THE EFFECT OF OPERATING CONDITIONS ON THE SKID PERFORMANCE OF TIRES

Steven R. Sacia, The Goodyear Tire & Rubber Co.

This paper presents the results of a test program

on the skid performance of tires. The program was
conducted under Contract DOT-HS-205-2-238 from
the Department of Transportation, National High-
way Traffic Safety Administration. Effects of
the following variables were evaluated: tire
load; tire inflation pressure, road speed and
surface water depth. An ASTM type control tire
and a production bias belted tire were used in
the tests. Both peak and locked wheel coeffi-
cients of friction were measured using two skid
trailers. All tests were run on a wet surface
with either the skid trailer's onboard watering
system spreading 0.51 mm (0.02 in.) of water on
the test track or sprinklers flooding the track
surface to a depth of 3.05 mm (0.12 in). Load,
speed, and inflation were varied over a range

of three values. Two surfaces were used, SN 35
+ 5 concrete and SN 60 * 5 asphalt. Of the
variables tested, load and inflation had the
least effect on traction over the range which
they were varied. Speed and water depth inter-
acted, causing a significant decrease in skid
coefficients with an increase in both parameters.

During a simple stop on pavement a number of
forces and moments are acting on a vehicle. All
these forces must act through the tires to provide
the proper reaction. In only a very few of the
deceleration maneuvers are the tires used to the
limits of their tractive ability. On wet pavement
in particular these limits can be reached.

The purpose of this paper is to investigate the
effect of certain operating parameters on peak and
locked-wheel coefficients of friction on wet pave-
ment. The data base used for this analysis was
gathered under the Department of Transportation
Contract DOT-HS-205-2-238(1l). Approximately
30,000 skids were produced at the Goodyear Proving
Grounds in San Angelo, Texas, during the summer and
fall of 1972.

A pair of two~wheeled towed trailers (Figure 1)
was used to measure the vertical and horizontal
forces acting on a tire during a brake application.
These trailers evolved from earlier torque measur-
ing trailers used primarily to measure pavement
Skid Numbers. They have become valuable tire test-
ing tools. Actual vehicle tests provide meaningful
data about vehicle and tire system behavior and can
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be useful in comparing tires under service condi-
tions. Still, it is difficult to obtain absolute
tire data (2) from vehicle tests. The major disad-
vantages of vehicle tests are (1) the difference in
speed at which peak and slide occur, (2) effects of
the vehicle, (3) the unavailability of reading trac-
tion coefficients directly, and (4) the large number
of vehicles needed to cover the range of tire sizes.

Figure 1.
data.

Two trailers used to obtain skid test

The industry standard established for skid
trailer testing is SAE J345a(3). DOT specified
that Goodyear's data collection procedures comply
with the standard.

The data gathered provide an excellent oppor-
tunity to study the parameters of load, speed, in-—
flation pressure, and water depth on a concrete
surface, SN 35 + 5, and on an asphaltic concrete
pavement, SN 60 * 5. All testing was done on wet
pavement. The original test was run using two
types of bias-belted tires: therefore, our discus-
sion will be limited to these two groups of tires
only. The tires used are shown in Figure 2. The
Group B test tire (G78-15 Goodyear Custom FPower
Cushion Polyglas) is shown on the left and the Group
A control tire (G78~15 proposed ASTM) is shown on
the right.

The control tire should not be confused with
either the 7.50-14 E 249(4) ASTM tire or the
G78-15 E 501(5) ASTM tire. The Group A tire used
here was introduced to replace the E 249 ASTM tire
and was an interim tire that aided in the develop-
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Figure 2. Goodyear (Group B) and ASTM (Group A) ment of the E 501 ASTM tire. The E 501 ASTM tire
test tires. was adopted as a replacement for the E 249 in 1974.
The correlation between these tires has been well
established(6). The Group A tire used for this
program would probably exhibit wet traction proper-
ties similar to either the E 249 or the E501.

The two trailers used in this program were of
similar design and function. As outlined in both
the Florida Skid Trailer Correlation of 1967(7) and
the Highway Research Report on calibration techni-
ques(8), the need for standardized design, accuracy
in calibration, effective watering systems, and
uniform operating techniques is very important.
Every effort was made to reduce any varlations be-
tween units. High-speed movies were made to in-
sure that the onboard watering systems were func-
tioning properly. Throughout the testing, both
trailers provided similar results. To insure that
the trailers did not distort the data, five of the
ten tires tested under each condition were run on
separate trailers when possible.

The trailers provided the information needed to
analyze tire traction. Fundamental to the under-
standing of traction is the p-slip curve. Coeffi-
Figure 3. Typical u-slip curve. cient of friction (u) as used in this discussion is

defined as follows:
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It should be understood that the value of y being

\\\\\\‘ used here is 100 times the classic definition of
coefficient of friction. This value was used to be

r\\\\\\ consistent with the Skid Number notation commonly

used when discussing ASTM E274 skid results. Mu-
slip curves were developed for all test conditionms.
/ //// A typical curve is shown 1n Figure 3. Peak is the
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Slide is the coefficient of friction during locked-
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The test program outlined in the DOT contract
consisted of two major parts. The first portion
was designed to provide data to evaluate the repeat-
ability of the two-wheeled towed trailer methodology.
The second part provided the data analyzed in this
paper. As shown in Figure 4, three levels of load,
Figure 4. Test program conditions and variables.
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speed, and inflation pressure as well as two levels
of water depth and surface type were evaluated for
each of the tire groups. The Tire and Rim Associ-
ation rated load at 165 kPa (24 psi) is 626 kg (1380
1b). This value was used as the 100% load level.
Ten tires of each group were tested at each of the
108 test conditionms.

