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BASELINE TESTS OF THE LONGITUDINAL TRACTION
PROPERTIES OF TRUCK TIRES

INTRODUCTION

This document presents experimental measurements of the
longitudinal shear force behavior of a sample of eight truck tires.
The tires were tested using a mobile dynamometer which has been
constructed by the Highway Safety Research Institute under support

by the Motor Vehicle Manufacturer's Association.

The selected set of test tires was a duplicate of a sample
which was tested on the HSRI flat bed tire tester and reported
previously in Reference [1]. The mobile tests, reported herein,
were conducted at the facilities of the Bendix Automotive
Development Center, New Carlisle, Indiana, in October and November
1973.

Each tire in the sample was subjected to a break-in
procedure and subsequently tested under a matrix of pavement,

velocity and load conditions.

Tire preparation practice is described in Section 1,
together with a description of the test matrix and the data
processing methodology. A tabular summary of the data itself
is presented in Section 2, while a graphic display of the u-slip
histories is presented in Appendix 1. The truck tire test device

is described in Appendix 2.

Certain caution is suggested in interpreting the presented
data beyond the constraints imposecd by accuracy tolerances which
are specified in the text. Due to problems associated with
mechanical fastening of the main force transducer of the test

machine, the absolute values of measured forces are qualified by

a rather large level of uncertainty—relative findings concerning
"peak-to-slide" relationships, velocity sensitivity, etc., are

not so uncertain and indeed are seen to suggest certain marked

ii



peculiarities in truck tire performance. These data are presented,
despite their indicated shortcomings, in response to the great
interest which exists in the truck engineering community.
Preliminary findings such as are supported by the presented data
will be challenged in the near future as improvements in our

experimental apparatus are effected.
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1.0 DMETHODS TMPLOYED IN CONDUCTING
EXPERIMENTS AND PROCESSING DATA

1.1  TIRE PREPARATION

Truck tires were prepared for testing through the maintenance
of certain practices intended to assure consistency of test
conditions as well as representativeness of measured traction
performance. All tires werc mounted on their respective Tire

and Rim Association recommended Rims (disc wheels).

The inflation pressure of each tire was first set to the
rated "cold" inflation level, with the tire at an equilibrium
temperature equal to the ambient temperature of the site. The
tire was then operated in a freely rolling condition at 60 mph,
and at rated load for a distance of 10 miles. Following this
period of running, the inflation pressure was checked and the
prevailing "hot'" value was maintained as the reference setting
throughout the tire testing sequence.

1A

Each tire was "broken-in," on the test machine, for a

distance of 50 miles, and at a velocity of 60 mph. The tire was
operated at its rated load and at the reference value of inflation

pressure described above.

1.2 TIRE TEST PROCEDURE

Tires were tested at each of the following conditions:

DRY ASPHALT PAVEMENT

(Skid Number ~ '78) Velocity: 40 mph
60 mph

Vertical Load:

50% rated load
100% rated lead
150% rated load



WET COATED ASPHALT PAVEMENT

(Skid Number ~ 20)

(Tests conducted using on-board
water delivery—with nominal
film thickness of 0.025 inches)

Velocity: 20 mph
Vertical Load:

50% rated load
100% rated load
150% rated load

At each condition, the tire was subjected to ten lockup
cycles, as described in Appendix 2. The duration of the locked-
wheel condition (100% slip) was minimized using an automatic
lock-up-detection/brake-release system. The gathering cf a very
brief sample of locked-wheel data was mandated by discovery of
serious profile deterioration of test tires following somewhat
extended lockup periods. As an example, Figure 1 illustrates a
time history of vertical load; (a) immediately preceding brake
application with a new tirc, and (b) following a single, one-
second-duration lockup. The serious pollution of the-vertical
load condition was deemed to be an unacceptable price to pay for
extended locked-wheel data. Accordingly, the 100% slip condition
was allowed to persist in each of the baseline experiments for
a period of only 100 to 200 milliseconds.

