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ERRATA 
BULLETIN 276 

In Bulletin 276, titled "Motor Vehicle Time and Fuel Consumption," the following 
errors have been noted: 
Page 80, subcaptions (b) and (c) are interchanged and the truck silhouette should be 

as in (a) for all three parts. 
Page 85, Figure A-15, caption should read " test imit No. 2-C-D." 
Page 86, Figure A-16, caption should read " test unit No. 7-C." 
Page 87, Figure A-17, caption should read " test unit No. 10." 
Page 88, Figure A-18, caption should read " test unit No. 1-A." 
Page 89, Figure A-19, caption should read " test unit No. 5-A." 
Page 90, Figure A-20, caption should read " test unit No. 3-C-D." 
Page 91, Figure A-21, caption should read " test unit No. 8." 
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Fuel and Time Consumption Rates for 
Trucks in Freight Service 
MALCOLM F . KENT, Transportation Economist, Bureau of Public Roads, Washington, 
D.C. 

The number of times a truck must change its speed 
in a mile of travel increases with the density of 
traffic, according to an analysis of data derived 
from studies conducted in 1957 and 1958 of rural and 
urban travel in five States—data necessary in the 
analysis of highway-user benefits. 

Using a congestion index, which indicates that 
speed changes per mile increase uniformly with 
average daily traffic for different types of highway, 
together with the rates of fuel and travel time con­
sumed during a change in vehicle speed, the added 
cost of operating at nonuniform speed could be as­
sessed. 

This article also shows that, for the gross ve­
hicle weights observed, smaller and less powerful 
engines give better fuel economy, but their use car­
ries a penalty of increased time-consumption (lower 
road speeds) at the higher gross vehicle weights. 
Trucks with diesel engines were found to travel a-
bout 50 percent more miles on a gallon of fuel than 
trucks with gasoline engines of approximately e-
quivalent power and gross weight characteristics. 

iONE OF THE greatest voids in the data available for the analysis of highway-user 
benefits accruing through the improvement of highway facilities has been reliable fuel-
and time-consumption rates of commercial motor vehicles operating in actual service. 
To help fill this void the Bureau of Public Roads developed a program for obtaining this 
'nformation. Ohio State University, the Universities of Michigan and Washington, and 

transportation consultant from the University of Maryland were engaged to measure 
uel consumption and over-all travel time of selected trucks in rural and urban line-
laul service and in city pickup and delivery service, under traffic conditions ranging 
Tom restricted to free flowing. This study group obtained the cooperation of private, 
rovernment-owned, and for-hire highway freight carriers. Three of the studies were 
onducted simultaneously during the summer of 1957, and one during the summer of 

IL958. 
A principal concern of highway planners of a few decades ago was the surfacing of 

\iTt roads. Today, a principal concern is the elimination of frictional factors that im­
pede the free flow of traffic on paved roads. Eliminating stops occasioned by stop signs 
nd traffic lights, the widening of pavements or the adding of more lanes, the designing 
f highways with easier grades and curves, and the upgrading of other features that 
[ause reduction in normal driving speeds are factors that are now of primary import-
nce. 

In addition to improving the safety and efficiency of traffic flow, such improvements 
Jesuit in direct benefits to road users. Savings in motor fuel and time costs are two of 
ne principal benefits that result, and they are directiy affected by the elimination of 
fictional factors that impede the free flow of traffic. The over-all purpose of the 
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studies described in this report was to provide data on fuel consumption and travel 
time for various vehicle types and traffic conditions, which could be used in the eco­
nomic analyses of road-user benefits. 

SUMMARY OF FINDINGS 
Major findings of the studies are summarized in the following paragraphs. 
1. The fuel consumption in gallons per mile of motor trucks operating in rural and 

urban line-haul service increased with the power of the ei^ine for equivalent gross 
vehicle weights. 

2. Operating over identical rural line-haul routes, diesel-powered trucks were 
found to travel about 50 percent more miles on a gallon of fuel than gasoline-powered 
trucks of approximately equivalent power and gross vehicle weight. In terms of fuel 
consumption, this means that diesel-powered trucks consumed about 66 percent of 
the gallonage used by gasoline-powered trucks. 

3. The consumption of gasoline per mile by trucks was 25 to 30 percent higher in 
urban areas than in rural areas. 

4. The average truck speeds, including all stops and slowdowns, were found to be 
37 mph in rural line-haul operation, 19 mph in urban line-haul operation, and 11 mph 
in city pickup and delivery. For free-flowing traffic, the comparative speed for trucks 
in rural line-haul operation was 40 mph. 

5. The usefulness of speed changes per mile as a congestion index was demonstrate 
by proving that speed changes per mile increased uniformly with average daily traffic 
for different types of highways. Knowing the number of speed changes saved, the pro­
portion of stops and slowdowns, and the magnitude of each, it is possible to use this 
index to compute the added cost of fuel and time caused by speed changes, when the 
extra fuel and time consumed during a speed change are known. 

6. The stops on rural highways, made from the average truck speed, represented 
11 percent of all deviations from desired speeds, whereas the stops on urban streets 
represented 45 percent of all deviations from desired speeds. 

7. The average number of speed changes per mile was found to be 1.66 for rural 
line-haul, 4.97 for urban line-haul, and 6.91 for city pickup and delivery operations. 

DEFINITION OF TERMS 
To avoid misinterpretation of the results, certain terms used in this article are de­

fined. 
Fuel consumption. —Gallons of gasoline or diesel fuel consumed per mile of highway 

travel. The conversion from gallons per mile to miles per gallon can easily be made 
since one is the reciprocal of the other. 

Travel time. —Minutes required to travel 1 mile. Minutes per mile can be convertej 
to miles per hour by dividing 60 by the minutes per mile. 

Stop. —Bringing a motor vehicle to a complete stop. 
Slowdown. —A reduction in speed of a motor vehicle of more than 3 mph without 

coming to a stop. 
S êed change. —All motor vehicle accelerations and decelerations effecting a speed 

change of more than 3 mph, including both stops and slowdowns. 
Average gross vehicle wefeht. —The average of the individual gross vehicle weightsl 

of several vehicles, all falling within the same class interval of gross vehicle weight. 
Elaine cubic-inch displacement. —The cross-sectional area of a cylinder multipliecl 

by the length of piston stroke, which gives the cylinder displacement; multiplied by tha 
number of cylinders. 

Net horsepower. —The brake horsepower of the ei^ine, operating with all its normal 
accessories, that is available at the clutch or its equivalent. It is the gross horsepowl 
minus the horsepower absorbed by fan, compressor, generator, etc. For all practic£| 
purposes, net horsepower is assumed to be 90 percent of the gross horsepower. 

Total rise and fall. —The arithmetic sum of the vertical rise and fall in feet for anji 
section of highway. The rise in one direction of travel will become the fall in the op-
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posite direction. The total rise and fall is the same regardless of the direction of tra­
vel. 

Rate of rise and fall. —The total rise and fall for any section of highway in feet di­
vided by the length of section in hundreds of feet. It is not to be confused with the per­
cent of grade. It is equivalent to the average percent of grade only when either the rise 
or fall is 100 percent of the total rise and fall. 

DESCRIPTION OF TEST ROUTES 
The four studies were conducted in the general areas of Maryland-District of Colum­

bia-Virginia, Ohio, Michigan, and Washii^ton. The line-haul (intercity) routes with 
their origins, destinations, route numbers, mileages, and rates of rise and fall are 
shown in Table 1. The urban extensions of the line-haul routes in Cleveland and Colum­
bus, Ohio, Detroit, Mich., Baltimore, Md., Washington, D . C , Seattle, Wash., and 
some smaller municipalities were studied separately from rural line-haul operation. 
These generally followed the numbered routes until diversion was necessary to reach 
the trucking terminal or delivery warehouse. 

TABLE 1 
ROUTE TERMINI, ROUTE NUMBERS, DISTANCES, AND RATES OF RISE AND 
FALL OF RURAL HIGHWAYS TRAVELED BY OBSERVED LINE-HAUL TRUCKS 

Termini Rate of 
Rise 

Rate of 
Rise 

From To Numbered Routes Mileage* and FaU° 
Washington, D.C. Baltimore, Md. Md. 193, US 1 32.6 1.58 

Richmond, Va. Va. 350, US 1 95.5 1.42 
Columbus, Ohio Cleveland, Ohio Ohio 3, 61, US 42 128.4 1.41 

Parkersburg, W. Va. US 33, 50 108.8 0.63 
Wheeling, W. Va. US 40 119.9 1.70 

Detroit, Mich. Lansii^, Mich. US 16 80.5 0.59 
Toledo, Ohio US 25 55.4 0.16 
Three Rivers, Mich. US 112, 12, Mich. 60 151.7 0.48 

SeatUe, Wash. Aberdeen, Wash. 
Bellingham, Wash. 

US 99, 410 95.5 1.25 Aberdeen, Wash. 
Bellingham, Wash. US 99 75.5 1.28 
Centralia, Wash. US 99 74.7 1.09 
Chehalis, Wash. US 99 80.7 1.09 
Everett, Wash. US 99 18.5 1.87 
Longview, Wash. US 99, 830 120.7 0.95 
Mt. Vernon, Wash. US 99 53.9 1.24 
Olympia, Wash. US 99 53.1 1.29 
Portland, Ore. US 99 161.2 0.93 
Tacoma, Wash. US 99 23.9 1.59 
Yakima, Wash. US 10, 97 139.1 1.35 

Between municipal boundaries of terminal cities. 
In feet per 100 f t of distance. 

City pickup and delivery service was studied in Detroit, Columbus, Seattle, and 
•l^ashii^ton, D. C. All such operations were on i r r ^ l a r routes except for the postal 
•elivery service trucks which followed the same routes each day to the various sub-

tations in Columbus. The types of service varied from large tractor-truck semi-
Irailer combinations deliverii^ grocery products from warehouses to retail stores and 
totor fuel from wholesale storage tanks to retail filling stations, to panel and van-type 
tucks engaged in package or linen delivery service. Rise and fall rates were estimated 



for Columbus, Detroit, and Washington, D . C , at approximately 0.5 ft per 100 ft. 
Rates of rise and fall for routes were recorded for Seatfle, and raided from 1.9 to 2.3 
ft per 100 ft. However, the variations in rates of rise and fall among routes were not 
of sufficient magnitude to cause significant chaises in fuel and time consumption. 

DESCRIPTION OF TEST VEHICLES 
The gasoline- and diesel-powered tractor-truck semitraUer combinations, made 

available by commercial carriers for line-haul observation, are described in Table 2 
according to type, ei^ine displacement, and net brake horsepower. City pickup and 
delivery gasoline-powered vehicles, consisting of panel and other sii^le-unit trucks 
and tractor-truck semitrailer van and tank combinations, are similarly described. 

Where the size and weight restrictions of the particular state permitted, three ve­
hicles were observed in each state within each of the following weight groups: 

Rural and Urban Line-Haul (lb) City Pickup and Delivery (lb) 
20,000 - 29,999 5,000 - 9,999 
30,000 - 39,999 10,000 - 19,999 
40,000 - 49,999 20,000 - 29,999 
50,000 - 59,999 Over 30,000 
60,000 - 69,999 

TEST PROCEDURES 

After receiving permission from fleet owners to use their vehicles for test pur­
poses, in the course of their normal runs, a fuel meter was placed in the cab of each 
gasoline-powered truck and connected to the fuel lines of the engine between the tank 
and the carburetor. The fuel meter could be read by a person sitting next to the driver 
The fuel tank was filled at the start of each trip and was filled again at the end of the 
trip; any fuel added en route was, of course, recorded. This over-all record of fuel 
consumption was used to check the accuracy of the meters. 

Diesel-engine trucks, in which excess fuel is recirculated from the engine to the 
fuel tank, required a different type of meter installation. To circumvent the multime-
tering of the same fuel, a small-volume, constant-level tank was installed in the fuel 
line between the engine and the main fuel supply tank. The engine fuel pump drew only 
from this feed tank, to which all excess recirculated fuel was returned. Fuel con­
sumed by the engine was drawn from the feed tank, and a constant level was maintained 
in the feed tank through a float arrangement and an auxiliary fuel pump supplying addi­
tional fuel from the main supply tank through a fuel meter unit. In this manner, the 
fuel meter recorded only the actual quantity of fuel consumed by the ei^ne. 

Before the beginning of the test nms each route to be observed was inventoried to 
locate control points with relation to major changes in traffic flow and to record milead 
between control points, rise and fall (through use of an aneroid barometer), number of̂  
traffic signs and signals, and number of lanes. Before the start of each run, the ob­
server recorded the vehicle chassis model and year, unladen weight, payload weight, 
and gross vehicle weight, engine model size and cubic inches of cylinder displacement^ 
and reported net brake horsepower. The weather and condition of the road were also 
recorded. 

The observer, riding in the cab, recorded on each run the following information as | 
he passed the control points: time of day (hour and minute), fuel meter reading (hun­
dredths of a gallon), and odometer reading (tenths of a mile). The magnitude of each 
speed change of ± 3 mph or more within each section was recorded during the trip. 
Trips were made at all hours of the day and night, with no change from normal opera­
tions being made on account of the study. Drivers were not to change their normal 
driving habits, and drove at speeds representative of other traffic . 



TABLE 2 
CHARACTERISTICS OF COMMERCIAL MOTOR VEHICLES 

Number of 
Vehicles 

Number of Axles 
and Body 

Typesa. 

Engine 
Dis­

placement, 
cu. in. 

Net Brake 
Hp of Engine*̂  

Engine 
Rpm 

Line-haul 
gasoline: 

1 3-S2-2 van 302 172 3,600 
3 3-S2 van 331 128 3,200 
1 2-S2 van 377 126 2,800 

12 2-SI van 386 130 2,800 
8 3-SI van 406 156 2,750 
4 3-S2 van 450 146 2,600 
2 3-S2 van 461 197 3,200 
3 2-S2 van 501 165 2,800 
1 3-2 van 531 178 2,880 
1 3-S2 van 549 230 3,200 
4 3-S2 van 590 225 2,800 

Line-haul, 
diesel: 

5 
City pickup and de­

livery gasoline: 

3-S2 van 743 200 2,100 

2 2 panel 214 73 3,200 
1 2 panel 223 126 4,000 
1 2 panel 235 123 4,000 
1 2 van 220 89 2,800 
5 2 van 228 90 3,000 
5 2 van 248 115 3,400 
1 2 van 260 90 2,500 
1 2 van 261 135 4,000 
1 2 van 263 105 3,400 
3 2 van 271 114 2,800 
2 2 van 272 167 4,400 

3,200 1 2 van 282 103 
4,400 
3,200 

2 2 van 320 103 3,000 
1 2 van 386 163 3,000 
2 2-SI van 372 139 3,200 
2 2-SI van 386 145 3,000 
3 2-SI van 406 175 3,200 
1 2-S2 van 383 150 2,800 
2 2-S2 van 450 150 2,800 
1 2-S2 van 505 175 2,800 
2 2-S2 tank 464 170 2,800 

^ach digit indicates the number of axles of a vehicle or of a unit of a vehicle com­
bination. A single digit, or the f i r s t digit of a group symbol, represents a single-
unit truck or, i f followed by an S, represents a truck-tractor. The S designation 
represents a semitrailer. A digit, without an S preceding i t , in the second or third 

.position of a group symbol represents a f u l l trailer. 
Average li4D hp for engine sizes 302-J^6 cu i n . , average 171 hp for sizes k^0-$h9. 



ANALYSIS PROCEDURES 
When the fieldwork had been completed, the first step in the analysis procedure was 

to list the consumption of fuel, travel time, and mileages traveled on each section for 
each trip, segregating rural from urban data. Speed changes were similarly listed 
for each section and trip, with stops being shown separately from slowdowns in the 
Ohio and Washington data. Gallons per mile, minutes per mile, and speed changes 
per mile were computed separately for line-haul rural trips, for line-haul urban trips, 
and for city pickup and delivery trips. 

Rate of Rise and Fall 
' Rise and fall was considered a variable with respect to fuel consumption rates and 

travel time. No significant variations were found, however, in either parameter for 
the rather narrow range of rates of rise and fall studied. As shown in Table 1, rates 
of rise and fall for the rural highways studied ranged from 0.16 for the route between 
Detroit and Toledo, to 1.87 for the route between Seattie and Everett. Of the total 
mileage studied, 40.6 percent had a rate of rise and fall below 1.0, 47. 7 percent had 
rates from 1.0 to 1.5, and 11.7 percent had rates from 1.51 to 1.87. The average 
rate of rise and fall for all rural sections studied was 1.22. The results reported 
for this study reflect the average values for all highway sections without regard to 
variations in rise and fall. 

Vehicle Weight Groupings 
It was not possible to set up a precise schedule of vehicles and gross vehicle weights 

to be observed, since the demand for commercial freight in normal operations did not 
permit the selection of a specified gross vehicle weight. It was hoped that the plan to 
observe a minimum of three vehicles for each of several weight-class intervals would 
result in an even distribution within the class interval. This, however, was not the 
case and it was necessary to form new gross vehicle weight groupings in the analyses. 
The most significant groupings for the line-haul and pickup and delivery vehicles, to­
gether with the number of trips and total miles observed in each grouping, are shown 
in Table 3. It is evident that sizable mileages were logged in each type of service and 
that a reliable base exists for the development of fuel consumption and travel time rates. 

Engine Size Groupii^s 
The gasoline-powered vehicles observed on line-haul operations were grouped, for 

purposes of analyses, into three engine displacement size groups consisting of 302-406 
cu in., 450-549 cu in., and 590 cu in. Vehicles with 743-cu in. displacement diesel 
engines were also studied as a group. The net horsepower for the four groups of 
ermine displacement were determined to be 140 horsepower for the 302-406-cu in. size 
group, 171 horsepower for the 450-549-cu in. size group, 225 horsepower for the 590-
cu in. size group, and 200 for the 743-cu in. diesel engine. 

A grouping of city pickup and delivery veliicles by power cliaracteristics was con­
sidered but found impractical for the purposes of analysis because of the irregularity 
of the service, which resulted in wide variations in the speed of operation, number of 
deliveries, stops per mile, idling time, and the rate of discharge of cargo. 

AVERAGE FUEL CONSUMPTION RATES 
A summary of the average rates of fuel consumption is shown in Table 4. Two fuel 

consumption values are shown for each group of vehicles with similar power charac­
teristics. One is the actual rate and the other is the computed rate (Fig. 1) as straight| 
line relationships, which were derived from the actual average values. The rates of 
rise and fall were 1.18 ft per 100 ft for the 302-406-cu in. group, 1.20 ft per 100 ft 
for the 450-549-cu in. group, 1.29 ft per 100 ft for the 590-cu in. group, and 1.22 ft 
per 100 ft for the 732-cu in. diesel engine. The variation in rise and fall appeared to 
be rather insignificant and therefore a valid comparison of the motor-fuel consumption | 
rates for the several groupings of vehicles is practical. 



TABLE 3 
NUMBER OF TRIPS AND TOTAL MILES OBSERVED FOR GASOLINE-

AND DIESEL-POWERED MOTOR VEHICLES 

Weight Class (lb) 

Average 
Gross 

Vehicle 
Weight 

Gasoline Vehicles Diesel Vehicles 

Number 
of Trips 

Total 
Miles 

Observed 
Number 
of Trips 

Total 
Miles 

Observed 

Line-haul vehicles: 
17,000-18,999 17,000 15 1,111 
19,000-23,999 21,300 55 3,085 
24,000-29,999 27,000 25 2,398 
30,000-37,999 34,500 123 11,740 
38,000-47,999 42,000 98 8,906 
48,000-53,999 51,200 64 5,381 
54,000-61,999 59,500 42 3,520 
62,000 and over 67,900 _31 2.111 

Total - 453 38,252 
City pickup and de-

1 60 
6 545 

12 1,641 
8 668 
9 1,125 

12 1,503 
48 5,542 

livery vehicles: 
4,400- 4,999 4,600 • 13 231 
5,000- 8,999 6,000 25 1,172 
9,000-12,999 10,500 89 1, 775 

13,000-16,999 14,500 51 603 
17,000-20,999 18,500 6 67 -
21,000-24,999 22,500 1 33 -
25,000-30,499 27,500 80 480 
30,500-36,999 33,300 18 232 
37,000-39,999 38,500 3 81 -
40,000-45,999 42,100 5 171 
51,000-51,999 51,300 3 154 
54,000-59,999 57,000 40 64 -
62,000-69,999 66,000 32 70 -

Total - 366 5,133 

It may be noted that the vehicles with the larger power plants used appreciably more 
gasoline for a given average weight. For instance. Figure 1 shows that gasoline-power­
ed vehicles in the lowest engine power group with an average GVW ̂ ross vehicle weight) 
of 40,000 lb had a fuel-consumption rate of 0.202 gal, per mi. This compares with 
0.233 gal per mi for vehicles in the medium power group, which represents a 15 per­
cent increase; and with 0.262 gal per mi for vehicles in the largest gasoline-ei^ine 
power group, a 30 percent increase. 

Also, the fuel-consumption rate increased with gross vehicle weight. Li the medium 
power group, for instance, a vehicle weighing 20,000 lb consumed approximately 0.181 
gal per mi, while a vehicle we^hing 60,000 lb consumed 0.285 gal per mi. However, 
despite the fuel-consumption rate increase with gross vehicle weight Increase, there was 
a decrease in the fuel consumption per 10,000 lb of gross vehicle weight. For example, 
in the medium power group a 20,000-lb vehicle consumed 0.181 gal per mi or 0.091 
gal per mi per 10,000 lb, while a 60,000-lb vehicle which consumed 0.285 gal per 
mi actually consumed only 0.048 gal per mi per 10,000 lb, indicating that as gross 



TABLE 4 
SUMMARY OF FUEL-CONSUMPTION RATES FOR LINE-HAUL TRUCKS 

OPERATING OVER RURAL HIGHWAY^ 
Fuel-Consumption Rates (gal/mi) 

Gross Vehicle 

302-400 Culn. 
Gasoline 
(140 hp) 

450-549 Culn. 
Gasoline 
(171 hp) 

500 Cu In. 
Gasoline 
(225 hp) 

743 Cu In. 
Diesel 
(200 hp) 

Weight Com- Com- Com- Com-
(lb) Actual putedt> Actual puted^ Actual putedb Actual putedb 

17,000 0.150 0.154 0.152 0.173 _ _ _ 

21,300 0.163 0.163 0.189 0.185 - - - -
27,000 0.170 0.175 0.210 0.200 0.243 0.241 0.146 0.153 
34,500 0.196 0.191 0.229 0.219 0.247 0.253 0.176 0.162 
42,000 0.214 0.207 0.246 0.239 0.278 0.266 0.176 0.171 
51,200 0.233 0.226 0.256 0.263 0.273 0.280 0.164 0.182 
59,500 0.233 0.244 0.289 0.285 0.287 0.294 0.189 0.193 
67,900 - - 0.298 0.307 0.314 0.307 0.212 0.203 

^Average rate of rise and f a l l , 1.2 f t per 1 0 0 f t . 
Computed rates are based on the following fomiaas: 302-I4O6 cu i n . , 0.1177+0.00212W; 
h50-5k9 cu i n . , 0.1288+0.00262J 590 cu i n . , 0.197$*-O.OOl62Wj and 7k3 cu i n . , 0.119lj,+ 
0.001229W. (W=GVW in thousands of pounds.) 

vehicle weight is increased Ihe fuel economy per unit of gross weight is improved. 

Gasoline and Diesel Fuel Comparison 
For the same gross vehicle we^ht averages, the diesel-powered vehicles consumed 

considerably less fuel than the gasoline-
powered vehicles with approximately the 
same power characteristics. For examplt 
a vehicle with a 590-cu in. gasoline engine 
and an average GVW of 60,000 lb consume 
approximately 0.294 gal per mi, while a 
vehicle with a 743-cu in. diesel engine and 
a similar weight consumed 0.193 gal per 
mi. In this case the diesel consumption 
rate was 66 percent of the gasoline consun 
tion rate. However, the foregoii^ com­
parison does not represent results obtaine 
over identical routes. 

A comparison of gasoline and diesel fue 
consumption rates for vehicles traveling 
over identical routes was possible from th 
data obtained in the State of Washington. 
The diesel-powered combination units tra­
veled a total of 5,542 mi on 48 trips. 
Twenty-eight of these trips, totaling a dis­
tance of 3,617 mi, were traveled over the 
same routes used by gasoline-powered 
trucks on 32 trips, totaling 3,966 mi. By 
grouping gross vehicle weights into class 
intervals, it was possible to obtain averag 
consumption values that were directiy com 
parable with respect to rise and fall rates 
and gross vehicle weight Of the vehicles 

*/ 
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Figure 1. Motor-fuel consumption rates of 
rural line-haul trucks by size of engine 

for 1.2 rate of rise and f a l l . 



