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A road test procedure, using coastdown tests at various loads, 
has been developed for measuring separately the air drag and 
tire drag force of a truck. The rayon cord tires tested showed 
a drag force of 8. 2 lb per 1, 000-lb load, as measured by these 
coastdown tests, and a drag force of 8. 25 lb per 1, 000-lb load 
as measured by tire dolly towing tests, indicating that the coast
down procedure yields essentially correct results. Air drag 
coefficients measured by the coastdown test procedure for the 
four differenttruck-trailer combinations tested varied between 
0. 8 and 1. 2, being relatively constant for any one truck and 
trailer. These drag coefficients are of the same order or mag
nihJil",:, <0 thn<OP l'YIP<> <011t"Pil fn..- t..-11,..k rnnilPl Q in mini! tnnnPl tP<1t<1 

by Flynn and Kyropoulos (1). 
Because the air drag coefficients offull-scale trucks have 

not previously been measured, other comparisons of the fore
going results cannot be made. To fill in this gap, tests are 
currently under way to measure the air drag coefficients of 
full-scale trucks using a railway flat car train as a moving test 
bed. 

•THE DEVELOPMENT of road test procedures for measuring the components of truck 
rolling resistance and some data obtained by using these procedures are reported. 
These studies were undertaken to improve the truck fuel consumption and travel time 
estimation procedures developed by Sawhill and Firey (2) As these estimation proce
dures were being deveioped it became evident that a significant source of uncertainty 
and error in the fuel consumption and travel time estimation method was the lack of 
general knowledge about the rolling resistance properties of trucks. Sawhill and Firey 
used an essentially empirical relation for truck rolling resistance which could not be 
used with confidence for trucks other than those tested. Hence, these studies were 
undertaken to develop a general relation for truck rolling resistance that could be used 
to estimate the fuel consumption and travel time for hypothetical future trucks and high
ways as well as present trucks and highways. In this manner the fuel consumption and 
travel time procedures may become more useful for highway economic analyses and 
designs. 

The studies are incomplete because independent, non-road test methods of measur
ing air drag force and bearing and gear drag force are to be developed and compared 
with the road test results. These further studies will be reported subsequently. 

NOMENCLATURE 

The following abbreviated nomenclature will be used herein. Indicated in parentheses 
is the corresponding nomenclature as used by SAE (10). 

G Percent grade of a highway = 100 (Rise)/Distance, (GP); 
GVW = Gross vehicle weight in lb, (GW); 
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Vehicle frontal area in sq ft, (A); 
Force in lb; 
Air drag force of tire dolly in lb; 
Measured force in lb; 
Air density in pcf; 
Vehicle speed in fps; 
Vehicle speed in miles per hour, (MPH); 
Gravitational constant in ft/sec/sec; 
Air drag coefficient; 
Tire drag force in lb; 
Vehicle kinetic energy in ft-lb; 
Time in sec; 
Time in hr; 
Total vehicle drag force in lb; 
Number of wheels on vehicle; 
Road horsepower, the power required to overcome total drag force, FD, 
(Resistance Pow er); 
Specific tire drag force = 1,000 FT/GVW; 
Air drag force in lb; 
Wheel polar moment of inertia in lb-in. -sq sec; 
Torsional oscillation period in sec; 
Torsional spring constant in lb-in. per radian; 
Torsional oscillation amplitude in radians; 
Angle of tire tread deflection in radians; 
Length of tire tread flattened portion in ft; 
Tire tread radius in ft; 
Tire tread elastic constant in psf per radian; 
Tire tread width in ft; 
Tire tread thickness in ft; 
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Tire tread hysteresis coefficient, the fraction of tread deflection work lost 
to internal hysteresis; 
Area of the flattened portion of the tire tread in sq ft; 
Tire inflation pressure in psf; 
Ratio of tire tread flattened area to product of length and width of the 
flattened portion; 
Rate of heat transfer from the external tire area; 
External tire area in sq ft; 
Tire air temperature in ° F; 
Ambient air temperature in ° F; 
Tt - Ta in ° F = Tire air temperahu·e rise above ambient air temperature; 
Over-all heat transfe r coefficient from tire external area to ambient air 
temperature, ft-lb/° F/sec/sq ft; and 
Damping coefficient. 

EXPERIMENTAL PROCEDURE 

Four types of experiments were carried out: (a) tire dolly towing tests to measure 
tire drag force; (b) truck towing tests to measure total rolling resistance force; (c) 
coastdown tests at various loads to measure total rolling resistance force, tire drag 
force and air drag force; and (d) wheel tests with a torsional spring to measure wheel 
kinetic energy and improve the accuracy of the coastdown tests. 

Road tests were run on a 4-lane portion of US 99 extending about 10 mi north from 
the town of Marysville, Wash. Four northbound and four southbound test sections of 
uniform grade were selected and marked with stakes. The grades of these eight sec
tions were then measured with a surveying level and chain (Table 1). 

Two trucks and two semitrailers were used in combinations to give four different 
test vehicles: (a) truck-tractor with gasoline engine, 12 ft wheelbase, single drive 
axles; (b) truck-tractor with diesel engine, 10 ft 3 in. wheelbase, dual drive axles; 
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TABLE 1 

GRADE OF TEST SECTIONS 

Test 
Section 

1N 
2N 
3N 
4N 
lS 
2S 
3S 
4S 

Direction 

Northbound 
Northbound 
Northbound 
Northbound 
Southbound 
Southbound 
Southbound 
Southbound 

Grade (%) 

0.314a 
0.281a 
0.325a 
0.438a 
0. 502b 
0.255b 
0. 312b 
0.283b 

0nown . 