1.3 DATA PROCESSING AND ERROR TOLERANCES DISCUSSION

The recording of raw tire force and wheel velocity data was
accomplished using an FM analog tape recorder, with backup
oscillographic recordings for visual checking. The tape
recordings were processed by a two-stage computerized data

reduction method. The first stage, utlizing a hybrid computing
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facility, involved the transfer of data from analog to digital
tape format. In the following stage, the digitized data was
manipulated to produce longitudinal force and brake torque tables

as functions of longitudinal slip.

The digital manipulations included:

1. A numerical smoothing routine.
2. Data scaling using recorded calibration signals.
3. Sampling of wheel velocity and longitudinal force

signals to determinc the freely-rolling and
locked-wheel conditions.

4. Computation of a special scale factor adjustment
for FX (as discussed later in this section).

5. Sampling and subsequent averaging of force, torque,
and slip histories for each of the repeat lockup
cycles within a given file, or test condition.

6. Tabulation of the averaged variable histories at
values of longitudinal slip which were spaced as
follows:

every 2% for 0 < slip < 20%
every 5% for 20 < slip < 100%

7. Final output printing, in both tabular and
print-plot format.

Due to a problem rclated to the "seating'" of the load cell
on its fastenings during the tire test program, it was necessary
to determine the FX scaling as an after-the-fact operation during
data processing. This was accomplished in three steps, utilizing
the raw data signals for FZ, Tb’ and Px’ where FX = longitudinal

tire shear force; Fz = vertical load; Tb = brake torque.



For a given file of data (defined by a unique combination
of test conditions), samples were made of the F_ signal-—while
the tire was in a freely-rolling state, but 1oaaed to the
equilibrium test condition loading. Using this value of load,

a computation was made to determine the static loaded radius of
the sample tire. This computation was performed using a set of
radial loading data which had been gathered using the HSRI flat
bed machine [1]. As shown below, individual relationships were
utilized to derive the prevailing static loaded radius for each

tire in the test sample.

Static Loaded Radius

(inches) Tire Size
I:Z
RS = 18.5 - 700 8.25 x 20/E
FZ
Rs = 19.4 - 3850 9.00 x 20/E
FZ
RS = 20.3 - 1700 10.00 x 20/F
FZ
Rs = 20.1 - A 11.00 x 22.5/F
. F?
RS = 21.9 - 5460 11.00 x 22/F
FZ
RS = 21.6 - =000 12.00 x 20/G
F
R, = 20.7 - o575 12.00 x 22.5/F
FZ
RS = 20.8 - E300 15.00 x 22.5/H

The calculated value for static radius (Rq) was used as
representing the effective radius (Reff) at which the Fx—induced
compenent of brake torque is applied. Then, samples were made of

both the FX and brake torque signals during lockup (at which time



the inertial component of torque is equal to zero), and a scale

factor for Fx was determined, assuming

Fy = Tp/Repe = Tu/Rg

The associated scale factor was then used in reducing the
FX data signal to obtain measures of absolute force level, in
pounds. This scale factor is known to be somewhat larger, in
terms of 1lbs/volt, say, than is actually appropriate due to the
fact that the compliant tire structure suffers a rearward
deflection of its vertical load vector during the generation of
"braking" shear forces. As shown in Figure 2, the deflection,
Ax, gives rise to an (FZAX) component of torque which is additive

to the (FxReff) component.
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Measurements have been made [2] of the errors in force
measurement which might derive from the presence of this torque
component—and its accompanying influence on torque-to-force
scaling such as we conducted. These experiments, performed for
passenger car tires, show the measured longitudinal force to be
2 to 9% higher than the actual force level, with radial ply tire
constructions accounting for the upper end of this range. While
no data had been reported in the literature relating these numbers
to truck tires, there is reason to believe that errors in
longitudinal force such as apply to truck tire data reported herein
will be somewhat smaller than the 9% upper range of error as
applies to passenger car tires. This conclusior is based upon two
observations, namely that:

(a) the ratio of the tangential spring rates of
cross-bias truck versus car tires is about equal
to the ratio of their respective rated loads
[3, 4], that is,

KX(Truck tire) N Fz rated (Truck tire)

KX(Car tire) Fz rated (Car tire)

Q

(b) the effective radius of truck tires in the 20"
to 22.5" diameter rim sizes is on the order of
1.6 times the effective radius of passenger car
tires which are in the 14" and 15" diameter rim

sizes.