9 

rith gasoline engines, 21 trips were made by vehicles with engines of 461-cu in. dis-
ilacement, 3 with ei^ines of 450-«u in. displacement, and 8 with engines of 590-cu in. 
lisplacement. For the 32 trips, the average net horsepower of the vehicles with gaso-
ine engines was 199 hp, as compared with the 200-hp diesel engines. The results are 
nimmarized in Table 5 and the relationships derived from the average rates of fuel 
onsumption are shown in Figure 2. 

TABLE 5 
GASOLINE AND DIESEL FUEL CONSUMPTION RATES FOR LINE-HAUL 

TRUCKS TRAVELING OVER THE SAME RURAL ROUTEI^ 

jross Vehicle Number 
Total 
Mfles 

Total 
Gallons 
Con- Mi/Gal 

Consumption 
Mi/Gal 

Actual Comp.*̂  Actual Comp.' 
jasoline: 

30,400 1 63 14.34 4.393 4.452 0.228 0.221 
36,800 2 284 66.77 4.253 4.224 0.235 0.237 
46,800 7 993 254.89 3.896 3.867 0.257 0.263 
57,900 14 1,831 529.23 3.460 3.472 0.289 0.292 
62,500 1 142 42.45 3.345 3.308 0.299 0.303 
68,300 _7 653 213.25 3.062 3.101 0.327 0.318 

rotal or avg 32 3,966 1,120.93 3.538 - 0.283 -
Mesel: 

32,600 1 65 9.15 7.104 6.723 0.141 0.158 
41,500 7 923 163.89 5.632 6.229 0.178 0.168 
51,600 6 618 105.17 5.876 5.668 0.170 0.179 
58,100 8 1,146 219.87 5.212 5.306 0.192 0.187 
69,900 _6 865 182.15 4.749 4.651 0.211 0.200 

rotal or avg 28 3.617 680.23 5.317 - 0.188 -

K 25 

Wrage rate of rise and f a l l , 1.17 f t per 100 f t . Con̂ juted miles-per-gallon rates 
ire based on the following fomulasi gasoline, 5.531+86-0.03563Virj diesel, 8.53145-0.0556 
r. ^Computed gallons-per-mile rates are based on the following formulast gasoline, 
l.ll;217+0.00258Wj diesel, 0.12106*-0.00113W. (W=GVW in thousands of pounds.) 

For a GVW of 70,000 lb (Fig. 2) the 
^soline consumption rate was 0.322 gal 
)er mi, or 3.11 mi per gal; and the die-
iel consumption rate was 0.200 gal per 
ni, or 5.00 mi per gal. In effect the die-
sel-powered vehicles traveled about 53 
lercent more mUes per gallon of fuel than 
lid the gasoline-powered vehicles. A 
similar comparison for a GVW of 50,000 
b indicated that the diesel-powered ve-
dcles traveled about 52 percent more 
niles per gallon of fuel than gasoline-
lowered vehicles. A comparison of the 
Lverage rate for all gasoline-powered 
vehicles for aU 32 trips with that for all 
liesel-powered trips shows that 51 per-
:ent more mileage was obtained by diesel-
towered vehicles on the same gallonage of 
uel. This relative value is based on the 

1 
• 
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Figure 2. Comparison of gasoline and die­
sel fuel consunption rates of rural l ine-
haul tmcks operating over the same 

routes. 
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total miles traveled and total gallons consumed (Table 5). The average dlesel con­
sumption rate of 0.188 gal per mi was 66 percent of the average gasoline consumptio] 
rate of 0.283 (Fig. 1). 
Rural and Urban Comparison 

The fuel consumption rates for all gasoline- and diesel-powered trucks observed in 
line-haul rural and urban travel are shown in Table 6. The computed rates, obtained 
from the straight-line relationships shown in Figure 3, were derived from the averagi 
actual rates. The fuel consumption rates for gasoline-powered vehicles in urban trav 
appear to be considerably greater than the gasoline consumption rates in rural travel. 
The fuel consumption percentage differences in rural and urban travel rai^e from a 25 
percent difference for a GVW of 20,000 lb to a 32 percent difference for a GVW of 
70,0001b. 

TABLE 6 
GASOLINE AND DIESEL FUEL CONSUMPTION RATES FOR RURAL AND 

URBAN LINE-HAUL OPERATIONS 

Fuel Consumption Rates (gal per mi) 

Gasoline Vehicle Diesel Vehicle 
Rural Urban Gross Vehicle -

Weight (lb) Actual Comp.a Actual Comp.a 
Rural Urban 

Actual Comp.^ Actual Comp 
17,000 
21,300 
27,000 
34,500 
42,000 
51,200 
59,500 
67.900 

0.150 0.152 0.175 0.189 - - - -
0.166 0.165 0.218 0.207 - - _ -
0.184 0.182 0.232 0.230 - - - -
0.206 0.204 0.263 0.261 0.176 0.167 0.147 0.14 
0.229 0.227 0.291 0.292 0.176 0.174 0.179 0.16 
0.243 0.254 0.332 0.330 0.164 0.184 0.180 0.19 
0.280 0.279 0.365 0.364 0.189 0.192 0.225 0.22 
0.308 0.304 0.395 0.399 0.212 0.200 0.255 0.25 

^Computed rates are based on the following fonmilas: gasoline, rural, 0.101l5*-0.00299W 
gasoline, urban, 0.11865+0.00lil3W; diesel, rural, 0.1318CK0.00101W; diesel, urban, 
0.0392li+0.00310W. (W=GVW in thousands of pounds.) 

A comparison of the rural and urban fuel consumption rates for diesel-powered 
trucks observed in line-haul service, however, shows that there was little percentage 
difference where the GVW was from 40,000 to 50,000 lb, but where the GVW approach 
70,000 lb there was a 27 percent higher consumption rate in urban travel. 

Again, Figure 3 shows the fuel consumption advantage of the diesel ei^ine. 

City Pickup and Delivery Vehicles 
City pickup and delivery motor-vehicle gasoline consumption rates are shown in 

Figure 4 for two different rates of rise and fall. The straightline values were derived 
from actual average values. In Seattle, where the rate of rise and fall averaged 2.1 f 
per 100 ft, the gasoline consumption was 18 percent higher at 10,000-lb GVW and 14 
percent higher at 40,000-lb GVW than the consumption rate in the other three cities 
where the rise and fall was about 0.5 ft per 100 ft . It will be noted that gasoline con­
sumption increased as gross vehicle weights increased, as was the case for line-haul 
operation. It may also be noted that the consumption rates approximate closely the 
values shown in Figure 3 for gasoline-powered vehicles in urban line-haul service. 
Consumption rates for wholesale motor-fuel delivery vehicles are shown separately 
in F ^ r e 4 as they were not considered for this study as multi-stop city delivery ve­
hicles. 
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Lgure 3. Con^jarison of rural and urban 
3tor-fuel consumption rates of line-haul 
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Figure 'k. Motor-fuel consumption rates at 
different rates of rise and f a l l for city 

delivery vehicles. 

Fuel-consumption rates obtained in 
liis study have been compared with results found in two previous studies—a 1937 Oregon 
tudy (1), and a 1948 Pennsylvania study (2). The comparison of these consumption 
ates are given in Table 7 and shown graphically in Figure 5. For comparative pur-
oses, the average consumption rates found in the 1958 study, rather than the rates 
}und for the individual groupings of vehicles, were used. Considering the entire gross 
ehicle weight range, the consumption rates obtained in the 1958 study were found to 
e approximately 10 percent higher than corresponding data reported in the Pennsylvania 

TABLE 7 
COMPARISON OF MOTOR-FUEL CONSUMPTION RATES OF THREE STUDIES 

OF TRUCKS OPERATING OVER RURAL HIGHWAYI^ 
Motor-Fuel Consumption feal/mi) 

1948 
Penn­
syl­

vania 
Study 

Average 
Gross 

Vehicle 
Weight 

1958 Five-State Study 
1937 Oregon 

Study 
Gasoline Vehicles 

Engine Displacement 
(cu in.) 

302-406 450-549 590 
Diesel 
Veh 

Gaso­
line 
Veh 

Diesel 
Veh 

Gaso­
line 

20,000 0.160 0.181 0.161 _ _ 0.135 
30,000 0.181 0.207 0.246 0.191 0.156 0.203 0, 128 0.170 
40,000 0.202 0.234 0.262 0.221 0.169 0.251 0. 157 0.200 
50,000 0.224 0.260 0.279 0.251 0.181 0.295 0. 183 0.228 
60,000 0.245 0.286 0.295 0.281 0.193 - _ 0.255 
70,000 - 0.312 0.311 0.311 0.205 - - 0.282 

late of rise and f a l l for Oregon data was l.Oj for the other study data i t was 1.2. 
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Study, which were obtained by controlled 
tests on new vehicles. The higher motor-
fuel consumption rates in commercial ope: 
ation as compared with the controlled test 
operation can be ascribed partly to a great 
er prevalence of speed changes in com­
mercial operation than had been encounter 
ed in the test truck operation, and partly 
to the fact that the commercial truck en­
gines were not kept to the high degree of 
performance efficiency as the controlled 
test trucks, which were regularly main­
tained by factory mechanics. 

It appears that the results in the Penn­
sylvania study, which covered a much widi 
rai^e of gross vehicle weights and rates o 
rise and fall, may be increased by 10 per­
cent and used to represent the fuel char­
acteristics of vehicles now in actual com­

mercial service. 
Gasoline consumption rates in the 1937 Oregon study and the 1958 study were quite 

similar in the lower gross vehicle weights but the Or^on study gasoline consumption 
rates were higher by nearly 20 percent for the gross vehicle weights at 50,000 lb. 
Diesel-fuel consumption f ^ r e s in the Oregon study were lower than the 1958 study 
diesel consumption rates by as much as 30 percent in the lower weight ranges but were 
almost identical for gross vehicle weights at 50,000 lb. 

AVERAGE TIME CONSUMPTION RATES 
The travel time consumption rate of commercial motortrucks in rural line-haul ope 

ation was analyzed in two different ways. The first analysis was made to determine th 
travel time of vehicles for all trips, without considering rise and fall or traffic frictioi 
This analysis was made in a manner similar to that used for determinii^ the fuel-con­
sumption rates. Actual and computed travel time consumption rates are given in Tabli 
8. In Figure 6, straight lines are used to relate travel time and gross vehicle weight 
for each of the engine characteristic groups. It is seen that vehicles with engine dis­
placement size of 302-406 cu in . , which traveled at a rate of 1.59 min per mi with a 
GVW of 30,000 lb, traveled at 1.85 min per mi when the GVW was 60,000 lb. Vehiclei 
in the 450-549-cu in. engine size group traveled 1.46 and 1.72 min per mi at corres­
ponding weights. The stra^htline relationships for these two engine groups were ap­
proximately parallel, indicating a constant rate of increase in travel time consumed 

T A B L E 8 

R A T E S O F T R A V E L TIME CONSUMPTION FOR TRUCKS IN RURAL LINE-HAUL S E R V K E IN 
F I V E STATES, 1957-58" 

Time-Consumption Bates (mln/ml) 

Gross Vehicle 
Weight 

Ob) 

302-406 cu I n . , Gaso­
line (140 hp) Engine 

Actual Computed^ 

450-549 cuin . , Gaso­
line (171 bp) Engine 

Actual Computed'' 

590 cu i n . , Gasoline 
(225 hp) Engine 

Actual Computed'' 

Gasoline 
Engine 
Average-

Actual 

743 cu i n . , Diesel 
(200 bp) Engine 

Actual Computed'' 

17,000 1.434 1.478 _ _ _ _ 1.434 _ 
21,300 1.506 1.514 - - - - 1.506 _ 
27,000 1.649 1.563 1.467 1.436 1.606 1.593 1.592 _ 
34,500 1.619 1.627 1.520 1.501 1.590 1.626 1.596 1.636 1.567 

42,000 1.687 1.691 1.526 1.566 1.662 1.659 1.620 1.460 1.571 
51,200 1.728 1.769 1.626 1.645 1.738 1.699 1.692 1.616 1.576 
59,500 1.859 1.840 1.660 1.717 1.724 1.735 1.696 1.569 1.580 
67,900 - - 1.859 1.790 1.761 1.771 1.797 1.598 1.585 

Average 1.638 - 1.586 - 1.696 - 1.625 1.559 -
'Average rate of r ise and f a l l , 1.2 f t per 100 f t . 
Computed rates are based on the following fomulasi 302-li06 cu i n . , 1.33>O.CI085l6W;l50-5U9 cu m . 
590 cu i n . , l.U76>O.0Olt3lt7Vf; and 7h3 ou m . , 1.5U?*0.0O0526W. (W-GVW i n thousands of pounds.) 

1.20>0.00861:2Vfs 
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1.5 

t 
X T 4 3 C U IN D lESEL 

X 

with increase in gross vehicle weights. 1.9 
The vehicles with 743-cu in. diesel 

engines maintained a much more con- , g 
stant speed with respect to gross vehicle ^ " 
weights than those with the larger gaso- ^ 
line engines, showing an increase of only e ' ^ 
0.02 min per mi from 30,000- to 
60,000-GVW. 11.6 

The travel time consumption rates of | 
commercial vehicles in urban line-haul 
and in city pickup and delivery service 
are shown in Table 9. Although time-
consumption rates were not found to vary 
in a uniform manner with gross vehicle 
weight, it was noted iliat as the power 
characteristics of engines increased the 
time consumption decreased. Referring 
to the average time-consumption rates for 
all gasoline-powered vehicles (Tables 8 
and 9) it will be seen that vehicles in rural line-haul service traveled at an average 
rate of 1.625 min per mi, or 36.9 mph; vehicles in urban line-haul traveled at 3.156 
min per mi or 19.0 mph; and all city pickup and delivery vehicles at 5.443 min per 
mi or 11.0 mph. Similar figures for diesel-powered vehicles were 1.559 min per mi, 
or 38.5 mph for rural line-haul operation, and 2.740 min per mi, or 21.9 mph for ur­
ban line-haul operation. 

0 10 20 3 0 4 0 5 0 6 0 7 0 
C R O S S VEHICLE WEIGHT-THOUSANDS OF POUNDS 

Figure 6. Comparison of average time con­
sumption rates of rural line-haul trucks 

by engine size for 1.2 rise and f a l l . 

Average Speeds in Free-Flowing Traffic 
The second analysis made of travel time for rural line-haul operations involved the 

desired speeds at which vehicles traveled in free-flowing traffic when they apparently 
were unrestricted except by speed limits or safe driving speeds. It was possible to 
study the speeds by analyzii^ time-consumption rates on certain highway sections in 
Ohio and Washington where trucks traveled without experiencing more than two slow­
downs per mile and no stops. The average operating speeds under these conditions were 
related to the four groupings of engine sizes and power characteristics and to gross ve­
hicle weight (Table 10 and Fig. 7). 

Travel time, in minutes per mile, increased sharply as the gross weight of gaso­
line-powered commercial trucks in the lowest range of engine size and power increased. 
Conversely, of course, average road speeds decreased sharply. However, as the engine 
horsepower and gross vehicle weight increased, the travel time increase was less 
pronounced. This is reflected by the steepness of the slope of the lines per 10,000-lb 

SUMMARY O F T R A V E L TIME CONSUMPTION R A T E S FOR URBAN LINE-HAUL FREIGHT V E H I C L E S 
AND C I T Y D E L I V E R Y V E H I C L E S 

Tlme-ConsumpUon Rates (min/ml) for Urban Line-Haul Vehicles 
Time-Consumption Rates 

(mln/mi) for City 
Delivery Vehicles 

Gross Vehicle 
Weight 

Ob) 

302-406 
Cu In. 

Gasoline 
Engine 

450-549 
Cu In. 

Gasoline 
Engine 

590 
Cu In. 

Gasoline 
Engine 

Average 
Gasoline 
Engine 

743 
Cu In. 
Diesel 
Engine 

Gross Vehicle 
Weight 

ab) 

All 
Gasoline 
Engines 

17,000 3.207 2.868 _ 3.105 _ 4,600 8.854 
21,300 2.909 3.473 - 2.987 _ 6,000 5.736 
17,000 3.388 2.818 2.957 3.182 2.556 10,500 6.181 
34,500 3.260 2.973 2.378 3.136 2.353 14,500 5.125 
42,000 3.274 3.082 2.728 3.167 2.597 18,500 4.500 
51,200 3.513 2.914 2.283 3.253 2.901 22,500 5.502 
59,500 4.533 2.987 2.532 3.435 3.043 27,500 4.847 
67,900 4.486 2.630 2.815 3.039 2.784 33,300 4.184 
Average 3.306 2.997 2.671 3.156 2.740 Average 5.443 
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TABLE 10 
AVERAGE SPEEDS OF GASOLINE- AND DIESEL -POWERED TRUCKS, EX­

PERIENCING LESS THAN TWO SLOWDOWNS PER MILE AND NO 
STOPS IN OHIO AND WASHINGTON RURAL LINE-

HAUL OPERATION* 

Time-Consumption Rates^ 

Gross Vehicle 
Weight ab) 

302-406 Cu In. 
Gasoline Engine 

450-549 Cub. 
Gasoline Engine 

590CuIn. Gaso­
line Engine 

743 Cu In. Diesel 
Ei^ne Gross Vehicle 

Weight ab) Min/mi Mph Min/mi Mph Min/mi n^h Min/mi Mph 
17,000 
21,300 
27,000 
34,500 

1.34 
1.38 
1.43 
1.50 

44.8 
43.5 
42.0 
40.0 

1.35 
1.40 

44.4 
42.9 

1.36 
1.38 

44.1 
43.5 1.483 40.5 

42,000 
51,200 
59,500 
67.900 

1.57 
1.65 

38.2 
36.4 

1.44 
1.50 
1.56 
1.61 

41.7 
40.0 
38.5 
37.3 

1.40 
1.43 
1.45 
1.47 

42.9 
42.0 
41.4 
40.8 

1.486 
1.490 
1.493 
1.497 

40.4 
40.3 
40.2 
40.1 

rAverage rate of rise and f a l l , 1.3 f t per 100 f t . 
Rates were computed by the following fomralas: 302-1)06 cu i n . , mpm, 1.18035+0.009l6W; 
mph, ^^9.1986-0.257J •̂7W. k50-5k9 cu i n . , mpm, 1.17ii35*-0.0061*3W5 mph, 49.2757-0.17956W. 
590 cu i n . , mpm, 1.2909+0.00261j.Wj mph, lt6.0567-0.077lt2W. 7ii3 cu i n . , mpm, l.Ji696+ 
O.OOOljOWj mph, la.1719-0.01905W. (W=GVW in thousands of pounds.) 

increase in GVW. For the lowest gasoline-powered engine size, the rate increased 
0.09 min per mi for each increase of 10,000 lb in GVW. For the medium gasoline-
powered engine size, the corresponding increase was 0.06 min per mi, and for the 
590-cu in. engine gasoline-powered vehicles and the diesel-powered vehicles the in­
creases were 0.03 and 0.01 min per mi, respectively. 

The relative performance of the four groupings of vehicles (Fig. 7) point up the 
consideration that while better fuel economy is attained with smaller engines for the 
gross vehicle weights investigated, the penalty of using smaller engines is an increase 
in travel time consumption at k^her vehicle weights. 

'•OS' 

Time-Consumption Rates Compared 
Another important use of the current study data was in comparison with the average 

time-consumption rates reported in the 
1948 Pennsylvania study Travel-time-
consumption rates for the two studies are 
shown in Figure 8, using the average rates 
for all vehicles. 

The time-consumption rates obtained 
in the 1958 study, considering the average 
travel time for all conditions of traffic, 
are labeled "average traffic" (Fig. 8) and 
were found to be 26 percent h^her than 
corresponding data reported in the Penn­
sylvania study. A comparison of greater 
significance, however, can be made be­
tween the 1958 study ("free-flowing traffic'] 
and those of 1948 Pennsylvania study, be­
cause both were made imder similar con­
ditions. The time-consumption rates of 

743CU1N J 
DIESEL 

-•46 
10 2 0 3 0 4 0 50 6 0 7 0 
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Figure 7. Average time consun^jtion rates 
for trucks operating in free-flowing traf­
f i c on rural line-haul service with an 
average rate of rise and f a l l of 1.3 feet 

per 100 feet. 
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gasoline-powered trucks traveling in 
free-flowii^ traffic were 10 percent high­
er than corresponding data reported in 
the Pennsylvania study. 

EFFECT OF TRAFFIC ON 
PERFORMANCE 0 100 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 

WEIGHT POWER RATIO-POUNDS PER NET HORSEPOWER 

Figure 8 . Comparison of 1957-58 travel 
time rates for rural line-haul gasoline-
powered trucks for 1.2 rate of r i s e and 
f a l l with I9I18 Pennsylvania study data 

based on 1.3 rate of r i s e and f a l l . 

One of the main objectives of the study 
was to investigate the effect of varying 
traffic volumes on the performance of 
commercial vehicles. Other studies 
(1 through 4 ) have made a good start in 
determining the fuel consumption and 
travel time for uniform speeds, stops and 
starts, and slowdowns; and in finding out how certain factors, such as gradient, rise 
and fall, horizontal curvature, gross vehicle weight, and engine characteristics, affect 
fuel and time consumption. However, little has been available in the literature as to 
the effect of varyii^ traffic volumes. 

It was hoped that this study would provide a means for estimating the added operating 
cost brought about by frictions in the traffic stream. The basic approach was one of 
considerii^ the number of speed changes per mile for varying volume conditions, the 
percentage of the total number of speed changes that were stops and starts, and the 
average speed change in terms of miles per hour of a stop or slowdown. It was rea­
soned that if such information could be provided, the added cost for having to operate 
other than at a uniform speed could readily be assessed. 

Speed Changes per Mile 
What are probably the most significant results of this study, speed changes per mile, 

were computed for trucks with different gross weights operating over three types of 
rural highways with varying average daily traffic and are shown in Table 11. An at­
tempt was made to develop similar data for urban operation, but the lack of traffic 
data for the i r r ^ l a r routes traveled made this impossible. 

TABLE 11 
SPEED CHANGES PER MILE MADE BY TRUCKS OPERATING OVER THREE 
TYPES OF RURAL HIGHWAYS WITH VARYING AVERAGE DAILY TRAFFIC 

Speed Chaises per Mile for Vehicles with 
Average Highway Number Total Average GVW (1,000 lb) 

Aver­Daily Section of Miles Aver­
Traffic Mileage Trips Traveled 17.0 23.1 27.4 36.3 43.7 52.2 age 

(a) 4-Lane Divided Controlled Access 
46,700 6.56 54 354.24 1.56 2.05 - 2.38 2.71 2.36 2.19 
23,300 3.62 54 195.48 0.62 0.83 - 1.17 1.90 1.99 1.24 
12,700 8.19 54 442.46 0.38 0.62 - 0.53 0.66 0.74 0.60 

(b) 4-Lane Undivided Uncontrolled Access 
15, 700 31.71 54 1,712.34 1.73 1.79 - 2.12 2.35 2.34 2.03 
10,300 48.78 54 2,634.12 1.59 1.55 - 2.07 2.03 2.12 1.82 
5.200 5.67 52 153.79 1.19 - 1.58 1.47 1.73 1.53 

(c) 2-Lane 
8,800 27.30 56 1,528.80 2.75 2.74 2.61 2.69 2.71 
6,000 57.58 56 3,224.48 2.24 2.14 2.15 2.31 2.18 
2,000 20.52 56 1.149.12 1.59 1.48 1.35 1.70 1.50 
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Figure 9. Average speed changes per mile for rural line-haul trucks, by average daily 
traff ic and type of highway. 

The average values of speed changes per mile (Table 11) are shown as straightline 
relationship (Fig. 9) established for the three types of highways. The benefits accruing 
from the elimination of impediments to free-flowing traffic are clearly illustrated by 
comparing the speed changes per mile on the 4-lane divided, controUed-access facility 
with those on the 4-lane undivided, uncontrolled-access facility. For an average daily 
traffic of 15,000 vehicles, there were an average of 2.0 speed chaises per mile on 
the 4-lane uncontrolled-access highway as compared with a rate of about 0.8 on the 
4-lane controlled access highway. Speed changes per mile on 2-lane highways increase 
from 2.0 to 2.8 where the average daily traffic increased from 5,000 to 10,000. In 
contrast, speed changes per mile on the 4-iane uncontrolled-access highway increased 
from 1.5 to 1.8 over the same average daily traffic range. 