(c) flatbed semitrailer, 35 ft length, dual 
rear axles; and (d) van semitrailer, 35 ft 
length, dual rear axles. 

The gasoline-engine truck assembled 
with the flatbed trailer is shown in Figure 
1 and the diesel-engine truck assembled 
with the van trailer is shown in Figure 2. 
The diesel-powered truck-trailer combina
tions have 18 tires of 10:00-20 size. The 
gasoline-powered truck-trailer combina 
tions have 14 tires of 10:00-20 size. The 
frontal areas of the four truck- trailer com
binations are : gasoline tractor-flatbed 
trailer, 49. 7 sq ft; gasoline tractor-van 
trailer, 92. 9 sq ft; diesel flatbed trailer, 
61. 4 sq ft; diesel tractor-van trailer, 90. 5 
sq ft. 

Variations in gross vehicle weight were 
obtained by loading on leased lead pigs securely fastened to the trailer bed. The lead 
pigs were so small that very little change of frontal area occurred for the flatbed trailer. 
A Washington State Highway Patrol truck weighing station was used to measure the 
weights of the test vehicles. 

Figure 1 . Gasoline tract or with f l a tbed trailer . 

Figure 2 . Diesel tractor with van trailer. 
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Tire Dolly Towing Tests 

A separate trailer dolly was used as the tire dolly with two identical test tires mounted 
in the outer two of the four rims. The dolly was connected to the towing truck by the 
bracket shown in Figures 3 and 4, which insured that only the force component parallel 
to road surface was measured by the strain gage tow bar. The bracket also provided a 
safety catch to retain the dolly if the rather delicate strain gage towbar broke. The 
dolly was fitted with steel brackets and clamps to hold the steel plates, which consti
tuted the tire loading, centrally between the tires. Various numbers and thicknesses 
of steel plates were used to obtain five different tire loads up to the rated maximum 
load of the test tires (Table 2). The assembled tire dolly and towing truck are shown 
in Figure 5. 

The valve core was removed from the tire tube valve stem and the stem was fitted 
with a special tee (Fig. 6). Through this tee an iron-constantan thermocouple was in
serted into the tire air space and the side connection was made to a calibrated pressure 
gage at the wheel hub. The thermocouple leads were connected to a quick-connect fit
ting. In this manner the prevailing tire air pressure and temperature could be quickly 
measured after stopping. Tire tread temperatures were measured with a surface py
rometer fitted with a needle thermocouple. 

During the tire dolly towing tests particular care was taken to hold a steady speed 
without acceleration or deceleration by keeping both the speedometer and engine tachom-

Figure 3. Towing test setup. 
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TABLE 2 

TIRE DOLLY TOWING 
TEST LOADS 

Load 

Empty 
Quarter 
Half 
Three-quarter 
Full 

Total 
Dolly 

Weight 
(lb) 

2,600 
4, 100 
5, 615 
7, 500 
9,200 

Load per 
Tire (lb) 

1, 300 
2,050 
2,807 
3,750 
4,600 

I 

Approx . 30" 

Load 
~ 

1''i gure 4. '!'owing bracket . 

To Load 
Cel l 

No Scale 

• 

eter at constant readings. For each test condition of load 
and speed, tire air pressures, tire air temperatures, 
tread temperatures, and ambient air temperature were re
corded before and after each northbound and southbound run. 
The tow bar readings were ta.ken only on the staked test sec
tions of known grade. 

Two types of 10:00-20truck tires were tested, a 12-ply, 
rayon cord tire and a composite cord tire (steel cords in the 
carcass and nylon cords in the tread). Only the rayon cord 
tires were used in the coasting tests. 

It was originally hoped that the air drag force of the dolly 
would be so small that it could be neglected in calculating 
the tire drag force. However, because this was not the case, 
it became necessary to measure separately the air drag 

force of the tire dolly. This was done by suspending the tire dolly from long vertical cables 
above a flatbed truck and using the towing bracket and strain gage towbarto measure the force 
between the tire dolly and the flatbed truck as the latter was driven at various steady speeds. 
This arrangement is shown in Figure 1. 

Four resistance wire strain gages were mounted on the tow bar made of type 6061-T6 alu
minum alloy (Fig. 7). A bridge type strain gage indicating unit was connected to these four 
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Figure 5. Tire dolly test rig. 

Figure 6. Tire instrumentation. 

strain gages (Fig. 8). High sensitivity to strain was obtained and correction was made 
for thermal expansion of the tow bar. 

The strain gage tow bar was calibrated by suspending known weights by the tow bar and re
cording the resulting change in the strain indicator reading. This change increased linearly 
with applied weight and the tow bar force was calculated as the product of the change in strain 
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Figure 7. Towing test strain gage towbar. 
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Figure 8. Schematic strain gage wiring, 

indicator reading and the towbar calibration coefficient. The zero load strain indicator 
reading was read at the start and end of each separate experiment and was found to drift 
only slightly from day to day. The towbar was recalibrated periodically during the ex
periments but the calibration coefficient did not change measurably. 

