMBINED TRAVEL ($) 2

OF COMBINED TRAVEL (3)
ROAD CONDITIONS (PASS. CARS AND TRUCKS)?
(1) 2) PASS. CARS TRUCKS
Travel on curves of more than 10° 48 2,419 523
Travel on curves of 3° to 6° 3.6 1,814 392
Travel on routes where median
number of intersections per
mile (5,000-10,000 ADT) is:
0.8 115 5,796 1,250
0.3 50 2,520 545
1 From Raff (9, Tables 12 and 16).
2 Product of Col. 2, this table, and Col. 4, Table F-6.
Comparison of Analysis Results with Accident Costs References
Developed by Others .
1. SmitH, R. N., and TaMBURRI, T. N., “Direct Costs of

The rates of accident costs per million vehicle-miles of
travel on urban arterials developed for NCHRP Project
2-5 and given in Table F-7 compare reasonably well with
values reported by Hoch for Chicago arterials (10). From
Hoch’s Table V an average accident cost of $5,100 per
million vehicle-miles of combined passenger-car and truck
travel can be determined for typical non-freeway urban
arterials (Cicero, Damen, Irving Park, and Stoney Island
Streets). This compares with $4,828 given in Table F-7
for passenger cars plus trucks on the same type of roads.
Also, in Hoch’s Table V, the average accident cost for
fully developed sections of the Eisenhower Expressway
(a freeway urban route) is $1,282 per million vehicle-miles
of travel compared to $1,614 given in Table F-7 for travel
on this type of route.

A comparison also can be made between the values given
in Table F-7 and the results of the Washington study (6).
In the Washington study, accident costs per million vehicle-
miles of travel on all streets are $7,500 for reported acci-
dents and $2,400 for unreported accidents. If the $7,500
for reported accidents is reduced by 25 percent to take out
future earnings costs for fatalities and this added to the
unreported accident costs, the result is $8,025. This figure,
$8,025, is 124 times that shown in Table F-7 for non-
freeway urban arterials, $4,828, reflecting the fact that
many of the accidents for which costs are given in the
Washington study occurred on local and residential streets
rather than on arterials. Accidents, and therefore accident
costs, are greater per million vehicle-miles of travel on local
streets than on arterials because of the low travel volume
rate base for such streets. This is brought out in
Twombley’s report on the cost of accidents relative to the
highway (11, Table 3).

10.

11.

California State Highway Accidents.” Hwy. Res.
Record No. 12 (1968) pp.9-29.
Accident Facts. National Safety Council, Chicago
(1969) 97 pp.

McCarTHY, J. F., “BEconomic Cost of Traffic Acci-
dents in Relation to the Vehicle.” HRB Bull. 263
(1960) pp. 23-39.

BILLINGSLEY, C. M., and JORGENSON, D. P., “Direct
Costs and Frequencies of 1958 Illinois Motor-Vehicle
Accidents.” Hwy. Res. Record No. 12 (1963) pp.
48-76.

“Cost of Passenger Car Accidents to Motorists in
1955.” Utah State Hwy. Comm. Report, Vol. 1
(1957), Vol. 2 (1960).

SMmiTH, WILBUR, and ASSOCIATES, A Report on the
Washington Area Motor Vehicle Accident Cost Study.
(1966) 276 pp.

“Supplementary Report of the Highway Cost Alloca-
tion Study.” House Document No. 124, 89th Cong.,
1st Sess., p. 55 (1965).

“The Federal Role in Highway Safety.” House Doc-
ument No. 93, 86th Cong., 1st Sess., p. 58 (1959).
RAFF, M. S., “Interstate Highway Accident Study.”
HRB Bull. 74 (1953) pp. 18-47.

HocH, 1., “Chicago’s Accident Experience on Arterials
and Expressways.” Traffic Quart., Vol. 14, No. 3, pp.
340-362 (July 1960).

TwoMBLEY, B. B., “Economic Cost of Traffic Acci-
dents in Relation to the Highway.” HRB Bull. 263
(1960) pp. 1-22.



SPECIAL PROJECT 6—ANNOTATED BIBLIOGRAPHY OF
RELATIONSHIPS BETWEEN ACCIDENT COSTS AND
ROAD DESIGN, 1950-1970

The following items provide a full coverage of references
containing research data on motor-vehicle accident costs
relative to road design that are applicable in road user cost
analyses. The items are listed in chronological order.

1.

GLANVILLE, W. H., Road Safety and Road Research.
Royal Society of Arts, London (1951) 51 pp.