Data for 4-lane divided highways with no access control were not obtained in sufficiei 
quantity for analysis. It is reasonable to expect that the relationship for this type of 
h^hway would fall between that for the two 4-lane highways shown in Figure 9, and 
would probably lie closer to the 4-lane undivided, uncontrolled-access highway. 

Analysis of Ŝ eed Chaises 
Of considerable importance were the percentages of total speed chaises representinf 

stops and slowdowns. Speed chaises caused by stops and slowdowns are given in Table 

TABLE 12 
NUMBER AND PERCENTAGE OF SPEED CHANGES OCCASIONED BY SLOWDOWNS AND 

STOPS OF TRUCKS IN WASHINGTON AND OHIO RURAL AND URBAN 
LINE-HAUL TRAVEL 

Washington Ohio Total 
Speed 

Changes 
Slow- Speed Slow- Speed Slow-
downs Stops Chaises downs Stops Changes downs Stops Changes 

Rural line-
haul: 
Number 
Percent 

Urban line-
haul: 
Number 
Percent 

5,358 
87.1 

1,220 
66.6 

795 
12.9 

613 
33.4 

6,153 
100.0 

1,833 
100.0 

8,036 
89.6 

1,581 
48.4 

935 
10.4 

1,688 
51.6 

8,971 
100.0 

3,269 
100.0 

13,393 
88.6 

2,801 
54.9 

1,731 
11.4 

2,301 
45.1 

IS, 124 
100.0 

5,102 
100.0 
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12 from results of the studies made in Ohio and Washington, the only states where stops 
were recorded. On the average, complete stops occasioned about 11 percent of the 
speed changes in rural line-haul operations and about 45 percent in urban line-haul 
operations. 

Compiled from the limited data available, an analysis of speed changes in miles per 
hour was made and it was found that an average stop in rural areas was made from a 
speed of 26 mph. On city streets the average stop was made from a i^eed of 18.9 mph. 
The average change in speed for slowdowns in both rural and urban areas was 11.4 mph. 

To illustrate the significance of a speed change in terms of motor-fuel consumption 
and to confirm that fuel consumption increases with an increasb^ number of speed 
changes per mile, gasoline-consumption rates were computed for road sections havii^ 
different rates of speed change per mile, for different gross-vehicle weights. The 
average rates are given in Table 13 for the three types of operation. 

The straightline relationships established for the data in Table 13 are shown in Figure 
10. An increase of one speed change per mile for a vehicle weighing 30,000 lb travel­
ing on a rural h^hway resulted in an average fuel-consumption increase of 0.010 gal 
per mi. The correspondii^ increase for vehicles in urban line-haul operation was 

TABLE 13 
GASOLINE-CONSUMPTION RATES FOR TRUCKS IN LINE-HAUL AND 
CITY PICKUP AND DELIVERY OPERATION FOR VARIOUS RATES 

OF SPEED CHANGE PER MILE 

Average Gross Vehicle 
Gasoline-Consumption Rates in Gallons per Mle for Ih-

dicated Number of Ŝ eed Changes per Mile 
Weight ftb) 1 3 4 5 7 9 12 

Line-haul, rural: 
17,000 0.134 0.142 - 0.160 0.181 -
34,500 0.180 0.198 - 0.226 0.250 - -
42,000 0.200 0.222 - 0.255 0.279 - -
53,000 0.228 0.257 - 0.300 0.322 - -
57,000 0.239 0.270 - 0.311 - - -
68,000 0.268 0.305 - - - - -
Average 0.197 0.220 - 0.251 0.279 - -

Line-haul, urban: 
17,000 0.143 0.149 - 0.153 - - -
26,000 0.159 0.180 - 0.198 - 0.324 -
28,000 - - - - 0.246 - -
52,000 0.206 0.268 - 0.328 0.409 0.426 -
58,000 0.217 - - - - - -
59,000 - 0.292 - - 0.457 - -
61,000 - - - 0.373 - - -
62,000 - - - - - 0.465 -
Average 0.185 0.224 - 0.269 0.333 0.382 -

City pickup and de­
livery: 

6,000 - - 0.111 - - - 0.145 
10,500 - - 0.131 - - - 0.167 
18,500 - - 0.165 - - - 0.206 
27,500 - - 0.204 - - - 0.250 
33,300 - - 0.229 - - - 0.279 
Average - - 0.143 - - - 0.168 
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CITY PICKUP AND 
D E L I V E R Y 

0.021 gal per mi, and for city delivery ve­
hicles the average increase was 0.0056 gal 
per mi. The greater rate of speed chaise 
for urban line-haul operation as compared 
to rural line-haul operation is probably due 
to the higher incidence of stops and slow­
downs. City pickup and delivery vehicles 
consume less gasoline per speed chaise 
than the urban line-haul vehicles because 
stops and slowdowns are of lesser magni­
tude, as evidenced by an average speed of 
11 mph. 

Also of Importance Is the indication that 
fuel consumption attributable to a speed 
change increases with gross vehicle weight. 
For example, the fuel consumed for an in­
crease of one speed change per mile for 
rural line-haul operations was 0.0092 gal 
for vehicles with 20,000-lb GVW and 0.0142 
gal for 50,000-lb GVW. 

Data for travel time-consumption rates 
due to one ^ e d change per mile were also 
developed (Table 14). The average time-
consumption rate did not appear to increase 
with gross weight but the average value for 
all gross vehicle weights increased as the 
speed chaises per mile increased. 

The average time consumed in one speed 
change for rural line-haul operation was 
found to be 0.26 min, or 15.6 sec; for ur­
ban line-haul operation 0.27 min, or 16.2 
sec; and for city pickttp and delivery opera­

tion 0.38 min, or nearly 23 sec. In spite of the fact that the speeds from which stops 
and slowdowns were made were higher in rural than in urban line-haul operation, the 
time consumption per speed change is about equal, probably because the percentage of 
total speed changes that are stops is much higher in the urban line-haul. 

The increased fuel- and time-consumption rates for one speed chaise have been de­
veloped principally for illustrative purposes, although they can be used in estimating 
benefits. When data are available from controlled tests (3̂  4) on a variety of vehicles, 
the data herein presented may be refined. 

COST OF A SPEED CHANGE 
The approximate cost of a stop is included in this article more as a matter of in­

terest than with the idea of establishing valid cost values. Many sections of rural high­
way studied were traveled by line-haul vehicles without experiencing any stops and with 
less than two slowdowns per mile. Likewise certain urban sections of highway studied 
were traveled by line-haul vehicles with a h^h incidence of stops but with less than two 
slowdowns per mile. 

To estimate the cost of a stop the entire fuel consumption rate for the rural travel 
with no stops was subtracted from the fuel-consumption rate for urban travel where a 
h^h incidence of stops occurred. The difference is attributed solely to the effect of 
stops because slowdowns were the same in both instances. It should be remembered 
though, that the average stop was made from 26 mph in rural areas and 19 mph in ur­
ban areas. Dividing the total consumption per mile due to traffic stops by the number 
of stops per mile gave the consumption rates per stop (Table 15). Gasoline consumed 
per stop showed a definite increase as the GVW increased. For example, if a cost per I 
gallon of fuel of 30 cents is used, the cost of a stop would range from one-half cent for ! 

0 ID 20 30 4 0 SO 60 TO 
GROSS VEHICLE WEIGHT-THOUSANDS OF POUNO<i 

Figure 10. Gasoline consumption rates, 
by rate of speed change per mile and by 
gross vehicle weight, for llne-ha\il and 

city delivery vehicles. 
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TABLE 14 
AVERAGE TRAVEL TIME-CONSUMPTION FOR TRUCKS IN LINE-HAUL AND 

CITY PICKUP AND DELIVERY OPERATIONS FOR VARIOUS RATES OF 
SPEED CHANGES PER MILE 

Type of Travel 

Average Time Consumption in Minutes per Mile 
For the Indicated Number of Speed 

Changes per Mile 
9 12 

Avg 
Time Lost 
per Speed 
Charge 
(min) 

Rural 1.48 1.89 - 2.33 3.05 
Urban 2.35 2.69 - 3.20 3.81 
City pickup and delivery 4.39 -

4.53 
0.26 
0.27 

7.43 0.38 

TABLE 15 
GASOLINE CONSUMPTION RATES FOR TRUCKS m LINE-HAUL OPERATION 

DUE TO TRAFFIC STOPS, BY GROSS VEHICLE WEIGHT 

Gallons per Stop 

Gross Vehicle Weight (lb) 
Actual 
Rate 

Computed 
Rate^ 

17,000 0.014 0.017 
21,300 0.030 0.024 
27,000 0.034 0.034 
34,500 0.044 0.046 
42,000 0.054 0.058 
51,200 0.076 0.073 

*CoB5)uted from straightline formula 0.001625W-0.0103. (W=GVW in thousands of pounds.) 

a GVW of 17,000 lb to more than 2 cents for a GVW of 51,000 lb. 
Knowing the number of speed changes saved, the proportion of stops and slowdowns, 

and the magnitude of each, it is possible to compute the added cost of fuel and travel 
time of a speed chaise if the extra fuel and time consumed during the speed change is 
known. Thus, using speed changes per mile as a measure of congestion, the benefits 
may be computed that accrue from highway improvements that reduce congestion. It 
is realized that at present the tool is rough, but it can be refined. This is planned, 
using digital recorders instead of human observers. 
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Time and Fuel Consumption for 
Highway User Benefit Studies 
PAUL J. CLAFFEY, Highway Research Engineer, Bureau of Public Roads, and 
Associate Professor of Civil Ei^ineering, Catholic University, Washii^ton, D.C. 

Time savings and fuel savings are two of the 
more important benefits that accrue to users 
through highway improvement. 

User time savings result whenever high­
way improvements reduce travel distance, 
permit higher speeds, or reduce the frequency 
of stop-and-go and slowdown maneuvers. User 
fuel savings accrue when improvements re­
duce travel distance, mitigate any of the re­
sistances encoimtered by moving vehicles, 
or reduce the frequency of stop-and-go and 
slowdown operations. 

The reduction of travel distance, frequency 
of stop-and-go and slowdown events, and re­
sistance to movement, as weU as increase in 
speed, resulting from highway improvements 
can be estimated from data available in pub­
lished reports and by making traffic studies 
at locations where improvements are planned. 
However, information on current savings in 
time and fuel use associated with these effects 
of highway improvements have been insufficient 
for benefit analyses. 

During the summer of 1959 the Bureau of 
Public Roads conducted a study of passenger 
cars and sii^le-unit trucks to determine the 
effect of variation of pavement surface type 
and operating speeds on fuel consumption, and 
the effect of the elimination of both a stop-and-
go and a slowdown operation on fuel and time 
consumption at various operating speeds. This 
study also included the determination of the 
fuel consumed while vehicles are stopped with 
engine idling. The results of this investigation 
are presented in this report in graphical and 
tabular form. 

• THE OBJECTIVE of highway user benefit studies is the evaluation of the advantages 
or gains accruing to users as a result of highway improvements. Two of the more im­
portant of these advantages are reduced fuel consumption and reduced travel time. Thel 
relationship between highway vehicles and the roadway over which they travel is so clos| 
that even small changes in the characteristics of the road will be reflected in the a-
mount of time and fuel needed for h^hway trips. Minimum values of time and fuel 
consumption are possible only when the roadway is ideally suited to the vehicle and to 
the traffic volumes with which i t must operate. The ideal highway from the fuel saving | 
point of view would be straight and level, have a smooth surface, and be so designed 
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that the movements of each vehicle would be completely unaffected by the presence of 
other vehicles. Although in practice no highway can be built to such standards, all im­
provements are directed towards this ideal. When properly engineered, the improve­
ment of a highway makes it possible for users of that highway to complete trips in less 
time and frequently with less fuel consumption. Highway user benefit analyses, if they 
are to be complete and accurate, must include consideration of these savings. 

IMPROVEMENTS RESULTING IN TIME AND FUEL SAVINGS 
Time savings are brought about throi^h changes in highway facilities which reduce 

travel distance, the number of stop-and-go and slowdown operations, the amount of time 
vehicles are stopped at traffic signals, stop signs, etc., as well as through improve­
ments which permit vehicles to be operated safely at higher sfpeeds. Every mile of 
travel distance eliminated from the trips saves the time needed to cover that distance. 
Elimination of stop-and-go and slowdown operations saves the time consumed while de­
celerating and accelerating, that would not be consumed if constant speed could be main­
tained, as well as the time spent delayed at stops in the case of stop-and-go operations. 

Highway chaises which improve sight distance or add to highway capacity will gener­
ally result in increased nominal highway speeds where nominal highway speed is defined 
as the modal operating speed of all vehicles of a given class while moving on sections 
of a highway where they are not slowed or stopped by highway impedances such as traffic 
signals and sharp curves. On two-lane roads carrying traffic volumes less than prac­
tical capacity, the nominal highway speeds of vehicles with low weight horsepower 
ratios will be Increased if sight distances are improved through reduction of rise and 
fall and curvature, since this will permit a greater number of the drivers wishing to 
travel at the higher speeds to pass the slower drivers. On any road carrying a traffic 
volume equal to or greater than practical capacity, the nominal highway speeds of these 
vehicles will be increased by providing greater capacity through lane widening or con­
struction of additional lanes. 

The nominal highway speed for vehicles having high weight horsepower ratios 
will be increased mainly through reduction of grades. 

All improvements which lessen travel distance and the resistances to movement at 
constant speed plus those which reduce the frequency of stop-and-go and slowdown 
operations result in fuel savings. Improvements which decrease resistance to vehicular 
movement reduce the enei^ requirements needed for operation; this results in fuel 
savings since the energy output of an engine is provided by the fuel it uses. Reducing 
the frequency of stop-and-go and slowdown operations reduces fuel consumption by re-
during the number of times vehicles must overcome the inertia resistance encountered 
durii^ accelerations. Furthermore, the elimination of stop-and-go operations saves 
the fuel that would be used when vehicles are stopped with engine idling. 

A reduction in fuel use at any given speed will result from each of the following lypes 
of improvement: reduction of surface roughness, reduction of rate of rise and fall, and 
reduction of curvature. These improvements will frequently permit higher operating 
speeds which, because of greater air and rolling resistances at higher speeds, will 
result in an increased rate of fuel consumption; but for the same speed before and after 
improvement, fuel consumption will be reduced. 

The frequencies of stop-and-go and slowdown operations are reduced through the 
construction of grade separation structures to eliminate intersections at grade, through 
provision for access control to reduce the number of access points, and through con­
struction of additional lanes where they are necessary to provide capacity to relieve 
congestion. In addition, the frequency of slowdown operations is reduced when curves 
sharp enough to require vehicles to reduce speed are removed throi^h al^nment changes. 
Reduction of standing delays is brought about through elimination of intersections at 
grade or, where conflicting traffic flows at an intersection are not separated, by im­
proving signal or signing arrangements. 

TIME AND FUEL SAVINGS IN BENEFIT STUDIES 
The saving in either fuel or time consumption due to any one type of highway im-
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provement is the difference between what the amount consumed would be if the improve­
ment were made, and what the amount would be if the improvement were not made. 
Where two or more types of improvement are made at the same location at the same 
time, the savings for each can be computed by assuming that the other improvement is 
completed since, in general, the saving resulting from one improvement is independent 
of the effect of other improvements. For example, if a highway reconstruction project 
involving the upgrading of surface and reduction of rise and fall is considered, the savir 
or difference in fuel consumption for operation on the improved sur&ce rather than on 
the gravel surface for the new rate of rise and fall wUl be the same regardless of the 
fkct that the rate of rise and fall had been changed; and the saving due to reduction of 
rise and fall of the improved surface is unchanged by the fact that the surface had been 
ui^raded. 

The difference in fuel saving for the conditions before and after an improvement is 
a true measure of fuel benefit even when the particular improvement makes possible 
higher operating speeds which usually increase fuel consumption. An example of this 
is surface improvement. When a gravel surfaced road is improved with a bituminous 
or concrete surface, the nominal highway speed will increase due to the smoother run­
ning surface. The fuel saving that users will realize through surface improvement is 
the difference between the fuel consumption on the gravel surfoce at the nominal high­
way speed for the gravel road before improvement, and what the fuel consumption would 
be at the same speed but on the improved surface. The fact that users elect to travel 
at a higher speed on the improved road with the corresponding increase in the rate of 
fuel use does not nuUify the saving in fuel use at the lower speed made possible by tiie 
improvement. Any increase in fuel consumption due to the higher operatii^ speeds 
should be considered separately and included in benefit studies as a negative fuel bene­
fi t . 

The analysis of user benefits for any highway improvement project can be made most 
satisfactorily by computing separately the savings for each type of improvement in­
volved and then summing these savings to obtain total savings. For example, a pro­
posed highway reconstruction project may include three types of improvement reduc­
tion of curvature, lane widening, and a reduction of the average rate of rise and fall. 
The amount of fuel and time saving obtainable through each may be determined separ­
ately, then added together to give the total savings. Care must be exercised when sum­
ming these savings that the same saving is not counted twice. An illustration of this 
danger is where a two-lane gravel road is reconstructed as a four-lane divided highway 
with a concrete pavement. Both upgrading the surface and increasing the number of 
lanes permit hl^er operating speeds with the consequent reduction of time consumption 
but the time saving for the higher speed can be included only once. The danger of 
double counting savings is not great, however, when savings are determined directiy 
since the effects responsible for each saving are clearly evident. 

The data needed for the computation of annual time and fuel savings are the following] 
1. The average gross operating weight of each class of highway vehicle that will 

use the route being studied. 
2. The number of vehicles of each class expected to use the road per year. 
3. Complete and accurate information on the plaimed improvement. 
4. The effect each type of improvement will have on speeds, frequency of stops and| 

slowdowns, and length of stopped delays. 
5. The saving in time and fuel consumption for each class and weight of vehicle due| 

to reduction in distance, reduction of the rate of rise and fall, changes in speed, eli­
mination of stop-and-go and slowdown maneuvers, and the savii^ in fuel consumption 
which will result from surface upgrading and reduction of standing time with engine 
idling. 

Items 1 and 2 concern data which are peculiar to each project and should be securedl 
by traffic volume and loadometer studies on the routes where improvements are plannel 
The information on the physical changes to result from construction (Item 3) should be \ 
obtained from an investigation of the site and a study of improvement plans. Much in­
formation on the effect of improvements on highway operations (Item 4) is available in 
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he literature. Schwender, Normann, and Granum (l) present curves that make i t 
sossible to estimate how vehicle speeds will change with variations in traffic volume, 
ane width, number of lanes, and s^ht distance. It will, however, frequentiy be 
lecessary to investigate traffic operations at the site. For example, when a grade in-
:ersection is to be eliminated, the best way to obtain data on percentage of drivers de­
layed and the average length of delay is by measuring these factors at the intersection 
vhich is to be eliminated. 

In connection with the magnitude of savings of time and fuel due to change in route 
Length, reduction of resistances to movement at constant speeds, and change in traffic 
operations (Item 5), satisfactory data are incomplete for current vehicle classes and 
weights. In 1950, Saal reported on a comprehensive study (2) made in 1948 on the time 
md fuel consumption of trucks as affected by rate of rise and fall. This report contains 
graphs showing how the time and fuel consumption of vehicles of 10,000 lb and more 
;ro8s weight varies for changes in rate of rise and fall. Particularly important to 
senefit studies is a graph published in a subsequent report (3) which demonstrates how 
the fuel consimiption of passenger cars varies with rate of rise and fall. 

Useful data are also available in the literature on the fuel consumption of a few ve-
iiicle classes for stop-and-go and slowdown operations. These data, however, are 
limited in scope to only certain vehicle classes and gross operating weights and do not 
Include all ranges of operating speeds; therefore, they are not sufficiently compre­
hensive for a general benefit analysis. 

The lack of complete data on the variation in time and fuel consumption as affected 
by changes in traffic operations and surface conditions for all vehicle types and weights 
led to an extensive investigation of the use of time and fuel by highway vehicles during 
the summer of 1959. The Bureau of Public Roads conducted such a study in the Wash­
ington, D.C., area using passei^er cars and single unit trucks while the University of 
Washington made a similar study using buses and tractor-traUer combinations. The 
objective of both these studies was to measure under controlled conditions the savings 
in time and fuel consumption by highway vehicles, whether positive or negative, re­
sulting from changes in vehicle speeds, surface upgrading, elimination of stops and slow­
downs, and reductions in grades. Sawhill has prepared a report on the results ob­
tained for the tractor-trailer combinations and buses (4). 

TIME AND FUEL CONSUMPTION OF PASSENGER CARS AND 
SINGLE-UNIT TRUCKS 

The time and fuel consumption of three vehicles was investigated in the Bureau of 
Public Road study: a passenger car, a pickup truck, and a two-axle, six-tire, dump 
truck. These three classes of vehicles accounted for over 92 percent of the total ve­
hicle miles of travel in 1956 and over 98 percent of the vehicle miles of travel ac­
cumulated in that year by all highway vehicles other than buses and tractor-semitrailer, 
or truck full-trailer combinations (5). Data for the passenger car were obtained for 
one loading condition only. Data for the trucks were taken for enough different loads 
to cover the lower range of gross vehicle weights for single-unit trucks. The loading 
for the passenger car tests was two persons, the driver and one observer. The pickup 
truck was operated with no load except for the driver and one observer, and with a load 
approximately equal to full load capacity. The dump truck was operated with no load 
and with one-half full load only. There was not enough time in the test period to include 
runs with the dump truck at full load. 

A popular make of passenger car was selected as being typical. It was a six-cy­
linder 1957 standard 4-door sedan with a 3-speed automatic transmission. It had been 
in service for two years and had traveled 30,000 miles. Data on this vehicle are given 
In Table 1. 

A new six-cylinder 1959 popular make 4,900 lb G. V.W. truck with a manual shift 
ivas used for the pickup tests, and a six-cylinder 1950 medium-type dump truck which 
lad been in service for 50,000 mi was used for the dump truck tests. Both trucks were 
;hecked on a dynamometer previous to the tests and the efficiency of combustion mea­
sured with an exhaust analyzer at a wide range of loads. Necessary mechanical repairs 
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TABLE 1 
VEHICLE DATA 

Half- No. Net No. 
Full of Horse of Trans-

Type of Vehicle No Load Load Full Load Axles power Cylinders mission 
Passei^er 

car 3,850 - - 2 123 at 6 Automatic 

Pickup 
truck 

Dump 
truck 

3,860 - 5,340 2 

10,200 15,300 - 2 

123 at 6 
4,200 rpm 

120 at 6 
4,000 rpm 

89 at 6 
2.800 rpm 

Manual 

Manual 

were made so t W at the time of the tests the vehicles were operating at near optimum 
efficiency. Data on these trucks are also given in Table 1. 

Data on the time and fuel consumption of these vehicles were obtained from a series 
of test runs made over a nearly strs^ht section of Va. 350 (Shirley Highway) between 
the Edsall and Fort Belvoir interchanges. This is a divided highway of four 12-ft lanes 
of Portland cement concrete with well built shoulders of firmly compacted gravel 10 f t 
wide. The test runs were made between two iixed end points set 8,000 f t apart. These 
points were at nearly the same elevation and the rate of rise and fall between them was 
less than 0.2 ft per 100 ft. 

The followii^ types of test runs were made between end points of the test section: 
1. Constant speed runs on the paved surface at indicated speeds of 15, 25, 35, 45, 

and 55 mph. 
2. Constant speed runs on the gravel shoulders at indicated speeds of 15, 25, 35, 

and 45 mph. 
3. Stop-and-go runs on the paved surface at indicated operatii^ speeds of 15, 25, 

35, 45, and 55 mph. 
4. Slowdown runs (10-mph speed reduction only) on the paved surface at indicated 

operating speeds of 15, 25, 35, 45, and 55 mph. 

Three runs of each type were made for each vehicle and load in each direction at each 
of the given speeds. The idling fuel consumption was obtained for each vehicle at engine 
speeds of 450, 550, 650, and 750 revolutions per minute. 

The runs were conducted by drivii^ the vehicle over the test section and recording 
the amount of time and fuel consumed between end points, the direction of travel, time 
of day, fuel temperature, and nm ^eed as indicated on the vehicle speedometer. For 
the constant speed runs no other data were taken. On the stop-and-go and slowdown 
runs the vehicle was brought to a stop or the speed reduced by 10 mph and iihmediately 
accelerated back tO' speed as many times as possible between the end markers, passing 
each end marker at a constant speed equal to the given run speed. Additional data re­
corded for these runs were the time during which acceleration took place after each 
stop or slowdown, the number of stops and slowdowns, and the number of gear changes 
for each acceleration. The rates of speed change used for both the stop-and-go and 
slowdown operations during deceleration and acceleration were those of the typical 
driver under ordinary conditions (6). 