Tire dolly air drag force was calculated by subtracting the product of dolly weight 
and test section slope from the tow bar force measured during the flatbed tests: 

(1) 

The results of these calculations (Fig. 9) show the variation of tire dolly air drag 
force, FAD• with speed. This air drag force fits the usual drag force equation very 
well with a calculated drag coefficient, Cn, of 0. 705 which appears reasonable: 
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ROJ\D SPEED, mph 

Figure 9. Tire dolly air drag force, averaged results. 

v2 
FAD = CnAF Pa 2g = 0. 0123 (mph)2 (2) 

Tire drag force was calculated by subtracting the air drag force, FAD, and the slope 
force (product of dolly weight and test section slope) from the towbar force measured 
during the tire dolly towing tests: 

(3) 

The results of these calculations (Figs. 10 through 13) show the variation of tire drag 
force per tire, F '.1:'' with tire load speed. 

The observed tire air temperature rise above ambient is plotted against tire load at 
various speeds in Figures 14 through 17. The observed tire tread temperature rise 
over ambient varied in essentially the same manner as for the tire air temperature 
rise but the tread data were more scattered. 
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Truck Towing Tests 

One of the test trucks was towed via the same bracket as used with the tire dolly tow
ing tests. The test truck was towed at steady speeds between 30 and 45 mph and the 
towing force was recorded on the staked test sections. Tests were limited to this nar
row range of speeds because at lower speeds steady towing force readings were difficult 
to obtain and higher speeds were considered unsafe. After running some of these tow
ing tests it became apparent that towing tests on large trucks are unsafe at any speed 
onapublic highway where unexpected sudden stops may be required. Accordingly only 
a limited amount of truck towing data was obtained. A comparison is shown in Figure 
18 between total drag force as measured by the truck towing test and that as measured by 
the coastdown test. Both test methods give essentially the same answer. Further mea
surements of total drag force of the test trucks were made by coastdown tests only. 

Coastdown Tests 

The coastdown test (3, 4) consists of bringing the truck up to a speed of about 60 mph, 
disengaging the clutch and-recording speed and time as the truck coasts to a stop. Dur
ing the coastdown, the truck kinetic energy is being used to overcome the total drag 
force, which can be calculated from the rate of loss of kinetic energy. To obtain im
proved accuracy the following detailed changes were made in the test procedure of 
Sawhill and Firey (!): 

1. A special calibrated speedometer indicating head driven by the truck speedometer 
cable was used instead of the usuai truck speedometer or a fifth wheel. The gearbox 
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Figure 18. Comparison of total vehicle drag force as measured by coasting and towing tests. 
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between the speedometer cable and the indicating head was selected for each truck so 
that true speed was indicated. The special indicating head was more readable and more 
accurate than the truck speedometer. By using the truck speedometer cable the prob
lem of fifth wheel bouncing was avoided. 

2. The tests were run only on the staked test sections of known and uniform grade 
so that corrections for slope could be made accurately. Because these test sections 
were short, the full coastdown was done in two or more parts. In previous coastdown 
tests, the full coastdown was run at once and invariably a change of grade occurred some
where during the test and only an approximate correction could be made for slope. Even 
a small error in grade correction can introduce a large error in total drag force. 

3. Mr. Carl Saal suggested the use of a half-silvered glass with one edge straight 
for determining the position of the line tangent to the graph of truck speed vs time. 
The slope of this tangent line gives the truck deceleration and, hence, the total drag 
force. A half-silvered glass was not only a more accurate but also a more convenient 
means for determining the tangent line than the previous straightedge method. 

When coasting on a grade, truck kinetic energy is utilized to overcome total drag 
force and to increase truck potential energy: 

d(KE) ( G) -ar- = FnV + (GVW) lOO V (4) 

After introducing the kinetic energy equations and rearranging the units this relation 
becomes (4) 

GVW [1 + 128 (W + 1)] (m h) (ti.mph) 
29. 6 x 108 GVW p ~ 

Fn 
375 (mph) (

GVW) G + 375 100 (mph) (5) 

Solving for the total drag force, Fn, yields 

RHP 
= mph 

GVW 

29. 6 X 108 e:~h) + 

128 (W + 1) /t>.i;Tph\ _ GVW (G) 
29.6 x 108 X ) 37,500 

(6) 

On the right side of Eq. 6 the first term is the truck deceleration force, the second 
term is the wheel deceleration force, and the third term is the force due to grade. The 
truck deceleration was measured from the slope of the speed vs time graph during 
coastdown. Values of the total drag force, calculated in this manner, are plotted as 
the total drag force vs gross vehicle weight at constant speeds (Figs. 19 through 22) 
and as the total drag force vs the square of truck speed at constant gross vehicleweights 
(Figs. 23 through 26). 

The linear increase of total drag force with increasing weight at constant speed can 
only be due to change of tire drag force because the air drag properties of the truck are 
not changed by weight. By assuming tire drag to be zero at zero load, as indicated by 
the tire dolly towing test results, the tire drag force can be calculated at each speed 
from the slope of the total drag force vs vehicle weight graphs: 

FT = 375 (GVW) (slope), lb (7) 



"' .... "' ..._ ., .., 

2.
4 

~
-
-
-
~

-
-
-
-
~

-
-
-
-
~

-
-
-

-
~

-
-
-
~

 

2.
0 

>
--
-
-
-
+

-
-
-
-
-
+

-
-
-
-
-
+

-
-
-
-
-
+

-
-
-
-
-
I
 

if 
1.

6 
o 

d
' 

"' ~ c
i ~
 

1.
2 

,:
; C
l. E
 

..._
 

a.
 