This report includes data on accident rates on

curves on non-freeway roads in England. On
curves greater than 4°, accident rates range up-
ward from 3.5 accidents per million vehicle-miles
of travel.
Kirp, O. L., “Minnesota Roadwide Survey. Progress
Report on Accident, Access Point and Advertising
Sign Study in Minnesota.” HRB Bull. 38 (1951) pp.
68-72.

This article contains brief information on acci-
dent rates noted in Minnesota. It was found
that accident rates per million vehicle-miles of
travel on curves were approximately 1%3, 24,
and 4 for 3°, 4°, and more than 4°, respectively.
BELMONT, D. M., “Effect of Average Speed and
Volume on Motor Vehicle Accidents on Two-Lane
Tangents.” Proc. HRB, Vol. 32 (1953) pp. 383-395.

Accidents on two-lane roads under both opti-
mum and restrictive conditions.

RAFF, M. S., “Interstate Highway-Accident Study.”
HRB Bull. 74 (1953) pp. 18-47.

This article reports on a comprshensive in-
vestigation of the frequency of accidents on
primary rural highways having particular design
characteristics. It does not give rates of vehicle
accident involvement by type of vehicle, an
important consideration for road user cost evalua-
tion. :

A series of tables gives accident rates per
million vehicle-miles of travel by road cross-
section design, traffic volume, frequency and
sharpness of curvature, frequency of inlersections,
frequency of commercial and residential access
points, and frequency of grades.

BirzeL, 1. F., “Effect of Motorway Design on Acci-
dents in Germany.” Roads and Roads Construction,
Vol. 35, No. 409, p. 17 (Jan. 1957).

A comprehensive study of accident rates on
German freeways as affected by design details -
and traffic. Information on the effect of combina-
tions of grade and curvature on accidents rates
provided in this article is particularly valuable for
user accident cost studies.

“The Federal Role in Highway Safety.” House Doc-
ument No. 93, 86th Cong., 1st Sess. (1959) 232 pp.

This report contains numerous tables and
graphs depicting accident frequencies for a variety
of operating conditions. Of particular use in
road user cost analyses is Figure 12, page 81,
which shows rates of accident involvement by

10.
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vehicle type based on the results of a broad study

of accidents covering nearly 4 billion vehicle-
miles of travel and 10,000 vehicles.

“Cost of Passenger Car Accidents to Motorists in
1955.” Utah State Hwy. Comm. Report, Vol. 1
(1957), Vol. 2 (1960).

This report provides accident involvement costs
for passenger cars and trucks registered in Utah
in 1957 without distinction as to the design
characteristics of the road where the accidents
occurred. The percentages of accident involve-
ments that took place on one-way, two-way, and
divided roadways by number of lanes and on
both Federal-aid primary and Federal-aid second-
ary routes are given. However, because the
relationships between accident involvements and
traffic volumes are not given, these percentages
cannot be used for road user cost analysis.

The average cost of reported and unreported
accident involvement costs in Utah in 1957 was
$191 for passenger cars and $138 for trucks
(assuming $600 as the mid-point cost value for
the top cost range designated as “over $500”).
These values agree well with those developed in
Massachusetts ($200 for passenger cars and $143
for trucks) and in Ilinois ($196 for passenger
cars and $141 for trucks.)

HocH, I., “Chicago’s Accident Experience on Arterials
and Expressways.” Traffic Quart., Vol. 14, No. 3,
pp. 340-362 (July 1960).

In 1958 accident costs on Chicago’s arterial
streets and on its Congress Expressway were
evaluated using accident frequencies for these
streets and expressway and using average cost
of accident involvements as determined in Mas-
sachusetts in 1953. Results of interest in user
cost accident analysis are given in Table V, page
354.

McCarTHY, J. F., “Economic Cost of Traffic Acci-
dents in Relation to the Vehicle.” HRB Bull. 263
(1960) pp. 23-39.

The data on accident involvement costs of both

reported and unreported accident involvements
developed in the Massachusetts study (1953 and
1955) are reported by vehicle type. Of particular
value for road user cost analysis is Figure 2, page
26, which shows the average cost of accident
involvement for all accidents as $200 for pas-
senger cars and $143 for trucks.
BILLINGSLEY, C. M., and JorGENSON, D. P., “Direct
Costs and Frequencies of 1958 Illinois Motor-Vehicle
Accidents.,” Hwy. Res. Record No. 12 (1963) pp.
48-76.