Recordii^ the time of day made it possible to determine wind direction and velocity 
at the time of each run by reference to wind data collected by the Weather Bureau at 
the nearby Washington National Airport. 
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The first step in the analysis of the field data was to compute the true speed of each 
test vehicle for each indicated run speed. The indicated run speeds recorded in the 
field were as read on the speedometer and generally were in error. They were used 
during the test because it was easier for the driver to maintain a given speed consistent­
ly if he had a definite reading on the speedometer rather than to attempt to hold the 
speedometer needle at a point where the run speed would be the true speed. The true 
speed was computed from the known run distance and the run time recorded for the con­
stant speed runs. Since the fuel consumption was measured directly by noting the amount 
of fuel drawn out of the reservoir of a burette type fuelmeter, no correction was required 
for errors in the fuel measuring equipment. However, since the volume of fuel mea­
sured varied with the temperature of the fuel, a necessary step in the analysis was cor­
rection of all fuel readings to what they would have been if the fuel temperature had been 
30 C (86 F ) at the time of each reading. A temperature of 30 C was chosen for this 
purpose since it was approximately the average fuel temperature during the period of 
the tests. Because an accurate stop watch was used to measure the over-all run times 
from end marker to end marker, it was not necessary to apply any correction to the 
recorded run times. 

APPLICATION OF RESULTS 
Corrected fuel consumption values in gallons per mile were computed for each con­

stant speed run on both the paved and gravel surfaces. The average of these values for 
runs on the paved surface at each speed was determined for each vehicle type and we^ht 
and plotted against true speed in Figure 1. Similarly, the average of the corrected fuel 
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Figure 1. Fuel consuiqption rates at constant speed on a level, straight, concrete pave­
ment. 
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consumpt ion va lues i n ga l lons p e r m i l e f o r r uns on the g r a v e l su r face w e r e p lo t t ed a-
ga ins t t r u e speed i n F i g u r e 2 . 

F i g u r e s 1 and 2 may be used to es t imate the change i n r a t e of f u e l consumpt ion i n 
ga l lons p e r m i l e w h i c h w i l l r e s u l t when n o m i n a l h ighway speeds a r e inc reased through] 
h ighway i m p r o v e m e n t on roads c a r r j r l n g t r a f f i c v o l u m e s somewhat l e s s than t h e i r ca ­
p a c i t y v o l u m e . Since n o m i n a l h ighway speed i s the opera t ing speed between po in t s 
w h e r e v e h i c l e s a r e s lowed o r stopped b y highway impedances , the app l i ca t ion of these | 
c u r v e s i s not r e s t r i c t e d b y the e f f e c t of such highway impedances . W i d e r lanes and 
i m p r o v e d s igh t d is tance a r e examples of h ighway i m p r o v e m e n t s w h i c h w i l l r e s u l t i n 
h ighe r n o m i n a l h ighway speeds; the amount o f speed inc rease to be achieved f r o m such] 
i m p r o v e m e n t s can be es t ima ted f r o m p r e v i o u s l y publ i shed c u r v e s (1). 

W h e r e m o r e lanes a r e added to a rou te to p r o v i d e g r e a t e r capac i ty when capac i ty 
b e f o r e i m p r o v e m e n t i s l e s s than the 3 0 t h - h r v o l u m e , F i g u r e s 1 and 2 m a y be used to 
e s t ima te the f u e l consumpt ion a f t e r i m p r o v e m e n t when v e h i c l e speeds a r e r e l a t i v e l y 
u n i f o r m . However , the l o w e r speeds b e f o r e i m p r o v e m e n t a r e l a r g e l y due to conges­
t i o n and a r e not u n i f o r m b u t inc lude the f r e q u e n t dece le ra t ions and acce le ra t ions a s ­
sociated w i t h t r a f f i c conges t ion . The r a t e o f f u e l consumpt ion b e f o r e i m p r o v e m e n t ma| 
be e s t ima ted by adding to the va lues g iven i n F i g u r e s 1 and 2 the amount of add i t iona l 
f u e l consumed by s lowdowns. The average number o f s lowdowns may be d e t e r m i n e d hi 
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Figure 2. Fuel consumption rates at constant speed on a l e v e l , s traight , gravel sur | 
face. 
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nak ing sui table speed-delay studies o v e r the route b e f o r e i m p r o v e m e n t and the a d d i -
i o n a l f u e l consumpt ion due to a s lowdown may be e s t ima ted u s ing F i g u r e 6. 

F i g u r e 3 shows the f u e l saving i n ga l lons p e r m i l e f o r ope ra t i on on a paved su r face 
rather than on a g r a v e l su r f ace a t each sfpeed. M o s t u s e r s take advantage of a r educ ­
tion i n road roughness to opera te a t i nc reased speed on the b e t t e r su r face even though 
speeds above 35 m p h inc rease f u e l consumpt ion . I t i s a t the u s e r ' s d i s c r e t i o n whe the r 
le opera tes on the i m p r o v e d su r face a t the same speed as on the loose su r f ace and saves 
)n f u e l use, o r opera tes a t a h ^ h e r speed and pays f o r the h ighe r speed and t i m e saving 
through inc reased f u e l consumpt ion . I n e i t he r case t h i s saving i s made ava i l ab le to 
the u s e r . The n o m i n a l h ighway speed of m o d e m v e h i c l e s on a g r a v e l o r l o o s e - s u r -
!aced road i s between 30 and 35 mph; f o r any p a r t i c u l a r l o o s e - s u r f a c e d road i t should 
)e obtained by m a k i n g a spot speed s tudy. 

The f u e l consumed f o r a s top-and-go ope ra t ion w a s found b y d i v i d i n g the number 
3f such opera t ions on each s top-and-go r u n in to the d i f f e r e n c e between the amount o f 
Fuel used f o r the s top-and-go r u n and the average amount o f f u e l used f o r the constant 
speed runs on the paved s u r f o c e a t the same speed. T h i s i s the amount o f f u e l used b y 
I veh i c l e to come to a stop and acce le ra te back to speed w h i c h w o u l d be saved i f the 
irehicle cou ld p roceed w i t h o u t s t o p p i i ^ . F u e l consumpt ion f o r s top-and-go opera t ions 
I t v a r i o u s speeds i s shown i n F i g u r e 4 . F o r example , F i g u r e 4 shows that a passenger 
: a r uses 0.009 g a l of f u e l to come to a stop f r o m 30 m p h and acce le ra te back to t h i s 
speed. A t 30 cents p e r g a l , the s top-and-go ope ra t ion w o u l d c o s t a p p r o x i m a t e l y % 
sent. 

The p rocedure used to compute the t i m e consumpt ion f o r a s top-and-go ope ra t i on 
was the same as tha t used to compute s top-and-go f u e l consumpt ion . F i g u r e 5 shows 
stop-and-go t i m e consumpt ion as a f u n c t i o n of t r u e speed. T i m e consumpt ion as w e l l as 
\a&\ consumpt ion f o r s top-and-go opera t ions does not inc lude the t i m e o r f u e l consumed 
whi le a veh ic l e i s stopped b u t on ly tha t consumed f o r the ac tua l s top-and-go maneuver 
i t s e l f . 

I d l i n g f u e l consumpt ion i s g iven i n Tab le 2 . The data w e r e obta ined w i t h the v e h i c l e 
s t a t ionary and the engine w a r m . I n the case of t r u c k s , i d l i n g f u e l consumpt ion w a s o b ­
tained i n f o r w a r d gear w i t h the c l u t c h d i s e i ^ a g e d . The i d l i i ^ f u e l consumpt ion o f the 
passenger c a r was measu red w i t h the t r a n s m i s s i o n i n fe.) d r i v e p o s i t i o n w i t h the b r a k e s 
~set, and (b) n e u t r a l p o s i t i o n . I d l i n g f u e l consumpt ion va lues i n ga l lons p e r minu te a r e 
g iven f o r f o u r d i f f e r e n t engine speeds; the a v e n g e o f these should be used i n b e n e f i t 
s tudies . 

T A B L E 2 

I D L I N G F U E L C O N S U M P T I O N 

F u e l Consumpt ion fepm) 

V e h i c l e 450 r p m 550 r m p 650 r p m 750 r p m A v e r a g e 

P a s s e i ^ e r c a r : 

T r a n s m i s s i o n i n n e u t r a l 0.005 0 .006 0.006 0 .007 0 .006 
T r a n s m i s s i o n i n d r i v e 0 .005 0 .008 0.009 0 .014 0.009 
A v e r a g e 0.005 0 .007 0 .007 0 .010 0 .007 

Pickup t r u c k 0.006 0 .007 - 0 .008 0 .007 

X i m p t r u c k 0.009 0 .010 0 . 0 1 1 0.013 0 . 0 1 1 

F i g u r e s 4 and 5 and T a b l e 2 a r e u s e f u l f o r e s t i m a t i n g the f u e l and t i m e savings w h i c h 
r i l l r e s u l t i f an i n t e r s e c t i o n a t g rade , c o n t r o l l e d b y t r a f f i c s igna ls o r stop s igns , i s 
i l i m i n a t e d th rough c o n s t r u c t i o n of a grade separa t ion s t r u c t u r e . A d d i t i o n a l i n f o r m a t i o n 
leeded f o r computa t ion o f b e n e f i t s i n t h i s case a r e : t r a f f i c v o l u m e s , n o m i n a l h ighway 
peed , average l e i ^ t h o f stopped de lays , and percentage o f v e h i c l e s stopped b y t r a f f i c 
i g n a l s . 
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Figure 3. Saving i n fue l consumption for operation on concrete pavement rather than on | 
a gravel siirface i t constant speed. 
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Figure 1;. Fuel consumed for coming to a stop from a given speed and immediately acce l ­
erating back to that speed i n excess of the fue l consumption I f given speed were main­

tained. 
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Figure 5 . Time consumed for coming to a stop from a given speed and ijmmediately ac­
celerating back to that speed i n excess of time consmsption i f given speed were main­

tained. 

F i g u r e 6 shows the add i t i ona l f u e l consumpt ion f o r a s lowdown of 10 m p h a t v a r i o u s 
speeds; F i g u r e 7, the add i t i ona l t i m e consumpt ion . The p r o c e d u r e s used f o r computing 
the f u e l and t i m e consumpt ion due to s lowdowns w e r e s i m i l a r to those d e s c r i b e d p r e ­
v i o u s l y . 

F i g u r e 6 shows tha t the f u e l consumpt ion f o r s lowdowns f o r passenger c a r s increase 
cont inuous ly f o r a l l speeds w h i l e the co r r e spond ing f u e l consumpt ion f o r t r u c k s de ­
c reases somewhat a t h ighe r speeds. T h i s d i f f e r e n c e i s l a r g e l y due to the passenger ci 
be ing the on ly v e h i c l e equipped w i t h au tomat ic t r a n s m i s s i o n . A s lowdown i s a reduct iol 
o f speed f o l l o w e d i m m e d i a t e l y b y a c c e l e r a t i o n back to o r i g i n a l speed; i t does not i n ­
c lude any p e r i o d o f ope ra t ion a t the reduced speed. The a p p l i c a b i l i t y of these c u r v e s 
i s l i m i t e d to i m p r o v e m e n t s tha t e l i m i n a t e h ighway impedances w h i c h cause v e M c l e s 
to reduce speed b y about 10 m p h . T h i s l i m i t a t i o n i s no t s e r ious because m o s t s l o w ­
downs o f impor t ance i n b e n e f i t s tudies a r e on the o r d e r o f 10 m p h . P r e l i m i n a r y analy 
s i s of data taken f r o m extensive speed-delay s tudies made w i t h a passenger c a r d u r i i ^ j 
the s u m m e r months o f 1958 and 1959 shows: (a) speed reduc t ions o f up to 3 m p h a r e p 
of u n i f o r m d r i v i n g and a r e no t e l i m i n a t e d th rough highway i m p r o v e m e n t s , and (b) the 
average of the speed reduc t ions i n excess o f 3 mph i s about 10 m p h . F u r t h e r m o r e , i t 
has r e c e n t l y been es tabl ished that the average speed r educ t ion of m o t o r t r u c k s when 
s lowed b y highway o r t r a f f i c impedances i s 11 .4 mph (7) . 
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Figure 6. Fuel consumed for reducing speed by 10 raph from a given speed and immediate­
l y accelerating back to that speed i n excess of f u e l consuii5>tion i f given speed were 

maintained. 

F i g u r e s 6 and 7 may be used to e s t ima te the f u e l and t i m e consumpt ion saved th rough 
the e l i m i n a t i o n o f sharp c u r v e s and d r i v e w a y ent rances . In the case of a c u r v e e l i m i n ­
a t i o n , t e s t r u n s should be made b e f o r e i m p r o v e m e n t to d e t e r m i n e the average amount 
of s lowdown caused b y the presence of the c u r v e . W h e r e d r i v e w a y entrances a r e to 
be e l i m i n a t e d , t e s t r uns should be made beforehand to es tab l i sh the average p e r c e n t ^ e 
of d r i v e w a y s a t w h i c h th rough v e h i c l e s a r e f o r c e d to r educe speeds and the average 
va lue o f such speed s lowdowns. When the analyses o f the speed-delay studies a r e c o m ­
p le t ed , average va lues o f speed reduc t ions f o r c u r v e s and d r i v e w a y entrances and the 
average percentage of d r i v e w a y s a t w h i c h the movemen t o f t h rough v e h i c l e s i s a f f e c t e d 
w i l l be ava i l ab le f o r use i n b e n e f i t s tudies . U the average speed reduc t ions found f o r 
c u r v e s and d r i v e w a y ent rances a r e between 8 and 12 m p h . F i g u r e s 6 and 7 m a y be used 
to compute f u e l and t i m e savings . I f the average speed r educ t i on i s m o r e lhan 12 m p h 
o r l e s s than 8 m p h , the f u e l and t i m e savings may be e s t ima ted f r o m F i g u r e s 6 and 7 as­
suming tha t the magni tude o f these savings i s p r o p o r t i o n a t e to the magni tude of the 
speed change. 

Two examples w i U i l l u s t r a t e how F i g u r e s 1 th rough 7 and Tab le 2 m a y be used to 
Isompute the f u e l and time savings a r i s i n g f r o m p a r t i c u l a r I m p r o v e m e n t s . 
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Figure 7. Time consumed for reducing speed by 10 nph from a given speed and immediate­
l y accelerating back to that speed i n excess of time consunptlon I f given speed were 

maintained. 

E x a m p l e 1 

A 2 - lane g r a v e l su r f aced r o a d 24 f t w i d e i s to be su r f aced w i t h a concre te pavement 
f o r 10 m i . A v e r a g e annual d a i l y t r a f f i c o n the route i s 4 , 0 0 0 v e h i c l e s p e r day. E i g h t y 
p e r c e n t of the v e h i c l e s a r e passenger c a r s and 20 p e r c e n t a r e t w o - a x l e s ingle u n i t 
t r u c k s hav ing an average g r o s s v e h i c l e w e i g h t o f 10,000 l b . The n o m i n a l h ighway speec 
on the route b e f o r e i m p r o v e m e n t w a s 35 m p h f o r a l l v e h i c l e s . I t i s expected that t h i s 
w i l l be i nc reased to 45 m p h a f t e r i m p r o v e m e n t . Compute the average annual f u e l sav­
ings w h i c h m a y be a t t r i b u t e d to t h i s i m p r o v e m e n t . 

T o t a l number o f v e h i c l e s u s i n g route p e r yea r : 
Passenger c a r s 4 ,000 x 0 .80 x 365 = 1,168,000 
T r u c k s 4 ,000 x 0 .20 x 365 = 292 ,000 

Savings i n f u e l use p e r v e h i c l e m i l e due to su r f ace i m p r o v e m e n t a t n o m i n a l h ighway 
speed of 35 m p h ( F i g . 3 ) : 

Passenger c a r s 0 .010 g a l p e r voi 
T r u c k s 0 . 0 2 1 g a l p e r m i 

Inc rease I n f u e l consumpt ion p e r v e h i c l e m i l e due to speed inc rease f r o m 35 to 45 
m p h on paved su r face ( F i g . 1): 
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Passenger c a r s 0.003 ga l . p e r m l 
T r u c k s 0 .004 g a l p e r m i 

Annua l saving i n f u e l use (10 m i ) : 
Passenger c a r s 1,168,000 (10) ( 0 . 0 1 0 - 0 . 0 0 3 ) = 81 ,760 g a l 
T r u c k s 292 ,000 (10) ( 0 . 0 2 1 - 0 . 0 0 4 ) = 49 .640 g a l 

T o t a l 131,400 g a l 

Example 2 

A grade separa t ion i s planned a t the i n t e r s e c t i o n o f a 4- lane d i v i d e d p a r k w a y and a 
2 - l ane c r o s s r o a d w h e r e t r a f f i c s igna ls now c o n t r o l v e h i c l e movemen t s . The average 
annual d a i l y t r a f f i c v o l u m e s on the 4- lane and 2 - lane rou tes a r e 20 ,000 v e h i c l e s p e r 
day and 4 ,000 v e h i c l e s p e r day, r e s p e c t i v e l y . A l l v e h i c l e s on the p a r k w a y a r e passen­
g e r c a r s . E i g h t y p e r c e n t of the v e h i c l e s on the c r o s s r o a d a r e passenger c a r s and 20 
p e r c e n t a r e 2 - ax l e s ingle u n i t t r u c k s h a v i i ^ a n average g r o s s w e i g h t of 10,000 l b . The 
n o m i n a l h ighway speed on the 4- lane rou te i s 45 m p h and on the 2 - l ane rou t e , 30 m p h 
(fdL v e h i c l e s ) . T u r n i n g movements a t t h i s i n t e r s e c t i o n a r e so f e w tha t they may be 
neglec ted . I t was d e t e r m i n e d f r o m a study o f t r a f f i c movement s tha t on bo th rou te s 
t r a f f i c s igna ls caused 25 p e r c e n t of the v e h i c l e s to stop w i t h an average de lay p e r stop 
p e r v e h i c l e o f 20 sec (0.33 m i n ) . Compute the annual f u e l and time savings w h i c h w i l l 
r e s u l t f r o m t h i s i m p r o v e m e n t . 

A n n u a l number o f v e h i c l e s stopped a t the i n t e r s e c t i o n : 
F o u r - l a n e d i v i d e d h ighway: 

Passenger c a r s 20 ,000 (365) (0 .25 ) = 1 ,825,000 
T w o - l a n e c r o s s r o a d : 

Passenger c a r s 4 ,000 (0 .80 ) (365) ( 0 . 2 5 ) = 292 ,000 
T r u c k s 4 ,000 (0 .20) (365) ( 0 . 2 5 ) = 73,000 

U n i t f u e l and time savings: 
Passenger c a r s : F u e l savings p e r s top-and-go a t n o m i n a l h ighway speed of 

45 m p h ( F i g . 4) = 0 . 0 1 5 g a l 
T i m e savings p e r s top-and-go a t n o m i n a l h ighway speed of 
45 m p h ( F ^ . 5) = 0 . 2 1 m i n 
F u e l savings p e r s top-and-go a t n o m i n a l h ighway speed of 
30 m p h ( F i g . 4) = 0.009 g a l 
T i m e savings p e r s top-and-go a t n o m i n a l h ighway speed of 
30 m p h ( F i g . 5) = 0 .14 m i n 
F u e l use w h i l e i d l i n g (Table 2 ) = 0 .007 g a l p e r m i n . 

T r u c k s : F u e l savings p e r s top-and-go a t n o m i n a l h ighway speed o f 30 m p h 
( F ^ . 4) = 0 .017 g a l 
T i m e Savingsper s top-and-go a t n o m i n a l h ighway speed of 30 m p h 
( F i g . 5) = 0.23 m i n 
F u e l use w h i l e i d l i n g (Table 2 ) = 0. O i l g a l p e r m i n 

Annua l f u e l savings: 
F o u r - l a n e d i v i d e d h ighway: 

Passenger c a r (s top-and-go) = 1 ,825,000 (0 .015) = 27 ,375 ga l 
Passenger c a r ( i d l i ng ) = 1 ,825,000 (0 .33 ) (0 .007) = 4 ,216 ga l 

T w o - l a n e c r o s s r o a d : 
Passenger c a r (s top-and-go) = 292 ,000 (0 .009) = 2 ,628 ga l 
Passenger c a r ( i d l i ng ) = 292 ,000 (0 .33 ) (0 .007) = 674 ga l 
T r u c k s (s top-and-go) = 73 ,000 (0 .017) = 1,241 ga l 
T r u c k s adUng) = 73,000 (0 .33) (0 .011) = 265 ga l 

T o t a l 36 ,399 g a l 

Annua l time savings: 
F o u r - l a n e d iv ided h ighway: 
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Passenger c a r (s top-and-go) = 1 ,825,000 (0 .21) = 383 ,250 m i n 
Passenger c a r ( i d l i ng ) = 1,825,000 (0 .33) = 602,250 m i n 

T w o - l a n e c r o s s r o a d : 
Passenger c a r (s top-and-go) = 292 ,000 (0 .14) = 40 ,880 m i n 
Passenger c a r ( i d l i ng ) = 292 ,000 (0 .33 ) = 96 ,360 m i n 
T r u c k s (s top-and-go) = 73,000 ( 0 . 2 3 ) = 16,790 m i n 
T r u c k s ( i d l i ng ) = 73.000 (0 .33) = 24 .090 m i n 

T o t a l 1 ,163,620 m i n = (19,394 h r ) 

S U M M A R Y 

^ c h o f the BAving i n t i m e and f u e l as a r e s u l t o f h ighway i m p r o v e m e n t a r i s e s be ­
cause of i nc reased v e h i c l e speeds, upgrad ing of pavement s u r f a c e , and r educ t ion o f the] 
f r e q u e n c y o f s top-and-go and s lowdown opera t ions . On paved su r faces the r a t e of f u e l 
consumpt ion o f passenger c a r s and s ingle u n i t t r u c k s decreases a s speed inc reases f r o i 
15 m p h to between 25 and 35 m p h d e p e n d i i ^ on v e h i c l e type and g r o s s we igh t . A t h ighe i 
speeds the r a t e o f f u e l consumpt ion inc reases . On g r a v e l roads the r e l a t i onsh ip betwee 
r a t e o f f u e l consumpt ion and speed f o r these v e h i c l e s i s s i m i l a r to t ha t f o r paved s u r ­
f aces except tha t the l owes t r a t e o f f u e l consumpt ion i s between 20 and 25 m p h . 

The e f f e c t o f upgrad ing a g r a v e l su r f ace to a concre te su r f ace on the r a t e of f u e l 
consumpt ion o f passenger c a r s and s ing le u n i t t r u c k s inc reases w i t h v e h i c l e speed. A t 
speeds o f 15 mph the inc rease i n f u e l consumpt ion f o r the g r a v e l su r f ace i s l e s s than 
7 p e r c e n t b u t a t 45 m p h i t i s o v e r 20 pe rcen t f o r p a s s e i ^ e r c a r s and p i ckup t r u c k s and 
o v e r 30 p e r c e n t f o r s ing le i m i t t r u c k s w i t h g r o s s we igh t s o f 10,000 l b o r m o r e . 

The add i t i ona l t i m e and f u e l consumpt ion f o r s top-and-go opera t ions inc reases u n i ­
f o r m l y w i t h speed. A t any sfpeed the add i t i ona l t i m e consumpt ion i s g r e a t e r f o r the 
v e h i c l e s w i t h the g r e a t e r w e i g h t ho r sepower r a t i o . The add i t i ona l f u e l consumpt ion i n ­
c reases a s veh ic l e g r o s s we igh t i nc reases except tha t the passenger c a r uses m o r e 
f u e l than the heav i e r p i ckup t r u c k a t a l l ^ e e d s . T h i s was p r o b a b l y due to the f a c t tha t 
the passenger c a r used f o r the study w a s equipped w i t h an au tomat ic t r a n s m i s s i o n and 
the p i ckup t r u c k had a manua l t r a n s m i s s i o n . 