The general torque equation, at the locked wheel condition, is:

g !

Tb - K; I:z ¥ Fx Reff (1)



If we consider, as a reference condition, those measurements

performed at rated load, then

F
KE = Constant, C, (2)
X
for truck or passenger car tires. Substituting C into Equation
(1) gives
Tb = FX(C + Reff) (3)
(as

Given that, for passenger car tires, C = .09 Reff
car

deduced from Reference [2]), and

then,

C~ .056 R
efftruck

Accordingly, we speculated that the error induced in truck
tire longitudinal force measurements, as scaled from torque
recordings, is less than the 9% maximum reported for passenger
car tires, and may be on the order of 6%, if tangential stiffness
is the primary determinant of this property. To check this
hypothesis, static measurements were made at HSRI on two of the
test sample tires, following the full-scale test program. Refer-
ence values of longitudinal force were applied at the ground plane
of a standing tire using a fluid bearing for frictionless support.
The "error,'" described below, was obtained for each tire at

different values of vertical load.




Tb(measured) _
Rs - Fx(applled)

F error(%) = F_(applicd) x 100

The maximum errors achieved in each case are tabulated

below:
TABLE 1
Vertical Load

Tire Size 3500 1bs 5000 1bs 6500 1bs 8000 1bs
9 x 20/E 3% 3.7% 4.2% --
(rated load,

4610)
11 x 22.5/F <1% <1% 1.3% 2.4%
(rated load,

5430)

While these few static tests do not constitute a rigorous
exanination of the mechanism involved, we suggest that a pragmatic
approach can be adopted in adjusting the data reported herein to
account for the upward bias which resides in the normalized
longitudinal force measures. It is estimated that the data may
be biased from .5% to 6% of the reported value of u, with higher
load levels accounting for higher errors and, conversely, with

lower lcvels of error associated with lighter loading.

1.3.1. VERTICAL LOAD ACCURACY. Since the longitudinal
force measure is normalized through the relation Hy = FX/FZ,
the accuracy of iy is determined, in part, by the accuracy of
the measurement of vertical load, FZ. As a consequence of the

load cell '"seating" anomaly, alluded to earlier, an uncertainty



exists in the value of Fz, as shown in Figure 3. This limitation
in absolute accuracy is coupled in the table below with the
previously discussed bias error and presented as maximum-high-side
and low-side errors in oo i.e., ux(measured) = ux(actual)

% error
t 70 X ux(actualj.

TABLE 2

Uncertainty in Absolute Value of Hy

Vertical Load +% (High Side Error) -% (Low Side Error
2000 1bs +22% -11%
3000 1bs +18% - 9%
4000 1bs ‘ +14% - 6%
5000 1bs +10% - 45
6000 1bs + 9% - 3%
7000 1bs + 9% - 2%
8000 1bs + 8% - 2%
9000 1bs + 8% - 1%

10000 1bs + 8% - 1%

11000 1bs + 7% - 1%

12000 1bs + 7% - 1%

It is believed that the change in load cell fastening

condition which gave rise to the large indicated change in the

FZ calibration involved an anomaly which occurred either completely
before or completely after the test program. This hypothesis

is supported by a reference pair of tests (involving ten lockup
cycles each) made on a 10.00 x 20/F tire early in the baseline
tests, and at the end of the series. The 'before" and "after"
values of the respective peak and slide ”ux's” were seen to be

within 0.02 units of one another (substantially within the run-to-

run variations). Thus it is postulated that the absolute F,

10
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measures are all actually biased to ciue polarity of the Figure 3

error scale, most likely the negative side (given our understanding

of the load cell anomaly) such that the likely high/low error

estimates 1in W, are listed below.