O
.B

 
::c

 
0:

: ~
 " 0:: 

0.
4 

r= 
.,,

 
I 

:.,
,!2

> 
I 

·--
= 

..,
. 

I 8 
4

0
 m

p
h

 
[:

] 
3

0
 m

p
h

 

I 

.0
 

I 
I

t 
I 

I 
I
t 

I 
I 

1
1 

I 
I

t 
1 

I
t 

I 
11

 J
I 

I 
I
t 

t 
I 

I 
I 

I 
I 

I 
I
t 

I 
I 

I 
I

t 
I 

I 
I 

11
 

I 
1

1
1

1 
1

1 

10
,0

00
 

20
,0

00
 

3
0

,0
0

0
 

4
0

,0
0

0
 

5
0

,0
0

0
 

6
0

1
0

0
0

 

G
ro

ss
 

V
eh

ic
le

 
W

t,
, 

lb
 

F
ig

u
re

 
1

9
. 

T
o

ta
l 

v
e
h

ic
le

 
d

ra
g

 
fo

rc
e
 

b
y

 c
o

a
st

in
g

 
te

s
t 

v
s 

v
e
h

ic
le

 w
e
ig

h
t,

 
g

a
so

li
n

e
 
tr

a
c
to

r 
w

it
h

 f
la

t
b

ed
 t

ra
il

e
r

. 

"' .... "' ..._ 

2
4

~
-
-
-
~

-
-
-
-
~

-
-
-
-
~

-
-
-
-
~

-
-
-
~

 

2
0

t-
--

-
-
-
-
j
-
-
-
-
-
+

-
-
-

+
+

--
-
-
-
1

-
-
-
-

...
J 

., .., If 
t 

s 
r-

--
-j

-:;
7L

-+
-7

~'.'
.::'.

:t-
--

-_
j~

 _
_

_
 j 

"' " 0 c
i ~
 

i.2
1 

~
.,-

I 
-

_:;, 
-•

 
I 

I 

C
l. E
 

..._
 

a.
 ~ 

0
.8

 
r-

-..-
=r

--
-+

--
-+

--
--J

 __
_ J

 
0 

5
0

 m
p

h
 

8 
4

0
 m

p
h

 

• 
3

0
 m

p
h

 

~
 " 0:: 

0
,4

 >
-
-
-
-
-
-
+

-
-
-
-
-
-
<

-
-
-
-
-
+

-
-
-
-
-
+

-
-
-
-
-
-
-
-
1

 

0 
I 

1 
11

 
" 

I 
• 

I 
I 

I 
I 

• 
11

 
I 

• 
I 

• 
• 

I 
I 

1 
1 

I 
t 

1 
1 

r 
• 

I 
1 

I 
I 

ti
 1

 I 
P

l 
I 

I 
1 

1 
1 

I 
1 

1 
" 

I 
1

0
,0

0
0

 
2

0
.0

0
0

 
3

0
,0

0
0

 
4

0
,0

0
0

 
5

0
,0

0
0

 
6

0
,0

0
0

 

G
ro

ss
 

V
eh

ic
le

 
W

t.
, 

lb
 

F
ig

u
re

 
2

0
. 

T
o

ta
l 

v
e
h

ic
le

 
d

ra
g

 
fo

rc
e
 

b
y

 
c
o

a
st

in
g

 
te

s
t 

v
s 

v
e
h

ic
le

 
w

e
ig

h
t,

 
g

a
so

li
n

e
 

tr
a
c
to

r 
w

it
h

 v
an

 
tr

a
il

e
r.

 

-:
i 

0
)
 



"' ..... "' .... ., u 

3
.2

 i=
==

=r
:=

==
=i

:::
==

==
i=

==
=:

:i:
==

==
1=

:;:;;:.
i 

2.
B

 >
-
-
-
-
-
+

-
-
-
-
-
>

-
-
-
-
-
+

-
-
-

-,
,,
'-

<
>

-
-
-
-
-
-
-

--<
 

2
4
t
-
-
-
-

--
-t
-
-
-
-
-
-
-
-
-

+
--

-
--

-<
,>
t
-
-
-
-

--
-t

--
-.

.-
-,

 

if 
2 

0 

"' I:! 0 c ~ .c
 

Q
. E
 .... Q

. 
:,

: a:
 

.!!
 

0 a:
 

i.
6 

.,
e 

I 
,.

.,
"'I

 
I 

I 

1.
2 

0
.8

 

X
 

6
0

 m
p

h
 

0 
5

0
 m

p
h

 
A

 
4

0
 m

p
h

 

[:
] 

3
0

 m
p

h
 

0
4

t
-
-
-
-
-
-
-
t
-
-
-
-
-
+

-
-
-
-
-
+

-
-
-
-
-
>

-
-

-
-
-
-
+

-
-
-
-
<

 

0 
l 
tt

', 
t 

I
t 

1 
'I

 I 
I 

1
1 
',

I
,
 t

 
I 
I
t
 I

 
I 

I•
 I 

I 
I 

j 
I 

I 
I
,
 I

.
 I
,
,
 I

' I
 

I 
I 

l 
I
t
' 
t' I 

I 
I 

I 
j 

15
,0

00
 

25
,0

00
 

3
5

,0
0

0
 

4
5

,0
0

0
 

5
5

,0
0

0
 

6
5

,0
0

0
 

G
ro

ss
 

V
eh

ic
le

 
W

t.
, 

lb
 

F
ig

u
re

 
2

1
. 