The add i t i ona l t i m e consumpt ion f o r a s lowdown of 10 m p h decreases w i t h i nc reased 
v e h i c l e speed. The add i t i ona l f u e l consumpt ion o f passenger c a r s f o r s lowdowns i n ­
c reases w i t h speed up to a t l e a s t 50 m p h . The add i t i ona l f u e l consumpt ion of s ingle 
u n i t t r u c k s inc reases w i t h speed up to between 35 and 50 m p h b u t decreases somewhat 
a t h i g h e r speeds. 
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Motor Transport Fuel Consumption 
Rates and Travel Time 
R O Y B . S A W H I L L , Research P r o j e c t D i r e c t o r and Assoc ia te P r o f e s s o r o f C i v i l 
E n g i n e e r i n g , U n i v e r s i t y o f Washington; and JOSEPH C. F I R E Y , P r o f e s s o r of 
Mechan ica l E n g i n e e r i n g , U n i v e r s i t y of Washington 

F u e l consumpt ion and t r a v e l t i m e measurements a r e 
a p r i m e cons ide ra t i on i n the economica l des ign o f 
h ighways and con t r ibu te a subs tan t ia l mone t a ry va lue 
i n b e n e f i t - c o s t ana lys i s . Only l i m i t e d up- to-da te o n -
t h e - r o a d data a re ava i l ab l e , not on ly f o r p a s s e i ^ r 
c a r s b u t a lso m a i n l y f o r v a r i o u s s izes of c o m m e r c i a l 
v e h i c l e s . The purpose of t h i s r e p o r t i s to r e c o r d the 
p r o c e d u r e and f i n d i n g s o f an extens ive s u r v e y d u r i n g 
the s u m m e r months o f 1959 i n w h i c h f u e l consumpt ion 
and t r a v e l t i m e w e r e measured on n e a r l y e v e r y poss ib le 
c l a s s i f i c a t i o n of t r u c k and t r a i l e r combina t ions , as w e l l 
as on u r b a n and i n t e r c i t y buses . B o t h gaso l ine - and 
d i e se l -powered veh ic l e s w e r e tes ted under v a r y i n g c o n ­
d i t i ons o f g rade , su r face speed, we igh t , s topping and 
s l o w i n g . 

One o f the p r i m a r y uses of the data w i l l be to p rov ide 
a comprehens ion of the d i f f e r e n t i a l f u e l and t r a v e l t i m e 
benef i t s associa ted w i t h each c l a s s i f i c a t i o n of the heav ie r 
veh ic l e s opera t ing i n g rea t e r numbers each yea r on the 
h ighways . C o m b i n i n g the r e s u l t s of t h i s s tudy w i t h a 
s i m i l a r i nves t iga t ion (1) of s i n g l e - u n i t t r u c k s and passenger 
ca r s w i l l comple te the range of veh ic le types . 

The da ta presen ted i n the r e p o r t should be h i g h l y bene­
f i c i a l to the economica l p lanning and des ign of highways 
as w e l l as to ass ignment of cos t r e s p o n s i b i l i t y . C o m p a r i ­
sons and analyses a re poss ib le f o r f u e l and t i m e savings 
by i m p r o v e m e n t o f roadway s u r f a c i n g , r e m o v a l o r r e d u c ­
t i o n of s tops, e l i m i n a t i o n o f congest ion and s lowdowns, r e ­
duc t ion o f g rade , shor ten ing of grades , o r c o n t r o l of opera t ing 
speed. 

P r e l i m i n a r y ana lys i s of the p r e t e s t i n g data obtained on each 
veh ic l e and c o r r e l a t e d w i t h the ac tua l data r e c o r d e d d u r i n g 
the r o a d t e s t ing ind ica tes a po ten t i a l method of p r e d i c t i n g the 
opera t ing c h a r a c t e r i s t i c s under any cond i t ions . V e r i f i c a t i o n 
of t h i s method w o u l d e l i m i n a t e the need f o r such a de ta i l ed 
study as t h i s i n the f u t u r e , a s suming no r a d i c a l changes i n 
the means o f m o t o r t r a n s p o r t a t i o n . 

^DURING the s u m m e r of 1958 the C i v i l and Mechan ica l Eng inee r ing Depar tments of 
the U n i v e r s i t y o f Washington en te red in to a r e s e a r c h con t r ac t w i t h the Bureau of 
Pub l ic Roads f o r the spec i f i c purpose of measu r ing the ac tua l f u e l consumpt ion and 
t r a v e l t i m e of c o m m e r c i a l veh ic les on rou t ine routes i n W e s t e r n Washington . Tes t 
sect ions w e r e es tabl i shed to c o r r e l a t e f u e l consumpt ion w i t h t r a f f i c condi t ions . T h i s 
s tudy was one of f o u r p e r f o r m e d throughout the na t ion , w i t h the observed data p r e ­
sented to the B u r e a u f o r ana lys i s and c o r r e l a t i o n (2) . However , on ly the U n i v e r s i t y 
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o f Washington s tudy inc luded f u e l measurements on d l e se l -powered v e h i c l e s . A d iese l - | 
engine f u e l m e t e r i n g device was developed b y P r o f e s s o r s F i r e y and Meador of the M e ­
chan ica l Eng inee r ing D e p a r t m e n t (3); w i t h m i n o r p e r f e c t i o n s , i t was poss ib le to make 
accura te measurements f o r the condi t ions o f the r e s e a r c h p e r f o r m e d d u r i n g the s u m ­
m e r months of 1959. 

A supplementa l r e s e a r c h p r o j e c t was p e r f o r m e d i n the w i n t e r o f 1958-9 f o r the 
Wash ing ton State Highway D e p a r t m e n t and the B u r e a u o f Pub l i c Roads to r e l a t e w i n t e r 
f u e l consumpt ion r a t e s to the s u m m e r data co l l ec t ed (4) . 

The r e s e a r c h r e p o r t e d h e r e i n was conducted f o r the B u r e a u o f Pub l i c Roads and 
Wash ing ton State ffigfaway C o m m i s s i o n . The s tudy r e q u i r e d l ea s ing o f 17 separate 
t r u c k , t r a i l e r o r bus u n i t s , w h i c h represen ted 12 d i f f e r e n t veh i c l e s o r combina t ions 
f o r the t e s t i ng pu rpose . I t was necessary to e m p l o y nine d r i v e r s and nine o b s e r v e r s 
to operate two 10-hr s h i f t s p e r day to c o l l e c t the r e q u i r e d data i n the t i m e p r o v i d e d . 
I n add i t i on , s i x f a c u l t y pe r sonne l w e r e u t i l i z e d to p e r f o r m s u p e r v i s o r y , su rvey and i n ­
s t r u m e n t a t i o n f u n c t i o n s . 

I t was a d e f i n i t e asse t to the s tudy to secure eng ineer ing students , no t o n l y to r e c o r d 
the data , b u t a lso to operate the t e s t t r u c k s and buses . 

RESEARCH S T U D Y PROCEDURE 

T e s t V e h i c l e C h a r a c t e r i s t i c s 

The r e s e a r c h c o n t r a c t s p e c i f i e d the t e s t ing o f f i v e gaso l ine -powered t r u c k o r t r ac to r -
a n d - t r a i l e r combina t ions , one gasol ine bus , f o u r d i e se l -powered t r u c k o r t r a c t o r - a n d -
t r a l l e r combina t ions , and two d i e s e l buses . D e s c r i p t i o n s o f the t e s t un i t s a r e presentecj 
i n F i g u r e 1 . A d d i t i o n a l I n f o r m a t i o n o n each v e h i c l e i s g i v e n i n Tab le 1 . 

I t w i U be noted tha t a l l t r a i l e r un i t s used f o r t h i s s tudy w e r e of the tanker t ype . 

TEST VEHICLE DESCRIPTIONS 
TEST 
UNIT 

AXLE 
CLASS. GASOLIINE TEST 

UNIT 
AXLE 
CLASS. DIESEL 

l-A 3-S2 5-A 3-S2 

2-B 2-S2 3-B 2-S2 

2-C-D 2-SI-2 3-C-D 2^1-2 

10 2-2 3-2 

7-C 2-SI 2-Bus 
(Rural) 

Figure 1. 



TABLE 1 
TEST VEHICLE DESCRIPTIVE DATA 

1. Test unit no. 1-A 2-B 2-C-D 3..B 3-C-D 4 6 9 5-A 7-C 8 10 
2. Axle classification of combination 3-S2 2-S2 2S1-2 2-S2 2-S1-2 2-Bus 

Urban 
2-Bus 
Urban 

2-Bus 
Rural 

3-S2 2-Sl 3-2 2-2 

3. Power unit vehicle Tractor Tractor Tractor Tractor Tractor Bus Bus Bus Tractor Tractor Truck Truck 
a. Year of manufacture 1955 1950 1950 1959 1959 1955E 1947 1948 1957 1958 1950 1958 
b. Body tn>e (none on tractors) Tanker Tanker 
c. Frontal area of power unit 
d. (1) Wheelbase axle 1 to axle 2 (ft) 15.7 13.8 13.8 10.7 10.7 23.5 18.0 21.8 16.9 13.0 16.1 14.6 

(2) Wheelbase axle 2 to axle 3 (ft) 4.0 4.4 
e. (1) Engine, fuel Gasoline Gasoline Gasoline Diesel Diesel Diesel Gasoline Diesel Diesel Gasoline Diesel Gasoline 

(2) Engine, no. of cylinders 6 6 6 6 6 6 6 6 6 6 6 8 
(3) Engine, displacement. In.* 
(4) Engine, mfgrs. net HP 

501 503 503 672 672 425.6 404 425.31 743 331 426 332 (3) Engine, displacement. In.* 
(4) Engine, mfgrs. net HP 184 at 185 at 185 at 205 at 205 at 167 at 180 at 208 at 220 at 122 at 208 at 187 at 

atRPM 2,600 2,600 2,600 2,100 2,100 2,000 2,800 
ey. 

2,100 2,100 2,800 2,100 3,600 
f. Rear axle gear ratio 6.69 7.05 7.05 5.30 5.30 

2,800 
ey. 4yu ey. U8.28 5% U9.77 f. Rear axle gear ratio 

0 5.99 0 7.17 
g. (1) Transmission ratio, main 1st 8.08 7.33 7.33 7.53 7.53 3.81 5.19 7.08 5.19 7.58 

(2) Transmission ratio, main 2nd 4.67 4.67 4.67 4.32 4.32 u 
di 

h 2.50 2.88 3.83 2.88 4.38 
(3) Transmission ratio, main 3rd 2.62 3.06 3.06 2.60 2.60 s § 

h 
1.50 1.72 2.03 1.72 2.40 

(4) Transmission ratio, main 4th 1.38 1.72 1.72 1.62 1.62 1.00 1.31 1.00 1.48 
(5) Transmission ratio, main 5th 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
(6) Transmission ratio, aux. 1st 1.29 1.24 1.24 1.18 1.18 0 1.29 1.29 
(7) Transmission ratio, aux. 2nd 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
(S) Transmission ratio, aux. 3rd 0.84 0.88 0.88 0.85 0.85 0.84 0.84 

h. Tire size, power unit 10x20 10.00x20 10.00x20 10x20 10x20 11x20 F10x22 11x19 10x22 9x20 11x24.5 10x20 
4. a. First trailer is (semi or full) Semi Semi Semi Semi Semi R 9x20 Semi Semi FuU FuU 

b. Trailer, body type Tanker Tanker Tanker Tanker Tanker Tanker Tanker Tanker Tanker 
c. Trailer, frontal area 
d. (1) Trailer, wheelbase, kingpin 

to axle (ft) 
d. (1) Trailer, wheelbase, kingpin 

to axle (ft) 25 19 18 20 18 23 19 
(2) Trailer, wheelbase, axle 1 

to axle 2 (ft) 4.0 4.0 4.0 4.0 17,8 15.1 
e. (1) Second trailer is (converter-

gear semi or full) Full FuU 
(2) Trailer, body t^ie Tanker Tanker 
(3) Trailer, frontal area 
(4) Trailer, wheelbase, axle 1 to 

axle 2 (ft) 
(4) Trailer, wheelbase, axle 1 to 

axle 2 (ft) 17.65 17.65 
f. (1) Combination, over-all length, 

(bumper to bumper) (ft) 
f. (1) Combination, over-all length, 

(bumper to bumper) (ft) 53.3 45.4 62.95 41.2 60.0 39.7 32.8 34. S 52.9 36.4 60.0 51.5 
(2) Gross weight, enmtj tib) 26,180 24,430 26,990 24,760 27,320 20,510 15,590 28,350 21,580 31,016 22,350 
(3) Gross weight, 70%ofmaxGVW 

24,430 26,990 24,760 

, , (lb) 49,980 42,526 49,930 41,700 50,010 46,600 28,730 53,704 38,600 
(4) Gross weight, full load db) 64,650 57,246 72,500 57,800 71,540 27,780 21,350 28,450 66,300 41,490 75,550 58,120 

w 
-a 
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These t anke r s w e r e se lected to m i n i m i z e the e f f e c t of w i n d res i s tance as w e l l as f o r 
ease o f load ing w i t h w a t e r . 

L i p r o c u r e m e n t o f the veh ic l e s an a t t empt was made to se lec t no t on ly a r ep re sen t a ­
t i v e veh ic l e f o r each c l a s s i f i c a t i o n b u t a lso a la te m o d e l , i f pos s ib l e . The l a t t e r was 
not a lways the case, due e i t h e r to the s c a r c i t y of the veh ic le o r the h i g h demand f o r 
c o m m e r c i a l s e r v i c e . Each veh ic le was subjec ted to p r e l i m i n a r y tes t s , as d iscussed 
i n a subsequent sec t ion . 

Road T e s t Sect ion C h a r a c t e r i s t i c s 

To ob ta in the necessary t es t data on f u e l consumpt ion and t r a v e l t i m e , i t was r e ­
q u i r e d to se lec t roadway tes t sect ions w i t h a h i g h type s u r f a c i n g on a range of g rades , 
as w e l l as a l e v e l g r a v e l sec t ion . 

F i g u r e 2 shows the l o c a t i o n of the tes t sect ions i n the v i c i n i t y o f O l y m p i a , W a s h . 
Table 2 g ives a s u m m a r y d e s c r i p t i o n of the t es t sec t ions . 

Cons iderab le reconnaissance was r e q u i r e d to obta in the v a r i o u s types o f t e s t sectionsj 
necessary . Segments of US 99 south o f O l y m p i a w e r e m o s t n e a r l y i d e a l , not on ly b e ­
cause o f t h e i r l oca t i on on a f r e e w a y w i t h r e l a t i v e l y l ow t r a f f i c vo lume and adequate 
t u r n - a r o u n d f a c i l i t i e s bu t a lso because of the p r o x i m i t y o f the s teeper grade sect ions 
and the g r a v e l r o a d . 

Resea rch T e s t Measurements 

The bas ic data r e c o r d e d b y the obse rve r w e r e as f o l l o w s : 

1 . T e s t u n i t n u m b e r . 9 . Road c o n d i t i o n . 
2. Load ing cond i t i on . 10. Opera t ing gear . 
3 . T e s t sec t ion . 1 1 . Tachomete r r e a d i n g . 
4 . Ind ica ted speed. 12. F u e l t e m p e r a t u r e . 
5. D r i v e r . 13. I n i t i a l f u e l r e a d i n g . 
6. D i r e c t i o n . 14. F i n a l f u e l r e a d i n g . 
7. Da te . 15. F u e l used. 
8. T i m e of day . 16. E lapsed time. 

V e h i c l e s w e r e opera ted on the paved l e v e l roadway of sec t ion 1 a t three loading 
condi t ions (empty , m a x i m u m l e g a l load , and a p p r o x i m a t e l y 70 p e r c e n t of l ega l l oad ) . 
The on ly except ion to these loadings was i n the case of Uie buses, w h i c h w e r e loaded 
to the n o r m a l load f a c t o r as suppl ied b y the t r a n s i t company. F o r each load ing c o n d i ­
tion the veh ic l e s w e r e opera ted a t speeds o f 15, 25, 35, 45, and 55 mph , o r the top 
speed i f l e s s than 55 m p h . 

The t e s t u n i t made a t l ea s t th ree r o u n d - t r i p s a t each speed. I t was the op in ion of 
the r e s e a r c h t e a m tha t i n some cases th ree r o t m d - t r i p s w e r e no t an adequate sample ; 
t h e r e f o r e , when the f u e l consumpt ion and t r a v e l time r e s u l t s w e r e compared and r e a ­
sonable agreement was no t obtained (± 5 pe rcen t ) , add i t iona l observa t ions w e r e made . 

The ope ra t ing condi t ions on the l e v e l g r a v e l sec t ion 6 w e r e s i m i l a r to l e v e l sec t ion 
except the h ighe r speed ope ra t ion cou ld not be obtained w i t h s a fe ty . 

On the grade sect ions 2 , 3, 4 , 5, and 7 the p rocedure d i f f e r e d on ly i n the t es t speed. 
The f i r s t observa t ions w e r e made at the m a x i m u m constant speed the veh ic le cou ld 
m a i n t a i n on the g rade . Two l o w e r speed runs w e r e then made us ing l o w e r gear set t ings] 

A c o m p a r i s o n o f the data obtained on the constant-speed r u n s on sec t ion 1 w i t h the 
observa t ions on the g r a v e l sec t ion 6 w i l l r e f l e c t the e f f e c t of roadway s u r f a c i n g on f u e l 
consumpt ion and t r a v e l time. 

Re la t ing the data on the grade sect ions (2, 3, 4 , 5, 7) w i t h the s tandard sec t ion 1 
w i l l r e v e a l the e f f e c t o f g rade . 

To measure the add i t iona l f u e l and time r e q u i r e d to make a stop f r o m the v a r i o u s 
t e s t speeds, cont inuous cyc les o f s topping and acce l e ra t ing to t es t speed w e r e p e r f o r m e l 
on sec t ion 1, w i t h time measurements r e c o r d e d at the end o f a dece le ra t ion and a c c e l e r | 
tion, and any l o s t time i n s t a r t i n g f r o m the stopped p o s i t i o n . F u e l measurement was 
taken f o r the t o t a l l eng th o f sec t ion 1 f o r the v a r i o u s s top-and-go c y c l e s . F r o m these 
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T A B L E 2 

S U M M A R Y O F T E S T R O A D W A Y CHARACTERISTICS 

Tes t Sur face 
A v e . 

Grade 

H o r i z . 
Curve 

Lanes 
Lane 

W i d t h Highway 

Sect ion 
L e n g t h ' ( f t ) Tes t Sur face 

A v e . 
Grade Lanes 

Lane 
W i d t h Highway 

Sect ion Type (%) A D ( n o . ) at) Type N S 

1 A s p h . cone. 0.09 1 8 ° 3 0 ' 1 ° 4 12 F r e e w a y 10,718 10,676 
2 A s p h . cone. 2 .79 0 0 4 12 F r e e w a y 1,246 1,246 
3 A s p h . cone. 1.53 0 0 4 12 F r e e w a y 1,520 1,536 
4 A s p h . cone. 4 . 0 0 0 4 12 F r e e w a y 

4 ' pa in ted 
cen te r l ine 

1,040 1,040 
5 C e m . cone. 5 .96 0 0 4 11 

F r e e w a y 
4 ' pa in ted 

cen te r l ine 
2 ,022 2 ,022 

6 G r a v e l 0 .34 S l igh t 2 12 Loose 10,998+ 10,998+ 

9 ° 5 2 ' 1 ° 
g r a v e l 

10,998+ 10,998+ 

7 A s p h . cone. 0 .68 9 ° 5 2 ' 1 ° 4 12 F r e e w a y 2 ,714 2,719 

' L e n g t h o f t e s t sec t ion v a r i e d w i t h speed and load condi t ions due to l i m i t e d approach 
l eng th . 

T A B L E 3 

roLE F U E L C O N S U M P T I O N R A T E S 

Power 
U n i t 

F u e l F l o w 

( r p m ) ( g a l / m i n ) 

data i t i s poss ib le to evaluate the e f f e c t of c o n t r o l devices o r c o i ^ e s t i o n causing a 
v e h i c l e to come to a s top . 

A s i m i l a r s e r i e s o f tes ts was p e r f o r m e d s i m u l a t i n g c o i ^ e s t e d condi t ions w h i c h w o u l d 
r e q u i r e the veh ic le to s low an i n c r e m e n t of 10 mph and a lso 15 m p h be low the t es t 
speeds. 

A n a l y s i s of f u e l consumpt ion used d u r i n g a s topping cyc le w o u l d not be comple te 
w i t h o u t m e a s u r i n g the f u e l used w h i l e the veh ic l e i s s topped. Table 3 g ives i d l e f u e l 
consumpt ion r a t e s f o r a l l of the veh ic l e s tes ted . I n gene ra l , the amount of f u e l used 
was e x t r e m e l y s m a l l and tes ts w e r e cont inued f o r p e r i o d s as long as 30 m i n . 

The method o f ana lys i s and the r e s u l t s 
a r e p resen ted i n a l a t e r s ec t ion . 

V E H I C L E I N S T R U M E N T A T I O N , 
P R E T E S T I N G A N D A N A L Y S I S 

V e h i c l e I n s t r u m e n t a t i o n 

I n s t r u m e n t a t i o n was c h i e f l y concerned 
w i t h measurement of f u e l quan t i ty and 
f u e l t empera tu re d u r i n g each s p e c i f i e d 
r o a d tes t . F u e l quant i ty was d e t e r m i n e d 
b y use of e i t h e r a c a l i b r a t e d bure t t e a r ­
rangement o r a P e t r o m e t a f u e l m e t e r . I n 
each case the quan t i ty cou ld be measured 
to w i t h i n t 5 cc accuracy . F u e l t e m p e r a ­
t u r e was r ead f r o m a t h e r m o m e t e r f i t t e d 
i n t o the f u e l supply l i n e . 

B u r e t t e A r r a i ^ e m e n t . F i g u r e 3 shows 
s c h e m a t i c a l l y the f u e l measu r ing device 
as used i n t h i s s tudy. One 500-cc and two 
2 ,000-cc graduated bure t t e s , w i t h v a l v e s , 

f u e l p u m p , t h e r m o m e t e r , and sui table p i p i n g , w e r e f i t t e d on a p lywood base i n the cab 
of the t e s t v e h i c l e . A n o b s e r v e r i n the t e s t veh ic le manua l ly c o n t r o l l e d the va lves to 
p e r m i t use o f f u e l on ly f r o m the bure t t e s d u r i n g t r a v e r s e o f a tes t sec t ion . F i g u r e 4 
shows t y p i c a l m e t e r b o a r d i n s t a l l a t i ons f o r bus and t r u c k t r a c t o r . 

P e t r o m e t a F u e l M e t e r . A m e c h a n i c a l - e l e c t r i c a l f u e l m e a s u r i n g i n s t r u m e n t known 
as the M G A P e t r o m e t a F u e l M e t e r ' w a s used ex tens ive ly on one t e s t veh ic l e and to a 
l i m i t e d extent on two o the r v e h i c l e s . C a l i b r a t i o n of t h i s i n s t r u m e n t was d i f f i c u l t , as t h | 

' M a n u f a c t u r e d b y M . G . A . I n d u s t r i e s , L t d . , Loughton, Essex , Eng land . 

1 650 0.0148 
2 650 0 .0131 
3 600 0.00742 
4 1 0.00750 
5 700 0.00488 
6 1 0 .0121 
7 600 0.01030 
8 300 0.00762 
9 1 0.00780 

10 750 0.01500 

No t achomete r . 
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TYPICAL GASOLINE METERING INSTALLATION 
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Figure 3. 

c a l i b r a t i o n f a c t o r v a r i e d f o r d i f f e r e n t f l o w 
r a t e s , and a lso appeared to be sens i t ive to 
f u e l pump p r e s s u r e and b a t t e r y vo l t age . 
Use o f the m e t e r g r e a t l y speeded data t ak ing ; 
bu t f u r t h e r use of the i n s t r u m e n t was p r e ­
vented by the d i f f i c u l t y i n c a l i b r a t i o n of the 
m e t e r f o r the g r e a t v a r i e t y of f l o w ra t e s 
encountered. 

Day Tank . D i e s e l engines hav ing a r e ­
c i r c u l a t i n g f u e l s y s t e m r e q u i r e d an a d d i ­
t i o n o f a day tank to the f u e l m e a s u r i n g 
equipment . F i g u r e 3 a lso shows s c h e m a t i ­
c a l l y the day tank a r r angemen t and i t s l o ­
ca t ion i n the d i e s e l f u e l m e a s u r i n g s y s t e m . 
F i g u r e 5 shows the ac tua l day tank mounted 
behind the t r a c t o r cab . 

F u e l i s r e t u r n e d f r o m the i n j e c t o r s y s ­
t e m to the day tank r a t h e r than to the f u e l 
tank th rough the n o r m a l r e t u r n . A f l o a t 
va lve ma in ta ined a constant l e v e l i n the 
day tank b y a d m i t t l i ^ f u e l f r o m the bure t t e 
a r r a n g e m e n t to r ep l ace f u e l used b y the 
engine. 