Vertical Load

2000
3000
4000
5000
6000
7000
8000
9000
10000
11000
12000

TABLE 3

%, (High Side Error)

%, (Low Side Error)

+22%
+18%
+14%
+10%

+

+

+

9%
9%
8%
8%
8%
7%
7%

+153
+12%
+ 85

+

+ + +
[ B O LA
oL

S SN° O o SR e oe

N NN

The tolerances of Table 3 can be applied to a given data sample

by first noting the vertical load level of the test, and then

subtracting the indicated percentage error

from the feported value

of oo For example, a tire which showed a u peak value on dry
asphalt of 0.89, when loaded to 6000 1bs FZ, would be corrected

to rcad within the range defined by:

bod
Ol oo
I WO

=
(end Yool
\aliNe]

1

1]

.855 (high value)

.817 (low value)

12




Since a given percentage error applies to all data taken at
a given value of vertical load, peak to slide ratios and relative
velocity sensitivities are unaffected by this error problem. The
sensitivity of peak and slide Wy performance to vertical load,
however, must be corrected by the application of the Table 3

adjustments.

13



2.0 RESULTS OF THE BASELINE TESTING PROGRAM

2.1  BASELINE DATA PRESENTATION

Longitudinal shear force measurements were made on a set
of eight truck tires covering the sizes indicated below:

8.25 x 20/E Rated load, 4050 1bs.
9.00 x 20/E Rated load, 4610 1bs.
10.00 x 20/F Rated load, 5430 1bs.
11.00 x 22.5 /F Rated load, 5430 1bs.
11.00 x 20/F Rated load, 6290 1bs.
12.00 x 20/G Rated load, 7000 1bs.
12.00 x 22.5/F Rated load, 5920 1bs.
15.00 x 22.5/H Rated load, 8460 1bs.

A1l tires were of cross-bias ply construction and highway rib

tread pattern.

The data deriving from these tests are summarized in Table 4,
in their uncorrected form. The u-slip histories which are
associated with each set of data in Table 4 are presented in
Appendix 1. Strictly speaking, these data are qualified by the
error tolerances described in Table 2. As discussed, however,
we propose the Table 3 corrections as the most likely set of
bounds for absolute interpretations. Thus a tabulation of high
and low values for up and Mg is presented in Table 5, representing
the application of Table 3 corrections to the baseline data.

Table 5 presents the high and low limits which we feel specify

the range of confidence in the values of Mo

14



TARLE 4

SUMMARY OF UNCORRECTED BASELINE DATA

20 mph 40 mph 60 mph
Tire Wet Jennite Dry Asphalt Dry Asphalt
Fz up s Fz up Mg Fz up Hs
2010 .60 .36 | 1942 1.11 .59 | 2012 .95 .59
8.25-20/E 3984 .59 .31 4066 .92 .50 4043 .86 .53
5675 .54 .27 5883 .86 .47 5936 .75 .46
2571 .48 .25 2745 .97 .49 2609 .88 .49
9.00-20/E 4826 .53 .28 4929 .87 .45 4927 .78 .44
6918 .49 .27 7006 .79 .41 7116 .66 .38
3079 .56 .35 3079 1.01 .54 3138 1.00 .54
10.00-20/F 5601 .63 .31 5550 .89 .47 5662 .82 .48
8407 .49 .29 8800 .73 .41 8362 .73 .43
2740 .54 .36 3081 .87 .51
11.00-22.5/F 5380 .48 .25 5364 .88 .49 5507 .79 .48
8376 .40 .23 8218 .68 .45 8214 .66 .44
3240 .50 .33 3431 .85 .55
11.00-22/F 6542 .51 .30 6529 .87 .48
9812 .41 .24 8344 .76 .46
3820 .49 .27 3875 .95 .53 3859 .84 .53
12.00-20/G 7359 .42 .23 5544 .88 .48 5529 .87 .49
11248 37 .20
3274 .52 .30 3369 .94 .52
12.00-22.5/F 5959 52 .31 6078 .87 .46 6036 .81 .46
9293 .42 .23 7830 .76 .42 7821 .76 .43
4501 45 .22 4353 .99 .53 4414 .86 .49
15.00-22.5/H 8749 42 .22 6597 .87 .43
13519 36 .20

15
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2.2 DISCUSSION OF RESULTS AND BASIC FINDINGS

A direct observation which can be made from the presented
data concerns the large peak-to-slide ratio exhibited by all
tires in the sample—even on dry paved surfaces. This property,
which contrasts markedly with passenger car tire performance,
is felt to constitute a valid representation of a commercial
tire characteristic which is of great significance to limit

stopping distance performance.