T
o

ta
l 

v
e
h

ic
le

 
d

ra
g

 
fo

rc
e
 

b
y

 
c
o

a
st

in
g

 
te

s
t 

v
s 

v
e
h

ic
le

 
w

e
ig

h
t,

 
d

ie
s
e
l 

tr
a
c
to

r 
w

it
h

 f
la

t
b

e
d

 t
r
a
il

e
r
. 

"' ..... "' .... .. u 

2
.8

 1
--
-

-
--+

--
-
-
-
-
-
<

>
-
-
-
-
-
+

-
-
-
-
-
-
-
<

-
~

--
--

-
-
-
-
-
-
1

 

2
.4

 ,
-
-
-
-
-
-
+

-
-
-
-
-
-
-
<

>
-
-
~

 ..
. -
-
+

-
-
-
-
-
-
-
<

-
-
-
-

-
-
-
-

if 
2.

0 
I 

.,.1
,, 

-
-
-
+

1
--

g
 

I,
' 

~ 
0 

I 
b

' 
I 

c ~ " .c
 

a.
 

E
 .... 

1.
6 
1

-
-
-
--

-
+

-
>"

"'-
-
-
'f

-
-
-
-
-
+

 

n.
. 

1.
2 

>
--
-
-
-
-
-
t
-
-
-
-
--

-<
-+

--
--
-
+

-
-
-
-
-
+

-
-
-
-
-
+

-
-

...
.. 

:,
: a:
 

0 ~
 

a:
 

0
,8

 
0 

5
0

 m
p

h
 

A
 

4
0

 m
p

h
 

[,]
 3

0
 m

p
h

 

0
.4

 >
-
-
-
-
-
-
-
t
-
-
-
-
-
t
-
-
-
-
-
-
-
-
-
-
-
+

-
-
-
-
-
-
-
t
-
-

...
.. 

0 
I 

I 
i 

I 
r!

 I
' 

t1
 I

 I
 

t 
I 

I 
I 

I 
1 

1 
1 

I 
1

1
 

1 
1 

I 
e

, 
1 

1 
I 

• 
1 

1 
ii

 1
 

1 
1 

d 
1 

1 
• 

1 
I 

• 
1 

t 
ii

 r
 •

 1
 

1 
I 

I 
15

,0
00

 
2

5
,0

0
0

 
3

5
,0

0
0

 
4

5
,0

0
0

 
5

5
,0

0
0

 
6

5
,0

0
0

 

G
ro

ss
 

V
eh

ic
le

 
W

t.
, 

lb
 

F
ig

u
re

 
2

2
. 

T
o

ta
l 

v
e
h

ic
le

 
d

ra
g

 
te

s
t 

v
s 

v
e
h

ic
le

 
w

e
ig

h
t,

 
d

ie
s
e
l 

tr
a
il

e
r
. 

fo
rc

e
 

b
y

 
c
o

a
st

in
g

 
tr

a
c
to

r 
w

it
h

 
v

a
n

 

-:
:i

 
c:o

 



"' I'- "' ---., u ~ "' " c c ;§ .c
 

C
l. E
 

2
.0

 

1.
6 

1.
2 

~ 
a.e

l 
I 

~
0

--<
=1

 
I 

I 
I 
1 

~ 
r."

I 
0 
~
 

G
as

ol
i~

e 
T

ra
ct

o
r 

-
F

la
tb

ed
 

T
ra

il
e 

0 
G

VW
 

= 
m

,o
oo

 l
b

 
X

 
G

V
W

 =
 3

;!
,9

0
0

 l
b

 
0 ~
 

M
 

•~••
1" 

n 
I 

'2
'1>

2
1 

<3
C/>

2
I 

I <<i
p>

2 
I 

<5
9>

2 
I 

0:
: 

0 
5

0
0

 
10

00
 

15
00

 
2

0
0

0
 

2
5

0
0

 
3

0
0

0
 

T
ru

ck
 

S
pe

ed
 

S
q

u
a

re
d

, 
( m

ph
 ,2

 

F
ig

u
re

 
2

3
, 

T
o

ta
l 

d
ra

g
 f

o
rc

e
 

v
s 

sp
ee

d
 s

g~
a
re

d
. 

"' I'- "' --., u 

2
4

 
·"

' 

2
.0

 
✓

h.
 

I 
>,.

.. 
I 

I 
.,,,,

,. 

~
 

1.
6 

u
,,...

.. 
P' 

I _
 

....
 -

I 
I 

"' " c c ;§ 
1.

2 
I 

J
r,,,

_ 
:.

,IE
-
I 

y
-

J 
I 

I 
" .c

 
C

l. E
 ---

/ 

~ 
o.

a 
I 

J;
c?

,.. 
I 

I 
I Ga

so
lin

e 
T

r~
ct

o
r-

V
a

n
 T

~a
ile

i 

.S!
 

ci 0:
: 

0 
G

V
W

 =
 1

9
,6

0
0

 l
b

 
X

 
G

V
W

 =
3

5
16

0
0

 lb
 

A
 

G
V

W
=4

S
,O

O
O

 l
b

 
0

.4
 t
-
-
-
-
-
+

-
-
-
-
-
+

-
--

-
-
+

-
-
-
-
~
-
-
-
-
~

-
--

--
+

--
--

-1
 

al
 

(2
~

)·
 I 

(3~
)·1

 
I 14

fll
2 

I 
I 

<s
91

2 
0 

5
0

0
 

1
0

0
0

 
15

00
 

2
0

0
0

 
2

5
0

0
 

3
0

0
0

 

Jr
u

ck
 S

p
ee

d
 

S
q

u
a

re
d

, 
(m

p
h

)'
 

F
ig

u
re

 
2

4
. 