V e h i c l e P r e t e s t i n g 

P r i o r to t e s t r u n n i n g , each veh ic l e was p re tes ted to a s c e r t a i n whe the r the engine 
and r u n n i n g gear w e r e i n p r o p e r c o n d i t i o n . The v e h i c l e r o U i n g r e s i s t ance , engine 
f r i c t i o n horsepower , e i ^ i n e t h e r m a l e f f i c i e n c y , w ide -open t h r o t t l e p o w e r output , and 

Figure h. Burette ins ta l la t ion in (a) bus and (b) tractor . 



42 

air-fuel ratio were measured by road 
test. If the measured values lay within 
reasonable limits the vehicle was con­
sidered in proper condition for test run­
ning. 

The pretest measurements and calcu­
lations are explained in succeeding sec­
tions wherein the following abbreviated 
nomenclature is used: 

RHP 

tank installation In diesel 
unit. 

PHP = 

AHP = 

FHP = 

m p = 

BHP = 

HPB = 

GVW = 
KE 
N E = 
mph = 
t 
ni ' 

W f 
gph 
G 
HHV = 
D 
T 
K 
B 

Road horsepower, the power 
required to overcome gear 
and bearing friction in the 
drive train, plus tire hy­
steresis, plus tire and road Figure 5. Day 
surface slippage, plus road 
surface deflection, plus air 
resistance; 
Potential horsepower, the 
power required to increase vehicle potential energy when climbing a grade 
(negative on a downgrade); 
Acceleration horsepower, the power required to increase vehicle kinetic 
energy when accelerating (negative when deceleratiog); 
Friction horsepower, the power required to overcome internal friction of 
the engine; 
Indicated horsepower, the power developed by the combustion of fuel in 
the engine combustion chamber and delivered to the engine pistons; 
Bralce horsepower, the power delivered by the engine to the clutch (BHP 
= IHP - FHP); 
Power to braMng, the power required to overcome the friction of the 
vehicle brakes when applied; 
Gross vehicle weight, in lb; 
Vehicle kinetic energy, in f t - lb; 
Engine rpm; 
Vehicle miles per hour; 
Time, in min; 
Indicated thermal efficiency of the engine; 
Brake thermal efficiency of the engine; 
Fuel flow rate, in lb per hr; 
Fuel flow rate, in gal per hr; 
Tbtal fuel used, in gal; 
Fuel higher heatii^ value, in Btu per lb; 
Fuel density, in lb per gal; 
Number of tires on the vehicle; 
Ratio F H P / N E * ; and 
Ratio F H P / N E . 

Rolling Resistance Test. Vehicle rolling resistance was measured as the road horsej 
power, RHP, above 20 mph. This test consisted of brii^ing the vehicle up to a select­
ed speed, disengaging the clutch, and recording the time required to slow down to each 
5-mph speed. In this experiment the initial kinetic energy of the vehicle is utilized to 
propel the vehicle over the road; hence, the rate of loss of vehicle kinetic energy equal^ 
the RHP. 

RHP = -1 d(KE) 
550 dt (1) 

Vehicle KE consists of two portions-the translational KE due to vehicle speed, and 
the rotational KE due to wheel and axle spin. Rotational KE was estimated from the 
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knovm wheel dimensions and materials, the axles and drive train being presumed e-
quivalent to one wheel and tire. After introducing the KE equations and suitable con­
stants 

RHP = GVW ( ^ ) ^ ) (2) 

Values of-

M I O 

-d(mph) ^gj .^ measured graphically from a plot of mph vs t obtained from 
the coasting test, such as shown In Figure 6. Al l such plots for the trucks tested showed 
two straight-line segments with a change of slope occurring between 18 and 24 mph. 
RHP is thus a linear function of mph, but the ratio of RHP to mph is higher above 20 
mph. 

The rolling resistance tests were run in both directions of test section 1 and the 
results averaged to compensate for any grade or wind effects. 

It was the original plan to compare the measured RHP of a vehicle with the RHP 
calculated by the SAE method as described in SAE publication TR-82, "Truck AbUity 
Prediction Procedure." If the measured RHP was no more than 10 percent greater 
than the calculated RHP the vehicle was to be considered satisfactory in rolling re­
sistance for the test running. This plan proved unfeasible, however, because in every 
case the measured RHP was found to be far lower than the RHP calculated by the SAE 
method. Furthermore, measured RHP varied linearly with speed, whereas the SAE 
method predicts RHP to vary non-linearly with speed. The source of these discrepan­
cies could not be clearly determined from these experiments. In SAE publication TR-
82 i t is e:g)lained that the procedure is based on experiments with trucks of less than 
30,000-lb GVW and may not be applicable to the heavier vehicles used in these tests. 
The measured RHP is considered reasonably correct, inasmuch as the vehicle pretest 
results, which included the RHP, fair ly accurately predicted vehicle performance during 
test running, as discussed subsequentiy. 

The acceptability of a vehicle in respect to r o l l i i ^ resistance could only be based on 
a comparison of its RHP with that of other vehicles tested. Hence, the RHP standard 
was necessarily developed as the testing progressed. Measured values of the ratio 
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Figure 6. Typical rolling resistance test data, vehicle 1-A, out of gear, GVW=li8,98$ lb. 
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RHP/mph were found to be a linear function of GVW, as shown in Figure 7. 
of these results is expressed by 

The averad 

RHP = GVW 
55,600 (mph)+ 0.52 (mph) (3) 

which appears to be adequate over the following range of vehicle conditions: 
1. GVW between 20,000 and 75,000 lb. 
2. Speeds between 20 and 50 mph. 
3. Number of tires between 6 and 18. 
4. Tire pressure of 80 psig. 
If the RHP of a vehicle was no more than 10 percent greater than this average curve, 

the vehicle was considered acceptable. 
The linear relation between RHP, GVW and mph suggests that air resistance is per­

haps relatively small and that tire losses are the major rolling resistance of heavy 
vehicles within the range of speeds tested. 

Engine Friction Horsepower Test. Engine FHP was measured as the difference be­
tween RHP and the rolling resistance power measured with the clutch engaged and the 
ignition or fuel cut off at wide-open throttie. The procedure is identical with that used 
to measure RHP, except that tiie initial vehicle KE is utilized to propel the vehicle over 
the road and also to overcome internal friction of the engine. 

Engine FHP is used principally in pushing the piston rings up and down in the cylinde^ 
This friction is viscous, hence FHP varies approximately as the square of engine rpm, 
or 

FHP = K N, E (4) 

0 10,000 20,000 30P00 40p00 50p00 60p00 TOfXiO 

Gross Vehicle WUght. lbs. 

Figure 7. Coefficient of rolling resistance as a function of GVW. 

BOpOfl 
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Unfortunately, the test procedure used was not precise enough to permit an accurate 
letermination of K, because FHP was measured as the small difference of two large 
measured values which varied almost linearly in mph, hence with Ng. Thus, the mea­
sured FHP is here expressed approximately as a linear function of N£, or 

FHP = B Nj; (5) 
This relation is necessarily approximate and useable only within the engine speed 

jrai^e where measured. For large trucks no serious error is involved, because the 
|engines are normally operated within a narrow range of speeds. 

A summary of the measured B values is presented in Table 4. 

TABLE 4 
MEASURED VALUES OF B = THP/Ng 

Power 
Unit 
No. 

Used in 
Veh. 
Comb. B 

Engine 
Displacement 

(cu in . ) 
Engine 

Type 

1 1-A 0.0105 501 Gasoline 
2 2-B 0.0125 503 Gasoline 
3 3-C-D 0.0246 672 Diesel 
5 5-A 0.0148 672 Diesel 
7 7-C 0.0094 331 Gasoline 
8 8 0.0453 426 Diesel^ 

10 10 0.0123 332 Gasoline 

h>vo-stroke. 

Engine F H P was not used directly as a criterion of vehicle acceptability, inasmuch 
as i t varies widely with engine design and the number and type of auxiliaries being 
driven by the engine. The F H P was needed, however, for the calculation of engine 
thermal efficiency. 

Engine Thermal Efficiency Test. Engine thermal efficiency is the ratio of power 
o u ^ t to rate of supply of fuel heatii^ value, both quantities being expressed In s imi­
lar units; that is, 

_ ( H P ) (2.545) , „ x 
° W f (H'HV) 

or in more convenient units. 
H P 2.545 (Bb) 

- gph D(HHV) ^ ° ' 

Two values of n can be calculated for an ei^^e; brake thermal efficiency, n]g, when 
BHP is used, and indicated thermal efficiency, n^, when IHP is used. Because of 
engine characteristics i t is frequently most convenient to use nj for gasoline engines 
and n ,̂ for diesel engines. Gasoline engines in proper condition have an approximately 
constant value of n^ between 0.20 and 0.25 over a wide range of operating conditions. 
Diesel engines in proper condition have roi^hly constant values of nb between 0.15 and 
0.20 over a fair ly wide range of operating conditions. 

Calculations of n were made only for the level road, steady-speed tests. The e i ^ ^ 
BHP or IHP was calculated from the measured RHP and FHP. 

BHP = RHP (7) 
IHP = RHP + FHP (8) 

The fuel flow rate, in gph, was taken directly from the steady-speed test data. 
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If the average engine thermal efficiency was greater than the previously stated 
minima, the vehicle was considered satisfactory in efficiency for test purposes. The 
measured values of n are summarized in Table 5. 

TABLE 5 
ENGINE THERMAL EFFICIENCY DATA 

Power 
Unit 
No. 

Used in 
Vehicle 
Comb. 

Gasoline-Powered Vehicles 
Indicated Thermal Ef f ic . , ni 

Diesel-Powered Vehicles 
Brake Thermal Eff ic . , n). 

Power 
Unit 
No. 

Used in 
Vehicle 
Comb. Max. Min. Avg. Max. Min. Avg. 

1 1-A 0.230 0.193 0.210 _ 

2 2-B 0.276 0.205 0.247 • _ 

7 7-C 0.254 0.204 0.233 _ _ 

10 10 0.293 0.204 0.261 - _ _ 

3 3-C-D - - - 0.220 0.153 0.191 
5 5-A - - - 0.194 0.175 0.185 
8 8 - - - 0.193 0.127 0.162 

Wlde-Open Throttle Power Test. Engine power output at wide-open throttie (WOT) 
was measured by an acceleration test and the results were compared with the manu­
facturer's rated power of the engine. If the measured power output equalled or ex­
ceeded 75 percent of the rated power output, the vehicle was considered satisfactory 
in power output for testing. 

In the acceleration test the vehicle i s accelerated through a measured speed interval 
at vdde-open throttie and time intervals and speeds are recorded. Under these condi­
tions 

fflP^OT = FHP + RHP + AHP (9) 

FHP and RHP are calculated from the measured values and AHP is calculated as the 
rate of increase of vehicle KE; that is. 

The calcidation procedure is entirely similar to that used in the rolling resistance test. 
The manufacturer's rated power is the maximum power output the engine is con­

sidered capable of delivering at a certain rpm without auxiliaries such as a fan, genera 
tor, or air compressor. In the acceleration test i t is not possible to measure the cor­
responding quantity because the axuiliaries are being driven and their power require­
ment is measured as a part of the engine friction horsepower. Instead the B H P ^ O T ^ H 
estimated as 90 percent of the IHP^OT' 

The results of the WOT tests are summarized in Table 6. 
Operating Air-Fuel Ratio Test. The operating air-fuel ratio of the gasoline-powered 

vehicles was measured with an air-flow ratio meter with the vehicle operating at steady-spc 
conditions. The meter used was of the thermal conductivity cell type. The operating air-
fuel ratio was considered acceptable i f i t fe l l within the range of 12 to 14 lb of air per lb of fuai 

No attempt was made to measure the operating air-fuel ratio of the diesel-powered 
vehicles, because this is known to vary widely with engine design and load. 

Analysis of Vehicle Pretest Results 
The pretest results provide not only a check on the mechanical condition of the vehi'j 

cle but also a means of calculating both the results of the test and the probable per­
formance of the vehicle in normal commercial service. Agreement between calculate^ 
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TABLE 6 
WIDE-OPEN THROTTLE POWER OUTPUT 

?ower Used in Measured 
Unit Veh. IHPwOT 
No. Comb. 

1 1-A 170 at 2,600 rpm 
2 2-B 158 at 2,600 rpm 
3 3-C-D 180 at 2,100 rpm 
5 5-A 210 at 2,100 rpm 
8 8 248 at 2,100 rpm 

10 10 188 at 3,400 rpm 

BHP^OT Ratio, 
Est./Rated Est . ' Manuf. Rated 

Ratio, 
Est./Rated 

153 184 at 2,600 rpm 0.830 
143 185 at 2,600 rpm 0.770 
162 205 at 2,100 rpm 0.795 
189 220 at 2,100 rpm 0.860 
223 208 at 2,100 rpm 1.070 
170 196 at 3.600 rpm 0.865 

Estimated as 0.90 IHPv^oT-

md measured test results demonstrates the internal consistency of the data and the es­
sential correctness of the pretest results. A means of calculating vehicle performance 
Ln normal commercial service is part of what is needed to determine both the most 
economic method of operating vehicles over existing highways and the most economic 
design of a highway for motor transport use. 

Only the calculation of some of the results of the test and the comparison with the 
measured values is discussed here, inasmuch as the test vehicles were not operated 
in normal commercial service. Unfortunately, the time available permitted calculation 
of only a portion of the test results. The general method of calculation is described and 
the available results are presented and compared with the measured values. A reason­
able agreement was found. 

Method of Calculating Test Results on Grades. At steady speed on a grade the engine 
IHP is fully absorbed by the FHP, RHP and PHP; that is, 

IHP = FHP + RHP + PHP (11) 
FHP and RHP are calculated f rom the measured pretest results. For the steeper 
grades and higher loads RHP below 20 mph must be used i f vehicle speed does not ex­
ceed 20 mph. The PHP is calculated as the rate of increase of vehicle potential energy, 
or 

= w f ^ = 3 ? 5 M ^^"^^ ( « ) 

The required I H P is then calculated for several speeds and grades and the results are 
I plotted as in Figure 8. The intersection of the grade line with the IHP\;^oT> ^ maxi­
mum power o u ^ t of the engine, determines the maximum vehicle speed on each grade. 
At speeds below this maximum, power is available for acceleration. At steady speeds 
below the maximum the driver has a choice between reduced throttle at high Ng or 
increased throttle at reduced Ng. The driver's choice in this matter wi l l influence the 
fuel consumption, more economical gpm being obtained at lower values of N^;. For this 
reason the gpm can be best calculated only at the maximum speed on each grade. For 
this calculation I H P ^ Q T calculated at the maximum useable engine rpm. The gpm 
at maximum speed on grade is then calculated from the previously measured engine 
thermal efficienc3r; 

The ratio Ns/mph is then calculated and the nearest available gear ratio selected f rom 
those available. The results of such a calculation for vehicle 2B are presented in Table 
7. The calculated and measured results are seen to agree reasonably well. 

Method of Calculating Slow-and-Go Test Results. The slow-and-go test results were 
calculated by two different methods—the acceleration method and the braking method. 
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Figure 8. Required engine IHP at various vehicle speeds on two grades, vehicle 2-B. 
GVW=57,000 lb. 

In both methods some of the actual test data are needed, because the driver has too muc 
choice of running to permit a precalculation of the vehicle cycle. 

TABLE 7 
CALCULATED AND MEASURED PERFORMANCE OF VEHICLE 2-B ON GRADES 

Test Calculated Measured 
Sect. 
No. 

Grade 
(%) 

Max. Gear 
Speed (mph) Gpm Used 

Max. 
Speed (mph) Gpm 

Gear 
Used 

(a) At Full Load, GVW = 57.000 lb 
2 
4 
5 

2.78 
4.00 
5.96 

28 0.60 3/D 
21 0.80 4/U 
15 1,16 4/D 

29.7 
20.8 
13.0 

0.54 
0.724 
1.09 

3/D 
4/U 
4/D 

(b) Vehicle Empty, GVW = 24,430 lb 
4 
5 

4.00 
5.96 

43.0 0.385 5/D 
31.3 0.525 4/0 

40.0 
28.0 

0.353 
0.51 

5/D 
4/0 

^ Acceleration method. In tiie acceleration method tiie actual cycle of operation oJ 
Va& vehicle is followed and tiie ei^ine is presumed to be at WOT during acceleration 
and closed throttie during deceleration. The fuel used is calculated for each portion of 
tiie cycle, tiie sum being tiie total fuel used, G, over tiie test section. The ratio of G 
to test section length is then the gpm. 

During acceleration Eq. 9 applies, witii RHP and FHP calculated from tiie pretest 
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Results. AHP is calculated as the rate of increase of vehicle kinetic energy, 

^ - ^ < » * > ( ^ ) n * « » i ^ ) ' » > 
The value of is obtained from the actual test data, wherein the time to ac-

:elerate through a selected speed interval is recorded. The fuel flow rate, in gph, 
md the fuel used dur i i^ acceleration are then calculated from the measured engine ther-
nal efficiency, n^; that is, 

(0.0204) (mP) (15) 
nj 

= gallons used = gph (16) 

j i which ta is the average time of acceleration. 
Dueing deceleration the engine is presumed to be at closed throttie. The closed-

throttie fuel flow can be approximated as equal to the measured idle fuel flow rate. A 
somewhat more accurate value of closed-throttie flow is obtained from the downhill 
runs on steep grades. I t matters littie which method is used, as the total fuel used 
during deceleration is a very small portion of the total; that is, 

Gd = g p h ( ^ ) (17) 

in which is the a v e r ^ time of deceleration. 
The total fuel used over the test section is then the sum of the fuel used over each 

portion: 

in which 

G = a Ga + d G^ (18) 

a = number of accelerations in the test section; and 
d = number of decelerations in the test section. 

(b) Braking method. In the braking method the vehicle operation during slow-and-
go is presumed equivalent to steady-speed operation at the average mph with the brakes 
dragging. 

Equiv. I H P = R H P + F H P + H P B ' (21) 
The equivalent power dissipated at the brakes, HPB', is calculated as If the power dis­
sipated at the brakes during deceleration, HPB, were uniformly distributed over the 
entire running time; that is, 

H P B ' = H P B ( ^ * ^ ^ ^ (22) 

During deceleration power is delivered to the vehicle by the engine and by the rate 
of loss of vehicle kinetic energy, whereas power is dissipated at the brakes and in over-
comii^ FHP and RHP. 

IHP - AHP = RHP + FHP + HPB^ (23a) 

lor 
HPB<j = IHP - AHP - RHP - FHP (23b) 

Win which IHP is the engine Indicated power at idle, RHP and FHP are calculated as be-
Bore, and AHP is calculated from the rate of loss of vehicle KE. "Die gpm is then 
"calculated from the known engine thermal efficiency. 
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The results of these calculations for vehicle 2-B are presented in Table 8, togetheJ 
with the measured test results. Withtheexceptionof the35-25-35-mphcyclewithvehic| 
empty, the calculated and measured results are in reasonably good agreement. 

TABLE 8 
CALCULATED AND MEASURED PERFORMANCE OF VEHICLE 2-B 

DURING SLOW-AND-GO TESTS 
Fuel Consumption tepm) 

Slow-And-Go 
Cycle 
(mph) 

Calculated 
Accel. Braking 

Method Method Measured 
(a) At Full Load. GVW = 57,000 lb 

45-30-45 
35-25-35 

0.347 0.338 
0.425 0.379 

0.312 
0.386 

(b) Vehicle Empty. GVW = 24,430 lb 
45-30-45 
35-25-35 

0.338 0.316 
0.30 0.277 

0.298 
0.346 

Summary of Analysis of Pretest Results ' 
Calculations of the foregoing type were carried out for several, but not al l , of the 

test vehicles. The results are siunmarized in F ^ r e s 9 and 10. As shown in Figure 
9, a consistent correlation was obtained between measured and calculated fuel consumption 
on grades, but the measured gpm was about 15 percent less than the calculated gpm. 
The exact cause of this discrepancy is not known. One possible explanation is that the 
lubricating oil on the cylinder wall is hotter and less viscous during the wide-open 
throttie tests on grades than during the non-firing friction horsepower tests on level 
road. Hence, engine FHP on grades may be less than the measured value, resulting 
in better gpm than calculated. This may also explain in part the consistent observation 
by truckers that their gpm in summer are always better than in winter. During sum­
mer oil temperatures are higher than in winter and the consequent reduction in FHP 
results in better gpm. 

The comparison of measured and calculated gpm for the slow-and-go tests (Fig. 10) 
is reasonably close. However, calculations have been carried out for only a few of the 
test vehicles. 

In general, i t appears likely that with certain improvements the vehicle pretest 
method described herein could be utilized to accurately predict the travel time and fuel| 
consumption of a truck on an existing or planned highway. The improvements would 
consist largely of better instruments for speed and time measurements, a truly level 
test course, and measurement of engine lubricating o i l temperatures under various 
operating conditions. Tests wherein pretest measurements of improved accux-acy werq 
compared with normally loaded vehicles running over various existing highways could 
demonstrate whether the method is reliable. 

ANALYSIS AND RESULTS 
Data Processing 

Upon completion of the f i rs t series of test units, i t became apparent that the field 
data for the complete study would f i l l 36 loose-leaf notebooks. Because of the volume 
of material involved, i t was decided to process the data by the use of punch card e-
quipment. This made i t possible not only to tabulate any number of copies of the field 
data but also to perform preliminary summary calculations for analysis purposes by 
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^ 0.6 

2 3 
Calculated GPM 

Figure 9. Coiiq)arison of measured fuel consumption to ftiel consumption calculated from 
vehicle pretest results; uphill on grade k (U.OO percent) and grade 5 (5.96 percent; 

vehicles 1^, 2-B, 3-C-D, 5-k and 10 at enpty and f u l l loads. 

use of the electronic computer. Many additional calculations were required and use 
was also made of a smaller computer. 

From the time and fuel measurements i t was necessary to perform a few calculations 
to present the data in a usable and standardized form. Al l such calculations, pn^ramed 
on the computer, consisted of the following for all tests except the varjring speed events: 

1. Temperature correction of fuel used. Al l fuel was corrected to 68°F, with coef­
ficients of expansion of 6.0 x 10~* for gasoline, 4.4 x 10~* for diesel fuel, and 5.3 x 
10~* for automotive diesel fuel. 

2. Conversion of measured volume (cc) to gallons (X2.642 x 10"*). 
^. Conversion to gallons per mile for each direction of test run. This was necessary 

because most test sections were longer in one direction than the otiier due to curvature 
or operational limitations. 

4. Conversion of recorded time to traverse the test section to a uniform speed for 
{each run. 

5. Averaging of both fuel and speed by using the summation of fuel or time and the 
Idistance traveled (weighted i f more observations were made in one direction than the 
lother). This latter calculation was necessary since the level test section 1 was not on 
|an absolutely flat grade. 

6. Allowance of tabulation space for calculations of fuel consumption in gallons per 
|minute, miles per gallon, and ton-miles per gallon, for possible future analysis. 

Table A-1 (see Afigendix.) represents a typical tabulation of the constant-speed test 
leld data transferred from punch cards, as well as tiie results of the programed cal­

culations. A general equation is given at the bottom of the table for calculating the 
f u e l consumption in gallons per mile. 
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1 2 3 4 5 
Calculated GPU 

Figure 10. Conparison of measured fuel comsumption with fuel oonsuii?)tion calculated 
from vehicle pretest results (acceleration method); slowdown cycle tests on level 

roadJ vehicles 1-A and 2-B at a l l tested loads. 

For analysis of the 15- and 10-mph slowdown and the stop test events the field data 
were reproduced f rom punch cards. Table A-2 is a sample of these input data. The 
output data from the computer are given in Table A-3, which gives calculated values 
of time to decelerate and accelerate per test cycle, as well as fuel in gallons per cycle 
and time in minutes per cycle. The other values in the tabulations were programed 
by reducing the constant-speed operation at the end of test section 1 to distance and fuelj 
used for a complete number of cycles performed in the test section, and reducing to 
gallons per cycle event and distance. With the distance determined per cycle, a con­
stant-speed fuel consumption could be determined from constant-speed tests. The fuel | 
saved would be the difference between the fuel used per cycle and the fuel required to 
traverse the cycle distance at the upper l imit of the speed cycle. 

Table A-4 represents a sample tabulation of the fuel and time saved per cycle by 
use of a simplified method using a smaller computer. The latter method was resorted L 
to due to necessary adjustments in the field data and the non-availability for re-analysij 
of the larger electronic computer originally utUized. The programing calculation is 
given at the bottom of the table. 

Presentation of Data 

The fuel consumption in adjusted gallons per mile has been plotted against the cor­
responding corrected actual test speed for al l test events except the slowdown and stop| 
tests. In the latter case the fuel use in gallons per cycle was correlated with the uppei 
l imit of the speed c h a i ^ cycle. Likewise, the time per cycle was matched with the 
upper speed. Time measurements for constant-speed operation were not further an­
alyzed because time is a reciprocal function of speed. 
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section 1. 
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Figure 13. Fuel consumption for 
level paved section 1. 

buses. 