Another finding which we feel to be supported in the data
concerns a significant, though not universally exhibited,
sensitivity of shear force potential to vehicle velocity.
Extending the velocity sensitivity indications which appear in
the baseline data, an extra set of data was taken using a
10,00 x 20/F tire over a large range of velocities, including
a few very low speed runs. The results are plotted in Figure 4
in terms of corrected “p and Mg We would speculate that the
very large increase in shear force potential at velocities near
zero is a potentially contributing factor to the violent
terminal bchavior exhibited by many trucks at the conclusion of

a limit stopping test.

An observation of vertical load sensitivity can be made
from the data shown in Figure 5 which indicates the load
sensitivity on dry asphalt of the 9:00 x 20/E tire. Since this
tire was one whose FX versus torque relation was measured in the
laboratory (see Table 1), a total correction in Fx was achieved.
The FZ condition was evaluated using the negative polarity error
limits shown in Figure 3. The FZ influence described in the
Figure 5 cross plot shows a sensitivity of normalized longitudinal
force to load which results in a nearly equal percentage loss

in both Up and Hg over the range examined.

18
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A rather remarkable consistency in u_ and Ly Was observed
over the eight-tire sample for the rated load condition on dry
asphalt at 40 mph (for which a full set of eight data points
is available). For each tire the mean corrected values of “p and
Hs
peak and slide values. Although all but the 10:00 x 20 tire were

made by the same manufacturer, one might have anticipated a much

are presented in Table 6, showing a very narrow range of both

broader spread in dry friction performance, if one were to
extrapolate from passenger car tire experience [5]. Despite this
consistency in normalized shear force performance near rated
load, varying load sensitivities are apparent across the tire
sample such that consistency at other load levels is not

comparable to that shown in Table 6.

TABLE 6

Tire Ypeak Hs1ide
8.25 x 20/F 80 45
9.00 x 20/E 81 42
10.00 x 20/F 84 44
11.00 x 22.5/F 82 46
11.00 x 20/F 82 45
12.00 x 20/G 83 45
12.00 x 22.5/F 82 43
15.00 x 22.5/H 82 40

21



With regard to the by versus slip histories presented in
Appendix 1, the mest notable peculiarity in shape concerns the
slim, narrow-slip-range peaks which occur on dry surfaces as
opposed to the broad, and rather flat, peaks which are measured
on the wet coated asphalt. These curve-shape characteristics
are completely reversed from that normally observed with

passenger car tires [6].

While the fidelity of the curve shape at large slip values
(s > 75%) is not as high quality as it i1s in the low slip range
of these data, there is an inflection at high slip in many of
the dry asphalt data curves which is intriguing; and, we believe,
factual. As shown in Figure 6, the abrupt change in slope which
occurs near s = 85% accounts for a large additional decrement
in My Thus it would appear that a large '"price" is paid in
sustaining the lockup condition itself, while the mid-slip range
imposes losses in force production which are not as severe as
the high '"peak-to-slide'" ratios would suggest. It is presumed
that the indicated high slip inflection derives from some
thermal sensitivity to the localized heating of the near-lockup

condition.

2.3 CONCLUDING REMARKS

Although we have, unfortunately, found it necessary to
qualify certain aspects of the data presented herein, it does
appear that a number of meaningful observations can be drawn.
Given the current limitations in available data describing the
longitudinal (or any other) shear force characteristics of truck
tires, the measurements reported here are felt to be useful in
filling an existing need. They suggest that tke commercial
vehicle tire, to the extent represented in our sample, is quite
unlike the passenger car tire in many of the characteristics
which are relevant to the limit braking perforrance of highway
vehicles. Certain properties are at such variance with our
current models of longitudinal traction mechanics that serious
efforts must be undertaken to examine the matter in depth.
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APPENDIX 1

PRINT-PLOT DISPLAYS OF p-SLIP HISTORIES

In this appendix, individual u-slip histories are presented
as outputted through a digital line printer. The graduation of
the ordinate scale provides a print increment every 0.0Z units
of ”ux”. The graduation of the abscissa scale provides a print
increment for each 1% slip. The printed header at the top of the
graph indicates the tire sample and the surface for which the
data applies. The print out located below each graph indicates
the vertical load and velocity conditions under which the data
were obtained, and also lists the value of p at 100% slip (?ULOCK)
and the peak value of p (MUPEAK). Also, the ratio of
MUPEAK/MULOCK is printed.