This Illinois study developed average accident
costs per involvement for passenger cars, single-
unit trucks, and truck combinations based on a
sample of all Illinois accidents in 1958, both
reported and unreported. Table 15, page 70, is
of particular interest for user cost studies. The
average cost of an accident involvement, based
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on both reported and unreported accidents, is Mexico, and Illinois, appear on pages 220 and

$196 for passenger cars, $122 for single-unit 229.

trucks, and $253 for truck combinations ($141 15. SMITH, WILBUR, and ASSOCIATES, A Report on the

for all trucks.) Washington Area Motor Vehicle Accident Cost Study.
11. Marcerris, J. C., “An Economic Evaluation of (1966) 276 pp.

Traffic Movement at Various Speeds.” Hwy. Res.

Record No. 35 (1963) pp. 18-40.

This is a report of a comprehensive analysis
of running costs in relation to vehicle speed using
data from the literature. It is particularly val-
uable for an analysis of accident involvement
costs in relation to type of road and vehicle

speeds shown in Figures 7, 8, and 13. For ex- -

ample, daytime passenger-car accident involve-
ment cost at 50 mph is about 2.5 cents per mile,
compared to 1.5 cents per mile on four-lane
divided rural highways.

Reported and unreported accidents in the
Washington, D.C., metropolitan area were in-
vestigated to determine the costs to road users
of involvements in accidents. The average direct
costs of reported accident involvements of all
kinds are shown for passenger cars, taxicabs, and
trucks in Figure 16, page 71. In addition, re-
ported accident involvement costs of all vehicle
classes by type of intersection are shown in
Figure 14, page 64; by type of roadway, in Figure
13, page 62; and by type of traffic control, in
Figure 15, page 66.

12. Traffic Control and Roadway Elements. Automotive 16. KIHLBERG, J. K., and THarP, K. J., “Accident Rates
Safety Foundation (1963) 124 pp. (including supple- as Related to Design Elements of Rural Highways.”

13.

ments). NCHRP Report 47 (1968) 173 pp.

Numerous sources having information on the
impact that elements of road design and various
traffic control devices have on vehicle operation
were searched to develop data on the effects
that these factors have on accident frequency
and severity. The search included not only pub-
Bureau of Public Roads, Yale, and the University
of California, but also unpublished material avail-
able from the highway departments of the vari-
ous states. The results of the search are presented
in terms of accident rates (rather than involve-
ment rates) in 42 figures and 30 tables.

SoLoMoN, D., Accidents on Main Rural Highways
Related to Speed, Driver, and Vehicle. Bureau of

Public Roads (1964).

This publication provides comprehensive in-
formation on the frequency of accident involve-
ments on primary rural highways. These values
can be used with information on accident costs
per involvement to develop needed accident cost
values for road user cost analyses.

Accident involvement rates are given for two-
lane and four-lane rural roads (with and without
medians) on road sections where there are no
intersections and on sections with intersections
at various spacings.

Emphasis is given to the factor of speed, partic-
ularly the relatively high accident involvement
rates of slow-speed drivers on roads where aver-
age speeds are 50 to 60 mph.

The frequencies of accidents occurring on state
highways in Ohio, Florida, and Connecticut
during the period from 1962 through 1964 were
analyzed relative to the effect of number of lanes,
control of access, presence of median, curvature,
grades, intersections, structures, and traffic vol-
umes. Number of lanes was either two or four;
control of access was none, partial, or full; a
median was either present or not present; curva-
ture was any curve of 4° or greater; grade was
any grade of 4 percent or greater; and inter-
sections were either present or not present. The
principal findings table, Table B-15, gives the
number of accidents by severity for every possible
combination of the control items noted pre-

viously. Accident frequencies in accidents per-

million vehicle-miles are given in a series of
tables for selected highway and traffic conditions.

Figure C-7, page 170, shows that curvature
and grades have a minimal effect on accident
frequency. In the use of these values in road
user cost studies it must be recognized that only
data for roads in relatively flat terrain (Connecti-
cut, Florida, and Ohio) are used, and curvature
and gradients are identified only as being equal
to or greater than 4° (curvature) and 4 percent
(grades).

Use of the results of this study for road user
cost analysis is further complicated by the ex-
pression of results in terms of accidents rather

14. “Supplementary Report of the Highway Cost Alloca- than in terms of accident involvements.
tion Study.” House Document No. 124, 89th Cong., 17. SmrtH, R. N., and TaMBURRI, T. N., “Direct Costs of
1st Sess. (1965) pp. 212-290. California State Highway Accidents.” Hwy. Res.