Constant-Speed Fuel Consumption for 
Varying Loads on Level Paved Section 

Hie test event of constant-speed fuel 
consumption for varying loads on level 
paved section can be considered the stan­
dard of comparison for fuel savings by 
surface type, stop or slowdown elimina­
tion, or even grade elimination. 

Combination on one chart of the results 
of al l twelve vehicles tested was not 
practical, particularly because each 
vehicle except the three buses was 
tested under three loading conditions, 
requiring 30 separate curves. To best 
represent tiie results, the vehicles were 
combined into two groups for gasoline 
vehicles and two for diesel, with another 
for the buses. The fuel consumption for 
these vehicles operating at constant speed 
under three loading conditions is shown in 
Figures 11, 12 and 13, from which some 
of the following important characteristics 
and comparisons are apparent: 

1. Tbe optimum operating speed for 
the gasoline-powered vehicles is slightiy 
less than 40 mph with the exception of the under-powered vehicles operating with maxi­
mum legal load. 

2. The diesel-powered vehicles have a correspondii^ optimum speed, but the opera 
ting range is considerably greater (25 to 45 mph) as indicated by the flatness of the 
curves. 

3. Weight appears to have less effect on the fuel consumption rate of the diesel 
vehicles. For the gasoline trucks there is a disproportionate increase in fuel con­
sumption with an increase in load to the maximum. 

4. The fuel consumption rates for gasoline vehicles at optimum speed with a 70 per­
cent load average 50 percent more than for comparable diesel trucks. At the low-speed 
range of 20 mph the difference is 60 percent greater. 

5. The two urban buses, 4 and 6, have an optimum speed of about 25 mph. These 
vehicles were equipped with hydromatic transmissions, which shifted at approximately 
27 mph. These results reflect the design of the vehicles for urban operation. The 
crossing of the two curves is the influence of the lower gearing of the diesel vehicle 
and the corresponding top speed, as well as the difference in loading of the vehicles. 
The rural diesel bus has the characteristic of other shift-type diesel vehicles tested. 

Constant-Speed Fuel Consumption for Varying Loads on Level Gravel Section 
It was not the intent of the project to measure the fuel consumption of the test units 

on a wide variety of surface types. The two surface types may be considered as the 
two extreme cases. Figures 14, 15 and 16 show the results for the same test vehicles { 
operated on the loose gravel road. 

The same general characteristics are indicated for the fuel consumption on both 
gravel and paved sections; however, the optimum speed is lower for most of the vehic l j 
and the higher speeds increase the fuel consumption more than the lower speeds for 
the heavier load capacity vehicles. 

On the gravel section the gasoline trucks use an average of 47 percent more fuel tha| 
their diesel counterparts at part load and optimum speed. 
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Benefits by Improvement of Surfacing 
The difference between the fuel con­

sumption rate on the gravel road and the 
paved highway at corresponding speeds 
represents the fuel savings in gallons per 
mile. This saving is shown in Figures 17, 
18, and 19 for aU of the vehicles tested. 
There is remarkable consistency for the 
curves of any one vehicle, but most of 
the gasoline trucks have a minimum sav­
ings at 20 mph. A l l vehicles with the ex­
ception of the buses show increased fuel 
savings benefits with increasli^ speed and/ 
or load. 

The curves for the buses appear to be 
opposite the others. The maximum sav­
ings for the urban buses is at 20 mph, and 
for the rural bus at 35 mph. Any increase 
or decrease in speed results in a decrease 
in savings. This represents less effect 
of speed and gravel on the fuel consump­
tion rates. 

A more complete analysis of the bene­
fits to be realized by surface improve­
ment should take into account the operating 
speed on each of the surface types. The values presented are for the fuel savings for 
a vehicle operating at the same speed on the gravel surfaced road as compared to the 
paved section. In many cases the maximum speed for safe conduct of the tests on the 
gravel section was 35 mph. Therefore, normal operating speeds of 30 mph for the 
gravel and 50 mph for the paved surface would be more probable. In none of the cases 
is i t possible to obtain a negative savings because of this speed difference, but certainly. 
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Figure 17. Fuel savings by improvement in surface type, gasoline-powered vehicles. 
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i t would reduce the fuel saved values of Figures 17, 18, and 19 for either of the speeds. 

Fuel Consumption and Speed on Grades 
It is repeated here for emphasis that the test runs on grades were performed at the 

approach speed that could be maintained on the grade test section, in conformity with 
the survey specifications. In actual opera-
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I Figure 19. Fuel savings by Inprovement in 
surface type, buses. 

tion the vehicle would approach at a much 
higher speed than the test speed, particu­
larly for the steeper grades. A limited 
number of observations were made for the 
latter condition; they indicate a need for 
future detailed measurements. 

The data presented in this report are 
indicative of the fuel consumption rates on 
long grades where the approach fuel con­
sumption is a small percentage of the con­
stant crawl-speed fuel consumption. 

A family of curves was prepared for 
each vehicle operating with the three load­
ing conditions for six different grades, 
including the level section. Typical results 
for two comparable gasoline- and diesel-
powered vehicles (2-B and 3-B) are shown 
in Figures 20 and 21, respectively. 

Additional curves were interpolated 
to present grades from 0 to 6 percent. 
The right end points of the curves have 
been connected and represent the maximum 
constant crawl speed for each grade, with 
the exception of the flatter grades which are 
dependent on the approach conditions. 
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Figure 20. Fuel consumption for varying 
grade under various loadings, vehicle 

2-B. 

Some characteristic observations are as follows: 

1. Logically, maximum speed is reduced and fuel consumption increased with i n ­
creasing load conditions. On the 6 percent grade the fu l l - load fuel consumption rate 
is approximately double the empty-load rate, whereas the speed is about one-half. 
This is true for either gasoline- or diesel-powered vehicles. 

2. For the gasoline vehicle the greatest rate of speed reduction occurs on 3, 2 and 
1.5 percent grades fo r empty, part and f u l l loads, respectively. For the diesel vehicle] 
the corresponding grades are approximately 5, 4 and 2 percent. 

3. A review of a l l the gasoline-powered vehicles indicates a disproportionate i n ­
crease in fuel consumption above the 3 percent grade, whereas the diesel vehicles d i s ­
play a more uniform rate of increased fuel flow wi th increased grade. 
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Figure 21. Fuel consuii?)tion for varying 
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3-B. 

The maximum crawl speed as a function of grade and welght-to-horsepower rat io 
Is presented In Figure 22 f o r gasoline units 2-B and 2-C-D and dlesel units 3-B and 
3-C-D. Data combining other test units are not presented here f o r a wider range of 
welght-to-horsepower ratios Inasmuch as engine efficiency and other adjustments 
are necessary f o r standardization. These curves are not extended f o r grades less than 
1.5 percent because the maximum speed Is dependent on the length and grade approach 
conditions. Detailed analysis i s not presented here except to mention the consistency 
of the shape of the curves and the fact that the curves f o r the dlesel-powered vehicle 
are generally to the r ight of those fo r the gasoline-powered vehicle, representing 
liigher crawl speeds f o r the diesel unit . Additional refinement of these data i s necessary 
and w i l l be incorporated in future research. 

Downhill fuel consumption cannot be analyzed i n detail , part icular ly f o r the diesel 
test units, due i n part to the low fue l consumption rate and the relatively short test 
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Figure 22. Maxbmim crawl speed vs grade for weight-to-horsepower ratio. 

sections. Figure 23 shows the downhill fuel consumption for gasoline-powered vehicle 
1-A f o r empty, part and f u l l load conditions. Other gasoline test units show the same 
general trend of decreasing fuel consumption wi th increasing downgrade. The only ex­
ception is f o r the 6 percent grade under increasing load. In the case of par t and f u l l 
load the fuel consumption was greater on the 6 percent grade than on the 4 percent 
grade. * This i s rationalized by the dr ivers in the fact that braking was necessary in 
addition to engine compression on the 6 percent grade and occasionally on the 4 percent 
grade. 

Figure 24 shows the average fue l consumption rate f o r the combined uphil l and down­
h i l l r ise and f a l l operation of this gasoline test unit . Additional study is necessary due 
to the inherent inaccuracy of the downhill fue l consumption; however, there Is an i n ­
dication of s imi lar fue l consumption rates f o r grades up to 3 percent. This grade, of 
course, reduces with increased load. Future research w i l l identify the optimum grade 
f o r uphil l and downhill operation, wi th consideration given to the varying speed of 
operation on the grades instead of the constant speeds as studied here. 

Similar curves f o r diesel vehicles cannot be prepared because the operation of diesel | 
ei^ines is different not only f r o m gasoline engines, but also within the diesel engine 
types. Most of the new diesel engine models have a fuel shut-off system fo r downhill 
operation, i n which case the rate of fuel f low approaches idle fuel rate, except when 
braking is required. Other diesel models operate s imi lar to gasoline engines, except 
that the fue l rate i s lower with a reduced rpm d u r l i ^ downhill operation of this type. 
Longer test sections are necessary to produce valid downhill results. 

Benefits by Reduction In Grade 

The savings in fuel by reduction of grade can be determined f r o m the curves simply 
by obtaining the fue l rates fo r each grade at i ts corresponding grade speed and multiply^ 
i i ^ by comparable lengths of grade. The difference would represent the fuel savings, 
whereas the time savings would be the difference in time required to traverse each 
grade length at the operating grade speed. 
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Fuel and Time Consumption Resulting f r o m Stops or Slowdowns 

The data obtained f r o m the series of tests on fuel and time consumption resulting 
f r o m stops and slowdowns represent the results of the only event reflecting dr iver 
characteristics. Time did not permit development of a device to control the rate of 
deceleration and many of the data had to be scrutinized fo r comparable rates between 
the dr ivers . The acceleration rate was more uniform and constituted the greatest 
percentage of the time and fuel consumed fo r the total cycle, the fuel b e i i ^ less affected 
than the time by this dr iver difference in deceleration rates. As mentioned previously, 
fuel and time savings are basically the difference between fuel and time consumed in 
je r forming a stop or slowdown cycle and the fue l and time required to traverse the 
same distance at a constant speed. Figures 25 and 26 show, respectively, the savings 
in fuel and time fo r gasoline-powered vehicle 2-B. Results fo r diesel vehicle 3-B 
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are shown in Figures 27 and 28. The 
following are general characteristics fo r 
these test events: 
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Figure 24. Fuel consun^jtion for varying 
uphill and downhill grade, vehicle 1-A un­

der f u l l load. 

1. Fuel savings f o r the gasoline 
vehicle increase wi th greater speed of the 
event cycle, increased speed change i n ­
crement, or heavier load. 

2. A s imi lar trend is indicated f o r 
the diesel unit, only there is a leveling 
off , or even reduction, i n savings at the 
higher speeds. 

3. For any given event or speed the 
fuel savings f o r the gasoline vehicle are 
more than 100 percent greater than f o r 
the diesel unit. 

4. Comparison of the two vehicles fo r 
the time saved by elimination of a stop 
reveals the same savings f o r empty load 
condition, but greater savings realized 
by the gasoline unit as the maximum load 
and speed are reached. This reflects the 
greater abili ty of the diesel unit to adjust 
to different ial speed conditions, particular­
ly at higher speeds and load conditions. 

5. The 15-mph slowdown event shows 
the time savings to be a minimum at top cycle speeds of 30 to 40 mph. Lower or higher 
speeds give greater time savings fo r both vehicles. Hie gasoline vehicle realizes a 
greater benefit i n a l l cases and predominantly so at the low and high speeds, where the 
difference approximates 50 percent. 

6. The shorter 10 mph slowdown curves show that the diesel units realize the greatei 
time savings up to speeds of 35 to 45 mph f o r f u l l and empty load conditions, respec­
t ively. Above these speeds Hie gasoline vehicle again exceeds in time benefit. 

Use of the data presented is i l lustrated by means of examples in the next section. 

EXAMPLES OF FUEL AND TIME SAVING BENEFITS 
1. Surface Improvement 

A 50-mi level section of gravel roadway wi th an AOT of 2,500 vehicles per day i s 
to be improved with a high-type surfacing. The average-type vehicle is represented 
by vehicles 2-B and 3-B with part load condition. Each is determined to be 5 percent 
of the total. 

Find the annual benefits to the trucks: 
Number of each truck per year = 2,500 x 0.05 x 365 = 45,625 
Safe operating speed on gravel road =30 mph 
Operating speed on paved highway = 40 mph 
Gasoline fue l rate on gravel (Fig. 14b) = 0.240 gpm 
Gasoline fuel rate on pavement (Fig. l i b ) = 0.159 gpm 
Gasoline fuel savings per vehicle per mile = 0.081 gpm 
Diesel fuel rate on gravel (Fig . 15b) = 0.187 gpm 
Diesel fuel rate on pavement (Fig. 12b) = 0.120 gpm 
Diesel fuel savings per vehicle per mile = 0.067 gpm 
Gasoline price assumed at $0.35 per gallon 
Diesel fue l price assumed at $0.20 per gallon 
Annual savings to gasoline trucks = 

45,625 vehx 50 m i . x 0.081 gpm saved x $0.35/gal = $64,673 



63 

020 

0.16 

e 0.12 

0.00 

0.12 

" (a ) E l mine 3tior of Stc P c ycle " (a ) E l mine 3tior of Stc P c ycle 

ST,24« 

42.52C 

Full L 

Port L 
24,430-=—-' 1 Empt 

0.04 

0.02 

000 

1 1 1 1 1 1 
' (c) Elimination of l 5 - ^ flPH Slo wdc v/n C y c e 

Full L 
5 7 ^ 6 ^ f ' 

. . J ftirt LPOd 
1 1 

£4,43< 

0 0 i e 3 0 4 0 so 

-WW 

1 1 1 1 1 1 
(b) El imination of lO-MP 
1 1 1 1 1 1 
(b) El imination of lO-MP H 

I C 

57,^46 Full Load 

42,526 
Port ..DOd 

24,43C Em 

Milas par Hour 

Figure 2$. Fuel savings by constant-speed 
operation, vehicle 2-B. 
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Annual savii^s to diesel trucks = 
45,625 X 50 x 0.067 gpm saved x $0.20/gal = $30.569 

Annual fuel saving benefits of trucks = $95, 242 

Time savings per vehicle = ( 39 " p h ~ w ) ^ = 25 mln 

Assuming the dr iver ' s time is valued at wages of approximately $0.045 per min, 
I and avoiding a value of the vehicle's t ime, which is a study i n i tself , 

Annual time saving benefit = 25 x 45,625 x $0.045 x 2 = $ 102,656 
Total annual benefits to these trucks = $ 197,898 
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2. Elimination of Congestion 

A 10-mi congested ar ter ia l street serving an industrial area is to be improved by 
t ra f f i c e r^ inee r i i^ measures of parking restrictions, turn restrictions and a t r a f f i c 
signal system to facilitate movement of the heavier trucks at an average progression 
speed of 35 mph. The present operation causes twelve 10-mph slowdowns f r o m 30 
mph. The average truck is 70 percent loaded and there are 10 percent of the 2-B type 
and 10 percent of the 3-B type. The ADT is 2,000 vehicles. 

Find the annual benefits i n fue l and time savings to be realized by these trucks i f t h | 
t r a f f i c control measures eliminate 10 of the slowdowns. 
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Figure 2?. Fuel savings by constant-
operation, vehicle 3-B. 
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Gasoline fue l saved per vehicle per cycle (Fig. 25b) = 0.0415 gal 
Gasoline time saved per vehicle per cycle (Fig . 26b) = 0.032 min 
Diesel fue l saved per vehicle per cycle (Fig . 27b) = 0.016 gal 
Diesel time saved per vehicle per cycle (Fig. 28b) = 0.049 min 
Annual gasoline benefits = 

2,000 x 0.10 x 365 x 0.0415 x l 0 x $ 0 . 3 5 = $10,603 
Annual diesel benefits = 

2,000 X 0.10 X 365 X 0.016 X 10 X $0.20 = 2.336 
Total fue l saving benefits to these trucks = $12,939 
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Figure 28. Time savings by constant-speed 
operation, vehicle 3-B. 

Annual time savings, gasoline = 
2,000 x 0.10 x 365 X 0.032 X 10 X $0,045 = $1,051 

Annual time savings, diesel = 
2,000 X 0.10 X 365 x 0.049 X 10 X $0,045 = $1,610 

Total time sav i i^ benefit to these trucks = $2,661 
Total annual benefits to these trucks = $ 15,600 
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Elimination of Stops 
Two in tersec t i i^ major highways are controlled by a t r a f f i c signal. T ra f f i c volume 

•counts give an ADT of 8,000 on each road. The following classification count i s the 
Isame f o r each ar ter ia l : 

Vehicle Tra f f i c Volume 

Class Type No. (%) (veh/yr) 

2-S2 Diesel 
Gasoline 

3-B 
2-B 

2 
2 

58,400 
58,400 

3-S2 Diesel 
Gasoline 

5-A 
1-A 

1.5 
1.5 

43,800 
43,800 

2-S1-2 Diesel 
Gasoline 

3-C-D 
2-C-D 

1 
1 

29,200 
29,200 

Bus Diesel 
Gasoline 

4 
6 

3 
3 

87,600 
87.600 

An intersection delay study shows that 40 percent of the vehicles are required to 
stop f o r the signal and are delayed an average of 0.3 min . Speed studies indicate an 
operating speed of 40 mph on each highway. Loadometer studies show that the vehicles 
average 70 percent of maximum legal load. 

Find the benefits to be derived by these vehicles i f the signal i s replaced by a grade 
separation that w i l l not materially change the length of the travel paths and the grades 
are designed to provide fo r momentum operation, resulting in no effect on fue l con­
sumption. 

The benefits are calculated as follows: 

Vehicle 
Savings 

Fuel Time 
(gal/veh) (min/veh) 

Idle 
Fuel 
Flow 
(gpm) 

Benefits ( $ / y r ) 

Desig. (no . /y r ) 

Savings 

Fuel Time 
(gal/veh) (min/veh) 

Idle 
Fuel 
Flow 
(gpm) Fuel^ Time* Idle ' 

3-B 58,400 0.055 0.48 0.0074 257 505 10 
2-B 58,400 0.125 0.47 0.0131 1,020 495 32 
5-A 43,800 0.075 0.68 0.0049 262 535 5 
1-A 43,800 0.128 0.69 0.0148 782 543 27 
3-C-D 29,200 0.078 0.47 0.0074 182 246 5 
2-C-D 29,200 0.155 0.69 0.0131 634 362 16 
4 87,600 0.041 0.32 0.0075 287 504 16 
6 87,600 0.051 0.42 0.0121 625 660 45 

Total - - - - 4,048 3.850 156 

Grand Total $8,054 

Veh/yr x % stoppii^ x fuel savii^s x fuel cost. 
*Veh/yr x % stopping x time savii^s x time cost. 
'Veh/yr x % stopping x idle time x idle fue l flow x fuel cost. 

|4. Grade Reduction 

_ The 6 percent grade used in this study is 0.8 m i long and i t is planned to replace 
Hhis steep grade with a 3 percent grade 1.6 m i long. 

Compare the cost of operation fo r each grade using vehicles 2-B and 3-B, part load. 
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Max. Tot. Fuel Time 
Grade Fuel Used Speed Used Used 

(%) Veh; (gal /mi) (mph) ^ l ) (min) 

3 2-B 0.46 28 0.736 3.43 
3-B 0.33 40 0.528 2.40 

6 2-B 0.78 17 0.624 2.82 
3-B 0J3 22 0.344 2.18 

I t Is evident f r o m this analysis that the steeper grade requires less fue l and time 
than the longer 3 percent grade. I f the downhill characteristics were considered, the | 
savings would be even greater. These results, however, should not be construed as 
just if icat ion fo r maintaining the steeper 6 percent grade, as other undesirable operatij 
characteristics may prevai l . The reduced opera t i i^ speed on the steep grade may 
prove to be too great a speed dif ferent ia l f r o m that of lighter and more powerful vehic] 
resulting in a serious accident hazard. 

Summary 

The examples presented here have purposely been simplif ied f o r i l lustrat ing a par­
ticular type of benefit and i t should be realized that most refined benefit-cost analyses 
w i l l require a combination of the examples presented, requiring numerous calculationc 
I t i s believed that time and fue l benefits can be reduced to a f o r m f o r systematic com­
puter analysis. 

The examples presented i l lustrate a definite conclusion that the monetary benefits 
derived f r o m savii^s i n fuel constitute a major element of the benefits realized by 
truck transport vehicles. The monetary comparison of power unit types is subject to 
&e cost per gallon of the fue l prevailing in the area of study. 

The value of time f o r various types of vehicles and t r ip purposes has not been 
standardized, but to those fami l i a r wi th benefit analyses i t has been apparent that most 
assignmeftts of value of time f o r passenger cars has resulted i n vehicle operating bene 
f i t s insignificant i n comparison wi th time benefits. Such is not the case f o r the t ruck 
transports and any such benefit analyses should properly consider these vehicles even 
thoi^h they may represent only a small percentage of the total t r a f f i c volume. 
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Appendix 

TABLE A-1 
COMPUTER TABULATION OF FIELD DATA AND PRELIIflNART CALCULATION ON FUEL CONSUUFTION RATES 

AND TRAVEL TIME FOR A L L EVENTS EXCEPT STOP AND SLOW CYCLE 

a 
i | l 
•p 
B 111 
u E 1 35 
lA S 1 35 
U s 1 35 
lA K 1 35 
U E 1 35 
U E 1 35 
lA E 1 35 
lA E 1 35 
lA E 1 35 

Ail 

1 s 6/25/59 
1 • 6/25/59 
2 S 6/25/59 
2 E 6/25/59 
3 B 6/25/59 
3 1 6/25/59 

E 
3 
I 

2395 1D90 5U 2300 
2395 UB5 5n 2300 
2395 1080 5D 2300 
2395 llBO 511 2300 
2395 1080 5U 230O 
2395 llBo 5U 2300 

13.2'KI 3595 11.20 
3881 U . l f i 13.210 
7476 22.38 13.240 

2.022 
2.030 
2.022 
2.030 
2.022 
2.030 
6.089 
6.065 

12.154 

l l 
32 .TO 
32.92 
32.61 
32.48 
32.35 
32.48 
32.62 

5.942 
6.436 
5.910 
6.409 
5.897 

\fl 
1^5^ 

0.0917 
0.0853 
0.0920 
0.0845 
0.0914 
0.0847 
0.0848 

0.1683 
0.1554 
0.1692 
0.1560 
0.1696 
0.1564 
0.1560 
0.1690 
0.1625 

, , . (Aaj fa»l , M)(CoiiTCnloii factor, gH/ec) 

TABLE A - 2 
COMPUTER TABULATION OF FIELD DATA FOR STOP AND SLOW EVENT.(INPOT) 

I I l l I I 1̂  Mil l l ll i\ I 
35 00 7 4 S 6/30/59 4075 D 079 4023 IB25 .00 

1.68 
3.26 
4.83 

.11 
I.S3 
3.42 
4.96 

.16 

\% 
5.01 

H 1 " H «) 1 •i 
I I n & I I S 8 

« < 
.85 .85 .96 1.02 

2.48 2.61 2.67 2.67 
4.04 4.olt 4.17 4.23 
5.60 5.60 5.74 5.79 

1.6B 
3.26 
4.83 
6.44 

I I 

6.63 

TABLE A-3 
COMPUTER CALCULATION AND TABULATION OF FUEL. TIME AND DBTANCE FOR STOP AND SLOW EVENTS 

I I I 
35 00 7 04 . 6/30/59 
35 00 7 14 E 6/30/59 
35 00 7 05 3 6/30/59 
35 00 7 15 I 6/30/59 
35 00 7 06 s 6/30/59 
35 00 7 16 » 6/30/59 
35 00 A 34.52 

hi-
8 0.12 
8 0.14 
8 0.13 
8 0.15 
8 0.13 
8 0.14 

48 0.14 

IE 
l l 

0.62 
0.61 
0.63 
0.62 
0.64 
0.62 
0.62 

I s 

0.81 
0.80 
0.82 
0.82 
0.82 
0.81 
0.81 

.4! >. 