The data graphs are arranged by tire sample with each
tire's data presented in the following sequence:

1) 20 mph wet jennite le
2) FZZ
3) FzB
4) 40 mph dry asphalt le
5) F22
6) FzS
7) 60 mph dry asphalt le
8) FzZ
9) . FZ3

In the 72-point matrix of data, defined by eight tires
times nine conditions, there are a total of nine (9) missing

points as were indicated in Table 4.
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APPENDIX I

MOBILE TRUCK TIRE DYNAMOMETER—
LONGITUDINAL TRACTION PROPERTIES

BASIC CONFIGURATION

A mobile dynamometer has been constructed in the configura-
tion of a semi-trailer device for use in measuring the longi-
tudinal traction properties of truck tires. Shown in Figure 2.1,
this trailer apparatus is of steel pipe and plate construction,
with a nominal wheelbase of 20 feet. The test tire is located
in the geometric center of the trailer, and is supported by a
parallel arm suspension, shown in Figure 2.2. Since the parallel
arms are pivoted about truly longitudinal centerlines, there is
no kinematic interaction between longitudinal tire force, PX,

and vertical load, Fz.

The test tire is mounted on a spindle assembly which is
in turn fastened to the outboard face of a multi-axis load
cell. The load cell is a serial element between the test tire
and the overall trailer structure. Tire loadinz is provided
through a pressure-regulated air spring which is situated directly
cver the test wheel. This bellows-type spring permits easy load
adjustment vhile providing a very low-rate coupling between the

tire suspension and the trailer structure.

Braking torque is applied to the test wheel through a
large hydraulic disc brake whose actuation pressure is servo-

controlled.

The trailer rear axle is air-suspended to assist in
attenuating ridc vibrations as well as to provide, through
closed loop leveling control, a means for establishing a zero-

pitch-angle trim condition at each value of test tire loading.

The test trailer is towed by a highway tractor which is
outfitted with hydraulic, pneumatic, electrical and data acquisition
services in addition to a water delivery capability for pavement

wetting.
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A tabulation of specifications for the test device
follows:

Trailer Overall Length 23 feet

Trailer Gross Weight 18,000 1bs
(with current ballast)

Maximum Test Tire Vertical Load 14,000 1bs
(at current ballast conditions) .

Maximum Test Tire FZ Rating 20,000 1bs
(with added ballast)

Brake Torque Rating @ 60 mph 180,000 in-1bs
@ 30 mph 220,000 in-1bs
Load Cell Rating FZ 20,000 1bs
FX 20,000 1bs
My 240,000 in-1bs
Dead Load Inmposed by the
Unsprung 'lass on the Test Tire 1,850 1bs

(including a 10:00 x 20/F tire)

Tire Size Range All tires in the 20,
22, and 22.53" rim
diameter sizes

Test Wheel Configuration Disc wheel, 10 hcle
11-1/4" diameter
pattern

OPERATING PROCEDURE

For a given test condition consisting of a selected vertical
load level, test velocity and road surface, the sequence of wheel
slip cycling is preceded by a static sct-up condition. With the
test vehicle at rest, the tire support assembly is raised clear
of the pavement and the vertical load data signal is adjusted to
read "zero'" load. This adjustment compensates for differences in
"tare weicht" which derive from the installation of different

size tires and wheels.
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The test tire assembly is lowered to the pavement and the
air spring pressure regulator is adjusted to provide the desired

value of vertical load for the test.

The vehicle is then accelerated to the desired test velocity
on the selected surface. The wheel slip cycle is initiated by
application of a ramp-fronted step command to the brake pressure
servo-mechanism. The input command is sustained until a wheel
lockup detection circuit triggers an automatic brake release.

The entire lockup/release cycle is completed in 300 to 500
milliseconds, thus minimizing wear of the test tire. Repetitive
slip cycles are conducted for galning a statistically reliable
data sample, and then the test system is adjusted to a new set

of conditions for the next data sequence.
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