Information developed for the Differential
Benefit Study of value in user cost analyses ap-
pears on pages 212 to 290. Data on the frequency
and cost of accident involvements by highway
system and vehicle type, based on the results of
studies conducted in Massachusetts, Utah, New

Record No. 225 (1968) pp. 9-29.

Estimates of the direct costs of accidents in
California were developed using accident cost
data from the 1958 Illinois accident cost study
plus data on both the number of vehicle involve-
ments per accident and the relative fraction of
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reported and unreported accidents determined
for California in 1964.

The average number of vehicle involvements
(all vehicles) per accident in California in 1964
was 1.61 on rural non-freeway routes, 1.55 on
rural freeways, 1.91 on urban non-freeway
routes, and 1.81 on urban freeways. This is an
average of 134 vehicles per accident.

The percentages of total fatal, injury, and
property-damage-only accidents for which acci-
dent reports were filed in California in 1965
were 100 percent (fatal), 94 percent (injury),
and 37 percent (property damage only).

Accident Facts.
(1969) 97 pp.
Numerous tables and figures of accident statis-

National Safety Council, Chicago

19.

tics are provided in this annual publication of the
National Safety Council. It is helpful in road
user accident cost analysis by providing accident
rates separately for urban and rural routes and
by giving accident rates for urban routes by size
of city (see page 45).

97

WINFREY, R., Economic Analysis for Highways.
International Textbook Co., Scranton, Pa. (1969)

923 pp.

This book contains excellent material on motor-
vehicle accident costs (Chapter 15) applicable in
user cost analyses. The latest research informa-
tion on motor-vehicle accident rates and costs is
presented along with techniques of applying acci-
dent cost data in road user cost analyses.
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THE NATIONAL ACADEMY OF SCIENCES is a private, honorary organiza-
tion of more than 700 scientists and engineers elected on the basis of outstanding
contributions to knowledge. Established by a Congressional Act of Incorporation
signed by President Abraham Lincoln on March 3, 1863, and supported by private
and public funds, the Academy works to further science and its use for the general
welfare by bringing together the most qualified individuals to deal with scientific and
technological problems of broad significance.

Under the terms of its Congressional charter, the Academy is also called upon
to act as an official-—yet independent—adviser to the Federal Government in any
matter of science and technology. This provision accounts for the close ties that
have always existed between the Academy and the Government, although the Academy
is not a governmental agency and its activities are not limited to those on behalf of
the Government.

THE NATIONAL ACADEMY OF ENGINEERING was established on December
5, 1964. On that date the Council of the National Academy of Sciences, under the
authority of its Act of Incorporation, adopted Articles of Organization bringing
the National Academy of Engineering into being, independent and autonomous
in its organization and the election of its members, and closely coordinated with
the National Academy of Sciences in its advisory activities. The two Academies
join in the furtherance of science and engineering and share the responsibility of
advising the Federal Government, upon request, on any subject of science or
technology.

THE NATIONAL RESEARCH COUNCIL was organized as an agency of the
National Academy of Sciences in 1916, at the request of President Wilson, to
enable the broad community of U. S. scientists and engineers to associate their
efforts with the limited membership of the Academy in service to science and the
nation. Its members, who receive their appointments from the President of the
National Academy of Sciences, are drawn from academic, industrial and government
organizations throughout the country, The National Research Council serves both
Academies in the discharge of their responsibilities.

Supported by private and public contributions, grants, and contracts, and volun-
tary contributions of time and effort by several thousand of the nation’s leading
scientists and engineers, the Academies and their Research Council thus work to
serve the national interest, to foster the sound development of science and engineering,
and to promote their effective application for the benefit of society.

THE DIVISION OF ENGINEERING is one of the eight- major Divisions into
which the National Research Council is organized for the conduct of its work.
Its membership includes representatives of the nation’s leading technical societies as
well as a number of members-at-large. Its Chairman is appointed by the Council
of the Academy of Sciences upon nomination by the Council of the Academy of
Engineering.

THE HIGHWAY RESEARCH BOARD, organized November 11, 1920, as an
agency of the Division of Engineering, is a cooperative organization of the high-
way technologists of America operating under the auspices of the National Research
Council and with the support of the several highway departments, the Federal Highway
Administration, and many other organizations interested in the development of trans-
portation. The purpose of the Board is to advance knowledge concerning the nature
and performance of transportation systems, through the stimulation of research and
dissemination of information derived therefrom.
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