1266 
1268 
1263 
1282 
1284 
1272 
1272 

l l 
0.0963 
0.0903 
0.0941 
0.0902 
0.0932 
0.0906 
0.0925 

.99 
1.14 
1.05 
1.19 
1.05 
1.11 
6.53 

4.95 
4.84 
5.04 
4.97 
5.11 
4.96 

29.87 

u 
6.44 
6.40 

\^ 
38.99 

1.918 
1.921 
1.913 
1.943 
1.946 

2953 
2803 

S36 
2651 
2731 
2623 
2743 

16799 

li 

2.693 
2.609 
2.659 
2.607 

il 
0.1196 
0.1129 
0.1155 
0.1102 
0.1133 
o.m5 
0.1138 

il 
0.4014 
0.3762 
0.3937 

i'S 
013837 

| u j . PMl, ce . (Fuel U B M , CC) - (68"r - FMl t«ip, 'T) (Coeff. of oxpuilon, /'FXFuel uiad, cc) 

/ cyclo - =i=)(Ootw»nloii factor, gal/cc) - (t̂ ^ - t^XConat. Spaad conamptlon, Oal/mln) 

KO. of c y e l A B 

• Tim reading at enA of teat aactlxm, min 
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TABLE A-4 

CALCULATION AND TABULATION OF FUEL AND TDiJE SAVED PER CTCLE 
FOR STOP AND SLOW EVENTS 

35 0 7 6.63 79 2996 . 2978. 
6.60 80 2823 . 2802. 
6.70 88 2953. 2917. 
6.71 79 2803. 2781t. 
6.72 81 2892 . 2869. 
6.69 81 2B2B. 2805. 

I1O.O7 17158 6. I18. 6. 22.38 ^l^^6 .053s 

_ , ( m i uaad, ee) - (68' - r i w l temp. THOott. of expualon /*r)(ruBl VMU, C C ) 

, . (»>. of Ruw 8 I, a)(MJ. I t e l Const. SpMd, ec) 

(•0. of Buna Conat. Spaad) 

^ . ( » . of Buna 8 > 0)(Con«t. Bp—t T l — , l a . ) 

( K i . of Run Ocnat. Glpaad) 

rual a«™4l/C»«l« - ( « ^ B * ' » * « J - ' ^ ) - « (COBWWlon factor, 
(Sotal l o . of Ofelmm) 

(To t i a m>. of CyelM) 



71 

0.90 

0.40 

0.30 

O i O 

0.10 

0 00, 

(0) Empty 

J A 
4%— — Ho ;pM4 CoMtOI 

y \ 
2 7 9 * - \ A 
1 » % -
1 S <̂  _̂ 

I T f c ^ 
c 

o%— 

e n - — A / 
D 

100 

0 85 

120 

100 

0 00 

»— 

[ 

•' 

- — 
(c Fu II L oad 

- — 

5 % -

L A 
\ \- - Moxi pt td (Con font) 

\ J 
> 

2 ' S % - \ 
2 % -

»—1 K 

1 S 

r 

1% 
0 6 e % ' 

0 % -

(b) Part L o a d 

MaRinum Spetd (ConstoM) 

2 79% 

I 5 3 % 

0.60% 

MllM per Hour 

0 55 

0 40 

0 25 

0 10 

Figure A-1. Fuel conBuntption for varying 
grade, test unit No. 2-C-D. 

Miles per Hour 



72 

0.36 

032 

S 0.28 

0.24 

0.12 

(a) Empty 

10 20 30 40 50 

0 90 

075 

Z 0.60 

° 0 45 

0.30 

0.15 

0.00 

070 

0 60 

0.50 

0 40 

0.30 

0.20 

0 10 

b) Port L o a d 

20 30 40 50 
Milat par Hour 

(c) Full Load 

F i g u r e A - 2 . F u e l consumpt ion ^ o r v a r y i n g 
g r a d e , t e s t u n i t No . 7-C. 

20 30 40 50 
Mllaa par Hour 



73 

0 60 

0.SO 

040 

0.30 

0 20 

0.10 

(a) Empt \ 

in% 

1.00 

E 0 80 

0 60 

0 40 

0 7S 

0 65 

0.4S 

0 35 

015 

(b) Part Load 

20 30 40 50 
Milas par Hour 

(c) Full Load 

t T t % 

l»% 

F i g u r e A-3. F u e l c o n s w p t i o n f o r v a r y i n g 
g r a d e , t e s t v i n i t No . 10. 

0 00 20 30 40 50 
Milai par Hour 



74 

0 7 0 

0 .60 

S OSO 

o 0 4 0 

0 . 2 0 

OlOl 

(a) Empty b) Part Load 

0 9 0 

Modmuffl Spcttf 

Z 7 9 % 2 7 9 % 

153% 

153% 

M i n t p«r Hour 

1 

t 
(0 Fu 1 L 

M turn Sp 

5 % - A 
\ \ 

4 % -
c A 

3 % - V 
2 7 9 % -

2 % -

5 3 % -

68%-

< 

^ . ^ 

o % -

Figure A-k. Fuel consumption for varying 
grade, test unit No. 1-A. 

Miles par Hour 



75 

0 3 5 

0 3 0 

0 2 5 

(a) Empty 

t T l * 

199% 

0 0 5 

c) Full Load 

I 7 » % 

I 9 9 W 

0 5 0 

0 4 0 

0 3 0 

0 2 0 

0 0 0 

1 

(b) Par \ Lc ad 
6%"= 

" 1 

\ 
s%— 

4 % — 

- ( m i MM) C nMoiil IPMd) 

5 » — \ 
S 

£ % J 

1 M V 1, 

l » — 

M l l t i p«r Hour 

E 0 6 0 

Figure A-5. Fuel consuntptlon for varying 
grade, test unit No. 5-A. 

2 0 3 0 4 0 5 0 

Mi les par Hour 



76 

0 4 0 

0 3 5 

0 2 5 

0 10 

(a) Empty 

I 53% 

10 2 0 3 0 4 0 5 0 

0 . 7 0 

0 . 4 0 

0 .10 

0 7 0 

0 6 0 

0 5 0 

0 4 0 

0 3 0 

0 2 0 

0 0 0 

b) Part L o a d 

2 0 3 0 4 0 SO 

Miles par Hour 

1 
(c) Full Lo 3 d 

6 % — 

V 
5 % — 

V 

\ -MONI lum S «ed (C Mtitant 

4 * — \ 
3 * — 

2 ^ ) \ \ 
2 * — 

—• - • k 
1 >3*— 

0 8 * -

o%— — c 
— 

Figure A-6. Fuel consuBiptlon for varying 
grade, test unit Ho. 3-C-D. 

M i l t s par Hour 



77 

0 4 2 

0 . 3 7 

i 0 . 3 2 

0 2 7 

0 2 2 

0 . 1 7 

0 . 1 2 

•%— 1 
_ i \ 

5 % — / 
_ i 

( 0 ) E m p tv 
4% / E m p 

^ \ 

S % — 

\ 
\ 

— — • — — — • 

isn 

> 

0 * — 

\ / / 
S ^/ 

M M <^ 

0 . 8 4 

0 7 2 

0 6 0 

(b) Port L o a d 

Hannwni Spstd fContronO 

2 7 » % 

0 6 > % 

0 4 8 

0 9 0 

0 . 7 5 

0 . 6 0 

0 . 4 9 

0 3 0 

0 15 

0 0 0 

(c) Full Load 

2 7 9 % 

1 5 3 % 

2 0 3 0 4 0 5 0 

M i l t s p«r Hour 

Flgiire A-7. Fuel consmaptlon for varying 
grade, test imit Ho. 8. 

2 0 3 0 4 0 5 0 

Ml las per Hour 



78 

0 1 8 

0.15 

I 0 12 

0 0 9 

0 0 0 

I l l 
(a) Elimination of Stop Cycle 

26,99( 

Full L 

Pvt 1 

•d ^ 

od 

26,99( 

0 . 0 9 

0 0 6 

0 . 0 3 

0 . 0 0 

. * E l min ]tion of 10 H S lowc 
1 1 
own 

1 1 
Cy cle 

7«.50( Fwir L 

P»«L 40;nc P»«L o d — 

I M K 

0 1 A 2 0 SO 4 0 5 0 

M i l M pm Hour 

0 10 

0 0 8 

0 0 4 

0 0 2 

1 1—1 1 1 1 — 1 1 1 1 1 
(c) Elimination of 15 MPH Slowdown Cycle 

Fdl L Md ^ 

Md 

E M M 
E5BI 

10 5 0 

Figure A-8. Fuel savings by constant 
speed operation, test unit No. 2 - C - D . 

Milos p t r Hour 



79 

0.10 

0 . 0 6 

0 0 4 

0 0 2 

0 0 0 

0 
c 

Full Load 

2 8 . 7 3 0 ^ 5 ^ 4 ^ 1 1 
1 1 

2I,580-^*5C!X 1 
1 1 

(a) Elimination of Stop Cy 
L — 1 — . 1 . — 1 — ^ — ' — ^ — 

cle 

0 0 6 

0 0 5 

0 0 1 

0 . 0 0 

(b) Eli 
1 

vAno 
— 1 

tion 
1 

of 
1 

10 r 
1 

irtPH 
1 

SI 
— 1 

•wd 
1 

}wn 
1 

Cy{ ;ie 

Full Load 
* 1 1 

28,73 - Port Load 28,73 

21,58 

0 1 0 io i 0 4 0 5 0 

M i l n p t r Hour 

0 0 6 

O O S 

0 . 0 4 

0 0 3 

0 0 2 

0 01 

0 0 0 

r A 

ID 

g 

( 
41,49 j P . I I Loud j 

1 0 

1 1 
2 1 , 9 8 0 ^ ™ * * 

1 1 
(c) Eliminc tion of 15 \AP\- S owd own Cy :le 

Figure A-9. Fuel savings by constant 
speed operation, test unit No. ^-C. 

M i l a t par Hour 



80 

0 1 3 

I 0 0 9 

S 0 . 0 7 

0 . 0 3 

0 .01 

• • ' ' 1 ">—1 1—3— 
(o) Elimination of Stop Cvcle 1 

/ / 

ff,agoE>l>— 

0 0 6 

0 0 5 

0 0 4 

0 0 3 

0 0 2 

0 0 1 

0 0 0 

(c) Eli 
1 
mine tion 

1 
of 15 s owd own Cy 

r — 
;le 

M.ltO Full L 

mjux 

0 

(b ̂  E 
I 

Iminolion 
I — 

of 
1 — 1 — 1 — 1 — 1 

10 MPH Slowdown Cycle 

12 12 

10 10 

0 6 0 6 

0 2 
Full 1 

0 2 
sajKK F t ! 

. 0 0 

M i l M par Hour 

Figure A^IO. Fuel savlngB by constant 
speed operation, test unit No. 10. 

Milaa par Hour 



81 

-WW 

0 2 4 

0 16 

0.12 

0 . 0 4 

0 0 0 

— I 

a) E 

1 

Ilimir 
r 

atio 

1 
n 0 f S 

• 
top Cyc le 

6 4 l i V 
Full L ad 

Port L 0d 

26 , i8o 'Srs! i . 

1 

0 0 7 

0 0 6 

0 0 5 

0 0 4 

0 0 3 

0 0 2 

0 12 

0 10 

0 0 8 

0 0 6 

0 . 0 2 

0 0 0 

1 I 1 
(b) Elimine 

— r 
itlon 

1 1 
of 10 MPI 

1 

H S 
I 

owe 
1 

own Cy cle 

G4jR!K' 
48;98C 

Foil L 
Port L ood 

—o 
G4jR!K' 
48;98C 

26,iac 
Einptj 

0 0 i 0 3 0 4 0 5 0 

1 1 1 1 1 1 1 

1 Slow dowr C 

1 
1 / 

6 M S 0 

Md 

E 6 , I M 

Miles per Hour 

Figure A-11. Fuel savings by constant 
speed operation, test unit No. 1-A. 

Miles per Hour 



82 

c 0 0 6 

0 0 2 

(0 mint Jtion of St 5P 

1 
Cycl 

1 
> 

C 

66,30 Load 66,30 
1 

1 1 
2S,30C Etnotv 

E 

0 01 

(b) Elir nina 
r •• 
ion 

1 1 1 
of \OMPH Sl( 

1 1 1 
}wdqwn Cycle 

/ 1 1 

( 

66^30 . Full Load 

1 

4 6 . 6 0 0 ' ' ° " 1 
1 1 

26,30 

M i l n p w Hour 

O 12 

0 0 8 

0 0 4 

0 0 0 

(0 Eli 

1 — 

min a 

1 

tion 

T 

Of 

1 

15 WIPH S 

1 

owd 

1 • I — 1 

3wn Cycle 

rm L Md 

4M0( Pmti Md 

-
1) _ 4M0( Pmti Md 

- 3 

Figure A-12. Fuel savings by constan-^ 
speed operation, test unit No. 5-A. 

Milos p w Hour 



83 

0.12 

0.10 

0 . 0 8 

0 0 4 

0 0 0 

1 1 1 

(a) Elimin 

1 

3tion 

1 

of 

1 

St 

1 1 — 

3p Cycle 

71,540 

50,0K 

full Lo 

Port L 

I d — 2 

— 

0 1 0 i 0 3 0 4 0 5 0 

0 0 6 

0 0 5 

0 0 4 

0 0 3 

0 0 1 

0 

' o 

T l ^ 
FM L 

90,010 
Part — C 

EmpT] 

(c .) E limir otic 1 0 f 15 MP H 5 slow down Cycle 

Milaa par Hour 

0 . 0 6 

0 . 0 5 

0 0 3 

0 0 2 

(b) Elimination of 10 r / IPH SI owdi 
1 

)wn 
1 

Cyc 

1 
le 

71^40 Full L 
i 

ad ^ 

50,010 E a S J i 

Z T J Z O ^ " " ^ 

Od - . 

5 0 

Figure A-13. Fuel savings by constant 
speed operation, test unit No. 3-C-D. 

Milaa par Hour 



84 

I 0.10 

(o) Elimina 
1 1 

tion of 
1 1 1 • 

Stop Cycle 

> / / 
75,951 Full 75,951 

J 

59,704 
a 

9 l / ) i e 
1 

Empty 

1 

0 . 0 6 

0 0 5 

0 0 4 

(b) Elimination of l O M P H Slowdown Cycle 

Fill LMd 7 9 W 

0 0 3 

0 . 0 2 

0 .01 

OjOO 
M i l M p<r Hour 

0 0 8 

0 0 2 

(0 
1 — 

Elin lino ion of 
1 
15 \ 

I — T 1 \ 1 1 

1PH Slowdown Cycle 

Frfl L 

. 9 ; r o ; " ' " -

3I,0m' 

so 

Figure A-lU. Fuel savings by constant 
speed operation, test unit No. 8. 

M i l n par Hour 



85 

0 5 0 

0 2 5 

(a 1 E l mine 
1 1 

ition 
1 1 

of Stc >P :ycl6 

7 2 ^ 1 Full L lod 

49,9a( PoftL )»d 

Diitjlj 

10 2 0 3 0 4 0 5 0 

7 2 - o J i H N J : Md I 

\ 
49,93( Part L ad 

\ 
\ 

'E">ptir 

? 5 

(b) E l mine 
-

tion of 10 t/IPI-
i _ — 

s owd own 
1 

Cy cle 
' 

2 0 3 0 4 0 5 0 

Mi les per Hour 

0 . 3 2 

0 2B 

0 2 0 

0 16 

0 12 

0 0 8 

— 1 — 1 — I I 
(c) Elimination 

— r 

of 15 h 1PH Sli )wdc wn 

1 

Cyc e 

Full U Mi 
T£,5UI 

pQttl mt \ J 

EMM 
\ / EMM = 1 \ > i 

o r — •>«,. 

\ y 
V 

b 

10 2 0 3 0 4 0 5 0 

Mi les per Hour 

Figure A-I5. Fuel savings t y constant 
speed operation, test unit Nbs. \ and 6. 



0 6 8 

0 5 8 

0 . 3 8 

0 2 8 

0 1 8 

0 0 8 

(c 1) E 

1 

imin ation 
r' 

of 

' 1 1 1 

Stop Cycle 
• 

4I,49C Full L , . d 

28,73 , E « ' i Load _ 

2I.5S( 

0 2 8 

u 0 2 0 

0 1 2 

0 0 4 

10 2 0 3 0 4 0 5 0 

0 . 1 2 

0 10 

0 0 8 

0 . 0 6 

0 0 4 

0 0 2 

0 0 0 

41,490 

£8,730 Port L Md \ ] £8,730 \̂  ^ 

\ > 
Empty 

— 1 — 1 

• 

0 

(b) Elir nina ion of ION /IPH SI }wdc )wn Cy( le 

10 2 0 3 0 4 0 5 0 

M l i t t par Hour 

4I,49C FiiH U 
" 4 

\ 
\ 

D ? 
19790 Pdrtl A 

i 

• 
) 

f r ~ 
> 

c 

(0 Elir lino ion of 15 ^ IPH Slc iwdc wn Cyc e 

Figure A^l6. Time savings by ccmstantl 
speed operation, test unit No. 2-C-D. 

10 2 0 3 0 4 0 5 0 

M i l n p i r Hour 



87 

0 60 

0 50 

0 40 

0.00 

r 1 r 1 1 1 

(a) Elimination of Stop 
1 

Cy 
1 

cle 

5e,i2( Load 

.oad i ! 

22 .39 

012 

0 10 

0 08 

0.04 

0.00 

1 1 1 1 

(b) Eliminat 
1 

on 
1 

of o ^ PH 
1 

Slo 
— I 
wdo wn Cyc e 

* 

98,120 Full Lc / \ / / 
' ^ ̂ • ^ 

98,60 , P«rt 

22,98 

V 
\ 

20 30 40 50 

Milaa par Hour 

0 20 

0 18 

3 0.16 
S 

S 0.14 

0 12 

0.08 

(0 Elirr inat 
1 

on of 5 IV PH Slo wdo\ 
1 

wn Cycl e 

/ 
J / / 

B B . I 2 0 
ori » — -

Parti od 

2 2 , 5 9 0 J ! ! ! ! 

Figure A-I7. Time savings by constant 
speed operation, test unit 7 -C. 

10 20 30 40 so 

Mi las par Hour 



88 

. 2 0 

1.00 

•> 0 . 8 0 
a 

0 6 0 

0 2 0 

— T r—I 
(a) Elimination 

1 1 1 1 
of Stop Cycle 

Full L 
Port L 
Empty 

BOd , 
Full L 
Port L 
Empty 

BOd , 

10 2 0 3 0 4 0 5 0 

0 1 2 

0 0 6 

(b) Elir nino lion of 10 ^ ̂ PH SI awd( }wn Cyc le 

64,65 

/ 

V 
\ 
\ 

4 a , M , P S C _ 

E8,iac Empti 

10 2 0 3 0 4 0 5 0 

M i l a t par Hour 

0 .18 

u 0 .14 

0 12 

0 0 6 

1(0 Elin linal 
1 — 
ion 

1 
of 

1 
15 h 

1 
I P H 

1 1 1 1 1 
Slowdown Cycle 

/ — 

MJBSO FM L J 
P«rt L . \ s / 

Caviv 
— ( 

10 2 0 3 0 4 0 5 0 

Mi laa par Hour 

Figure A^l8. Tine savings by constant| 
speed operation, test \inlt No. 10. 



89 

I 2 

I 0 

0 . 6 

0 2 

0 0 10 2 0 3 0 4 0 SO 

0 2 0 

0 14 

0 12 

0 10 

0 . 0 8 

( a) E llmir atio 1 0 S op Cyc e 

/ 

7 G 

66,30 Load r 
1 , 

46,600 

y 

0 0 6 

0 . 0 4 

0 0 2 

60 ,30 o M U 

4 6 , 6 0 , E H 1 _ 

\ 
26,9S 

Cb) Eli mina tlon of 101 \/IPH SI owd own Cy :le 

10 2 0 3 0 4 0 5 0 

Mi les pe r Hour 

Bt,90( tM L S L _ . 
L 

\ 
46jB0( P«1L 46jB0( 

\ \ i 

\ > t 
V 
\ 
v 

i!!!! — \ 
\ 

\ 

V > \ 
) \ 

(0 E l mine tlon of 15 4̂Ph- s owd own Cy :le 

Figure A-I9. Time savings by constant 
speed operation, test unit Ho. 7-C. 

10 20 3 0 4 0 so 

Mi les per Hour 



90 

" oso 
5 

0 3 0 

0.20 

0.10 

(a) Elir linol ion of Sto[ ) C 

T1J40 Full L 

Fail LI 
SOfitO 

10 20 30 40 50 

0 12 

0 10 

0 06 

1 

,£.1!_1 
/ 

SO,OI( £911-

/ 
27.32 , 1 5 B , 

9 •rf* 

(b) Elir iina< ion of 10 ^ PH Sic wdo wn Cyc e 

10 20 30 40 SO 

Miln per Hour 

0 18 

o 0.16 
S 

0.14 

0.12 

0 08 

1 
(0 Elirr linot on of 15 IV PH Sic wdo i»n Cyc e 

TI,MO Full L 

r 

wpio ffirlL — E 

ion C 
O 

o 
n 

10 20 30 40 

Miles par Hour 

50 

Flgiire Tine savings by constant 
speed opera t ion , t e s t u n i t No. 5-A. 



91 

0875 

0 750 

0.625 

0.500 

0 375 

0.250 

0.125 

— — 
(0) E Ilimi flQtiO n 0 f s top Cyc le 

— 

/ 
/ 

/ . 

/ 
/ 

/ / 
F M I L I / 

.i.oi.'-Saa 
0 1 5- r 3 7J < 0 50 

0 26 

0 18 

0 10 

0 0 6 

0 14 

0 12 

0 10 

0 0 8 

0 06 

0 0 4 

0 02 

79,SSq Full L 

\ 
\ 
\ 

\ 

\ 
\ 

53,704 Pari L •ori •^-^ / 

31^16 n n 

0 
O 

0 

(b) Elin linat ion of 10 V PH sic wdo wn Cyc e 
10 20 30 40 50 

Milti par Hour 

1 »f 

33,704 •* 33,704 

si.oia ,N ' ^ ^ ^ 

0 
• -

*^ 
• 

o 
o 

" (cl El min( 
1 

jtlon Of 15 
1 

H S lewd own Cy cle 

Figure A^21. Time savings t y constant 
speed opera t ion , t e s t u n i t No. 3 -C - D . 

10 20 30 40 50 

Milai pir Hour 

HRB:OR-l409 



n p H E N A T I O N A L A C A D E M Y O F S C I E N C E S — N A T I O N A L R E S E A R C H C O U N -

[ C I L is a private, nonprof i t organization of scientists, dedicated to the 
fur therance of science and to its use f o r the general welfare . The 

A C A D E M Y i tself was established i n 1 8 6 3 under a congressional charter 
signed by President Lincoln . Empowered to provide f o r a l l activit ies ap­
propria te to academies of science, i t was also required by i ts charter to 
act as an adviser to the federal government i n scientific matters. This 
provision accounts f o r the close ties tha t have always existed between the 
A C A D E M Y and the government, although the A C A D E M Y is not a govern­
mental agency. 

The N A T I O N A L R E S E A R C H C O U N C I L was established by the A C A D E M Y 

i n 1916 , at the request of President Wilson, to enable scientists generally 
to associate thei r effor ts w i t h those of the l imi ted membership of the 
A C A D E M Y i n service to the nation, to society, and to science at home and 
abroad. Members of the N A T I O N A L R E S E A R C H C O U N C I L receive the i r 
appointments f r o m the president of the A C A D E M Y . They include representa­
tives nominated by the m a j o r scientific and technical societies, repre­
sentatives of the federal government, and a number of members at large. 
I n addit ion, several thousand scientists and engineers take par t i n the 
activities of the research council th rough membership on its various boards 
and committees. 

Receiving funds f r o m both public and private sources, by contr ibut ion, 
grant , or contract, the A C A D E M Y and its R E S E A R C H C O U N C I L thus w o r k 
to s t imulate research and its applications, to survey the broad possibilities 
of science, to promote effective u t i l iza t ion of the scientific and technical 
resources of the country, to serve the government, and to f u r t h e r the 
general interests o f science. 

The H I G H W A Y R E S E A R C H B O A R D was organized November 11 , 1920 , 
as an agency of the Divis ion of Engineer ing and Indus t r i a l Research, one 
of the eight func t iona l divisions of the N A T I O N A L R E S E A R C H C O U N C I L . 
The BOARD is a cooperative organization of the h ighway technologists o f 
America operat ing under the auspices of the A C A D E M Y - C O U N C I L and w i t h 
the support o f the several h ighway departments, the Bureau of Public 
Roads, and many other organizations interested i n the development of 
highway t ranspor ta t ion. The purposes of the B O A R D are to encourage 
research and to provide a national clearinghouse and correlat ion service 
f o r research activit ies and i n f o r m a t i o n on highway adminis t ra t ion and 
technology. 
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