T
o

ta
l 

d
ra

g
 f

o
rc

e
 
v

s 
sp

ee
d

 s
q

u
a
re

d
. 

C
X

) 

0 



32
F

=
=

F
=

=
F

=
=

=
t=

=
=

:::
i:=

==
:::

i:=
=:::

::;:;
;:::i

:=::
:::::

i 
[;:

J 

2
~ 

-

"' ... "' 
2

.4
 

.... .. e 0 LL
 "' C 

2
.0

 
0 c ;§ " ~
 

1.
6 

a
. E
 .... Q

. 
:,

: a:
 

0 
1.

2 
; a:

 

l-
-
-
-

-,
-1

"'
--

-
-
-
+

-
-
,,

,,c
;..-

-
+

-
-
D

ie
se

l 
T

ra
ct

or
 -

F
la

tb
ed

 T
ra

ile
r 

0 
G

V
W

 =
 2

4
,7

0
0

 l
b 

X
 

G
V

W
=

3
9

,7
0

0
 l

b 
I!!

. 
G

V
W

 =
 5

4
,0

0
0

 l
b 

0
,8

 
[;:

J 
G

V
W

=
6

jl
,2

0
0

 l
b 

~
 

0
.4

 
(4

0
}2 

1
5

0
)2 

(6
0

,2
 

5
0

0
 

IO
O

O
 

15
00

 
2

0
0

0
 

2
5

0
0

 
3

0
0

0
 

3
5

0
0

 

T
ru

ck
 

S
pe

ed
 S

q
u

ar
ed

, 
( m

ph
 )2 

F
ig

u
re

 
2

5
. 

T
o

ta
l 

d
ra

g
 f

o
rc

e
 

v
s 

sp
ee

d
 
sq

u
ar

ed
. 

"' ... "' .... .. " &
 

"' C 0 c ;§ " ~ a.
 

E
 .... Q

. 
:,

: a:
 

~
 

C
 

a:
 

3,2
 1
-
-
-
-
-
+

-
-
-
-
-
,1

-
-
-
-
-
+

-
-
-
-
-
t
-
-
-
-
+

-
:
:
>

"
"
-
-
-
-
i
 

1.
6 
1

-
--

--
,.

,"°
1-

-
-
-
-
+

-
-

.,,
..'
-

+
--

D
le

se
l 

T
ra

ct
or

 -
V

an
 

T
ra

il
er

 

0 
G

V
W

=
2

5
,8

0
0

 l
b

 
X

 
G

V
W

 =
 4

1
,4

0
0

 l
b

 
I!!

. 
G

V
W

 
=

 5
4

,2
0

0
 l

b 

L
z 

1 
....

. r 
• 

G
v

w
 =

 5
9

,2
0

0
 1

b 

0
.R

 I 
l3

~>
'I 

ll4
,0
>2 

1 59>
2 

I 
5

0
0

 
IO

O
O

 
15

00
 

2
0

0
0

 
2

5
0

0
 

3
0

0
0

 

T
ru

ck
 

S
p

ee
d

 
S

q
u

a
re

d
, 

( m
ph

 )
2 

F
ig

u
re

 
2

6
. 

T
o

ta
l 

d
ra

g
 f

o
rc

e
 

v
s 

sp
ee

d
 s

q
u

a
re

d
. 

C
X

) .... 



82 

in which the slope is in units of RHP/[(mph) (GVW)]. Tire drag force is also calcu
lated in units of specific tire drag force, ft, in pounds drag per 1, 000-lb load. Tire 
drag force of the rayon cord test tires , calculated in this manner, was essentially in
dependent of truck speed (Fig. 27) . This result is in aggrement with the data obtained 
by the tire dolly towing tests shown in Figure 13. For the rayon cord tires tested, the 
coastdown tests gave an average specific tire drag force of 8. 20 lb per 1, 000 load, 
which agrees closely with the average specific tire drag force of 8. 25 lb per 1, 000 lb 
load obtained from the tire dolly towing tests. 

The increase of total drag force with speed at constant load was presumed to result 
from the change of air drag force. This is equivalent to assuming tire drag force to 
be independent of speed as is shown in Figures 10 through 13. Air drag force was then 
calculated from the slope of the total drag force vs speed squared graphs: 

FA = 375 (mph) 2 (slope), lb (8) 

in which the slope is in units of RPH/(mph) 3
• 

The air drag coefficient, Cn, was calculated for each vehicle by fitting the air drag 
force to an air drag equation: 

p y2 
FA = ,-,_A a 

"JY-F 2g 

2gFA 
A p y 2 

F a 

The truck air drag coefficients, calculated in this manner, are given in Table 3. 

(9a) 

(9b) 

This method for separately determining tire drag force and air drag force from 
coastdown tests is essentially that described by Beck (E_) and is equivalent to assuming 
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TABLE 3 

TEST VEHICLE AIR DRAG 
COEFFICIENTS 

Vehicle 

Gasoline tractor, llatbed trailer 0. 835 
Gasoline tractor, van trailer 0. 873 
Diesel tractor, llatbed trailer 1. 240 
Diesel tractor, van trailer 0. 813 
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total drag force consists of a weight dependent term, 
the tire drag force, and a speed squared dependent 
term, the air drag force: 

(10) 

The following assumptions are implied in using this calculation procedure: (a) the 
tire drag force is zero at zero load; (b) it is independent of speed; (c) it increases 
linearly with load; and (d) gear and bearing friction in the drive train and wheels is 
negligible. Assumptions (a), (b), and (c) are approximately verified for the rayon cord 
tires by the tire dolly towing test results shown in Figure 13. By the foregoing calcu
lation method the gear and bearing friction force is split into two parts, the load de
pendent part being included with the tire drag force and the speed dependent part being 
included with the air drag force. Future experiments are planned to measure separately 
the gear and bearing friction force. 

Wheel Tests with a Torsional Spring 

Part of the truck kinetic energy, calculated in the coastdown tests, is translational 
and part is rotational. The translational kinetic energy is calculated from the measured 
speed and weight. The wheel polar moment of inertia is needed to calculate the rota
tional kinetic energy. In previous studies (4) an estimated value of wheel moment of 
inertia was used. In this work the wheel moment of inertia is directly measured by 
coupling the wheel to a torsional spring and measuring the natural frequency of torsional 
vibration of the system. Details of this torsional spring unit are shown in Figure 28. 
The spring was a ½-in. steel bar of 24-in. length having a spring constant of 3, 070 lb
in. torque per radian. To measure the oscillations of the wheel, four strain gages 
were mounted on the spring at 45° to the axis. By mounting two gages 180° apart on 
a right-hand helix and two gages similarly on a left-hand helix, the effects of bending, 
axial loads and thermal expansion were minimized. The test wheel was jacked up, con
nected to the spring and given an initial rotation of 25°. The decaying wheel oscillations 
were sensed by the strain gages and the imbalance of the gage bridge circuit was re
corded on a strip chart recorder. From the strip chart record the natural frequency, 
or vibration cycle period, of the wheel and spring system was measured. The wheel 
polar moment of inertia was then calculated by use of the usual torsional vibrational 
relation: 

I = p2K 
4 'IT2 

(11) 

If the effect of damping (assumed viscous) is included the more accurate relation becomes 

I (12) 

Dampingwas calculated by measuring the decrease in oscillation amplitude from one 
cycle to the next: 

R = log(::) (13) 
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Stud Extension 

Weight 

1/211 diam 
X 24'.' long 

Figure 28. Wheel torsional spring unit. 

Several sets of dual wheels were tested with the following average results: period = 
P = 1. 81 ± 0. 02 secs; damping = R = 0. 40; and Polar moment of inertia = I 258 lb
in. -sec 2 for two wheels and rims with 10:00-20 tires and a brake drum. Extreme ac
curacy is not ordinarily needed in determining the wheel polar moment of inertia be
cause rotational kinetic energy of a large truck is only between 5 and 10 percent of the 
total kinetic energy. 

DISCUSSION 

Tire Drag Force 

Tire drag force appears to originate largely from hysteresis of the tire rubber. The 
rubber in the tire tread is bent through an angle, ~, as the tread enters the flattened 
part on the road. This deflection produces stresses in the rubber and work is done on 
the rubber. Due to the nature of rubber only a part of this work is recovered when the 
tread rubber unbends on leaving the flattened part. The loss in work produces both the 
tire drag force and internal heating and temperature rise within the tire. 

The following rather crude analysis of tire deflections may serve to indicate quali
tatively some of the factors which influence tire drag force. The angle, ~. through 
which the tread rubber is bent is related to the length, l, of the flattened portion as 

(14) 

The total work done in thus bending the tread rubber varies directly with cl> and the vol
ume of rubber bent: 

Work = c cl>bd (velocity) (time) (15) 



Volume = bd (velocity) (time) 

A constant fraction, h, of this work is lost internally to hysteresis: 

Lost Work = h c ~b d (velocity) (time) 
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(16) 

(17) 

This lost work should equal the product of tire drag force, Ft, truck velocity and time: 

Lost Work = Ft (velocity) (time) 

Ft = hc~bd = hclbd 
2r 

(18) 

(19) 

The area, At, of the flattened portion is approximately equal to the ratio of load, 
W, to inflation pressure, pi: 

(20) 

This area is also equal to a constant, a, times the length, 1, and width, b, of the flat
tened portion: 

At alb w (21a) 
pi 

lb w (21b) = 
api 

Ft = 
Whcd (22) 
2arpi 

An approximate experimental verification of this relation is found in the following ob
servations: 

1. Tire drag force increases very nearly linearly with tire load (Figs. 10 through 
13). 

2. Tire drag force usually decreased at higher inflation pressure (Figs. 10 through 
12), although the effect was not as large as indicated by Eq. 22. 

3. Measurements were made of the area of the ·nattened portion for the rayon cord 
tires at 75 psig inflation pressure . The product of inflation pressure and flattened area 
equaled applied load within about 20 percent. 

4. Previously reported experiments (6) suggested that worn tires, having a smaller 
tread thickness, d, showed lower values of tire drag force. 

Eq. 22 can only be very approximate because many complicating factors, such as 
deflections of the sidewall rubber and variations of a with load, were not considered. 
Nevertheless, this analysis appears to provide a qualitatively correct picture of the 
origin of the tire drag force. 

The portion of the tire tread bending work lost to hysteresis reappears as increased 
tire and tire air temperature. Presumably at equilibrium tire temperature, the rate 
of hysteresis work equals the power required to overcome tire drag force and also 
equals the rate of heat transfer from the tire to the ambient air: 
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FT (velocity) hysteresis power = ~~ 

Because ATt is the tire temperature rise above ambient by definition: 

FT (velocity) 
ATt = 

UAx 
Whcd {velocity) 

2UAx arpi 

(23) 

(24) 

(25) 

This relation predicts that tire temperature rise increases linearly with load as was 
observed experimentally (Figs. 14 through 17). The observed effects of tire inflation 
pressure, Pi> and truck speed on tire temperature rise Figs. 14 through 16) agree qual
itatively but not quantitatively with Eq. 25. The relatively small effect of velocity on 
tire temperature rise may result from an increase of heat transfer coefficient, U, from 
tire to ambient air due to increased velocity. Turbulent flow heat transfer coefficients 
increase with about the 0. 8 power of velocity. Hence, tire air temperature rise should 
then increase with about the 0. 2 power velocity, as was indeed observed for the data 
of Figures 14 through 17. 

Interest in tire tread and tire air temperatures originally centered around the thought 
that the rubber hysteresis coefficient, h, varied with rubber temperature, being gener
ally lower at higher temperature. Hence, at higher load, tire drag force would not be 
proportionately increased because tire temperatures would be greater. Because the 
experimental results show tire drag force to increase nearly linearly with tire load it 
would appear that variations of the rubber hysteresis factor with temperature are small 
within the range of temperatures of these experiments (70 to 140 F). 

The tire drag force data reported herein do not agree very well with previous data 
on truck tires reported by Stiehl er et al. (7). Stiehler measured tire drag force in a 
laboratory apparatus by running the test tires against a steel drum of about 5. 5 ft diam
eter. Both sets of results agree on the effect of load except that Stiehler shows that 
an appreciable tire drag force exists at zero load. It is difficult to reconcile the two 
sets of results except on the possible basis that a tire deflects very differently against 
the steel drum than it does against a flat highway surface. 

Air Drag Force 

The air drag force of a truck results from skin friction drag over the entire external 
surface area of the truck and pressure drag due to air displacement by the frontal area 
of the truck. For passenger cars, pressure drag appears to be much larger than skin 
friction drag (8). Presumably this is also true for large transport trucks, although 
very little experimental data are published concerning the air drag properties of large 
trucks. Judging from experimental results on passenger cars and car models (8) a 
significant portion of motor vehicle drag results from protuberances such as rear view 
mirrors, and door knobs, and particularly from protuberances on the underside such 
as springs and axles. This protuberance drag is primarily pressure drag. 

For truck speeds greater than about 30 mph the air drag coefficients, c0 , as mea
sured by these road test methods are in reasonable agreement with air drag coefficients 
for truck models as measured by Flynn and Kyropoulos in wind tunnel tests (1). 

Some of the uncertainties about the true air drag of full-scale trucks are expected 
to be resolved by the forthcoming railroad flatcar tests of truck air drag and the wheel 
spinning tests of bearing and gear friction. For the railroad flatcar tests, the test 
trucks will be suspended on flatcars and the air drag force measured in a manner sim
ilar to that used for measuring the tire dolly air drag force. To measure bearingfric
tion a nondrive wheel is spun up and speed and time recorded as the wheel coasts to a 
stop. During the coastdown, wheel rotational kinetic energy is utilized to overcome 
bearing drag which can be estimated from the rate of loss of kinetic energy. A similar 
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experiment on a set of drive wheels will permit estimation of the gear and drive train 
friction. It is hoped that the air drag results obtained by coasting test, when corrected 
for bearing and gear drag, will agree fairly closely with the air drag results obtained 
by railroad flatcar test. 

Application to Fuel Consumption and Travel Time Estimation Procedures 

The results reported herein indicate that truck rolling resistance can be closely ap
proximated as being composed of a speed squared dependent term, the air drag, and a 
gross vehicle weight dependent term, the tire drag. In the fuel consumption analysis 
of Sawhill and Firey (2) truck rolling resistance was assumed to depend only on gross 
vehicle weight. The analysis method used cannot be readily modified to include cor
rectly the air drag effect. This limitation applies also to their travel time analysis, 
because the fuel consumption calculation is an integral part of the travel time estima
tion procedure. Perhaps some of the discrepancies noted by Sawhill and Firey between 
their theoretical and empirical fuel consumption analyses resulted from the incorrect 
rolling resistance relation used. 

The difficulty originates from the necessity of knowing the truck speed before the 
air drag force can be estimated. The truck speed, in turn, is to some extent depen
dent on the magnitude of the air drag force. An approximate way out of this dilemma 
appears to lie in the following method for fuel consumption and travel time estimation 
for a particular truck on a specified section of highway: 

1. The maximum speed-distance-time history of the truck on the highway can be 
estimated by assuming the truck to be at legal speed limit or, where this cannot be 
maintained, at maximum sustained speed as calculated by the methods of Firey and 
Peterson (9). The travel time is now directly calculable. 

2. With speeds known the various drag forces can be determined, as well as the 
duration of wide-open throttle running, and hence, the fuel consumption can be calcu
lated by the methods of Sawhill and Firey (~) modified to include an air drag power term. 

Although the details of this calculation procedure remain to be worked out, it appears 
likely that it will be a more cumbersome calculation than the relations developed earlier. 
However, the proposed calculation procedure can probably be used with greater con
fidence in predicting the effects of future truck and highway designs on fuel consump
tion and travel time. 
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