Discussion of Results

The data from each of the 27 combinations of
load, speed, and inflation pressure on each surface
and water depth condition were analyzed by a mul-
tiple regression program. The first step was to
use a linear fit for each of the variables. The
results from this phase were encouraging, but it
appeared that speed may be a non-linear factor af-
fecting the coefficient of friction. Attention was
then concentrated on finding the best manner in
which to express changes in skild coefficient as
speed varied.

The relationship between peak and slide was also
investigated to determine if peak coefficients of
friction could be estimated by using the measured
locked-wheel results. The relationship between the
Group A and Group B tires was of Interest because

Table 1. Coefficients of friction - self-watering
tests on concrete.

INFLATION
LOAD SPEED | PRESSURES GROUP A GROUP B
% (km/hr) (kPa) PEAK | SLIDE | PEAK | SLIDE
138 76.9 36.8 80.6 375
32 165 79.6 374 81.1 38.0
207 779 36.3 80.2 384
138 773 34.5 804 36.1
100 | 64 165 80.8 34.1 82.8 1.7
207 816 35 84.6 36.1
138 73.0 302 80.1 319
07 165 773 28.7 81.7 30.1
207 718 202 80.9 309
764 304 78.5 38.9
32 158 782 319 14 ma
207 714 374 80.2 38.2
138 76.7 34,0 803 354
10 | 64 165 79.6 4.5 817 35.6
207 769 336 80.2 352
138 75.2 318 774 324
a7 165 75.5 306 78.3 32.1
207 763 314 811 336
138 81.8 39.2 814 30.7
32 165 84.5 39.0 85.0 397
207 83.8 38.1 86.9 38.6
138 76.2 34.8 78.3 354
80 | 64 165 815 345 82.7 36.7
207 79.7 336 82.6 4.5
138 74.0 323 779 336
97 165 76.7 312 79.6 319
207 75 29.8 80.2 316
CONVERSION:

1 kPa = 0,145 psi
1 km/hr = 0.62 mph

of the common practice of using a "control tire,"
The purpose of the control tire is to monitor un-
controllable variables, then adjust the test tire
results to account for any deviations. Let us first
examine the resuls from the self-watering test
phase.

Self-Watering Tests

The self-watering phase was run using the on-
board watering system on each trailer to create the
desired water depth of 0.51 mm (0.02 in.). High-
speed films were taken of the trailler traveling
over a glass plate embedded in the road. Measure—
ments of the wetted width of water were taken with
a film analyzer at each speed. Since the width was
not a linear function, the flow control valve could
be adjusted to provide the proper flow rate at each
speed. This adjustment seemed to contribute favor-
ably to providing the proper water depth for this
phase of testing.

The results of the self-watering testing on
asphalt and concrete are given in Tables 1 and 2.
As given the coefficients are higher on asphalt than
concrete. The concrete had a Skid Number of SN 35
+ 5 as compared with the asphalt, which was SN 60

Table 2. Coefficients of friction - self-watering
tests on asphalt

INFLATION
LOAD  SPEED | PRESSURES GROUP A GROUP B
% (km/hr) {kPa) PEAK | SLIDE | PEAK | SLIDE
138 1036 75.6 1033 76.2
32 165 1025 74.8 104.0 76.2
207 102.7 74.5 106.6 76.4
138 101.9 60.9 102.6 62.1
100 | 64 165 1049 60.8 104.1 63.0
207 1023 | 613 105.9 63.5
138 956 | 494 98.2 51.5
97 165 979 50.0 993 514
207 103.8 53.8 104.3 56.0
139 97.5 69.3 96.1 69.9
32 165 96.8 700 96.1 69.7
207 99.1 £7.8 99.7 705
138 90.6 57.4 93.0 58.3
10 | 6 165 94.7 56.3 946 56.8
207 970 57.1 974 50.8
138 844 | 497 89.2 51.2
07 165 09.3 497 93.7 52.7
207 956 | 497 96.4 51.9
138 100.0 75.2 107.1 754
32 165 100.8 75.7 108.0 76.3
207 1118 753 1003 76.7
138 105.9 §3.0 105.6 62.7
80 | 64 165 1069 60.8 107.3 64.6
207 106.3 625 108.2 65.9
138 980 | 478 99.6 50.4
07 165 1027 | 490 104.8 51.2
207 1024 412 104.5 50.5

CONVERSION:
1 kPa = 0.145 psi
1 km/hr = 0.62 mph




Table 3. Regression constants for self-watering tests.

u=Agt Ay x LOAD + A, x SPEED + Az x INFLATION
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LOAD SPEED INFLATION
TIRE . A, Ay Ay CORRELATION STANDARD
GROUP 0 e, [ ke (mph)] [kpa (psid] COEFFICIENT DEVIATION
= A - 85.1 0,092 ~0.054 0.031 S "
(-0.087) {0.215) - 04
CONCRETE —
- B = 82.6 ~0.060 ~0.026 0.034 -
(-0.042) (0.233) ' 164
PEAK
- A 131.5 ~0.364 ~0.117 0.07
-1 .
(~0.189) (0.493 0.802 1o
ASPHALT —L
B 1 1218 ~0.332 ~0.070 0.060
(—0.112) (0.015) h.&Th kil
~0.114 ~0.015
A B 44.0 .
(~0.184) (~0.100) Loz 81
CONCRETE
i 0.103
B — 42.0 B
gy 0.922 0.82
SLIDE] =
~0.367
A — 83 -0,
L 088 e 0.951 2.32
ASPHALT
B 4 e —0.094 ~0.348 s 0.954 215
(~0.560)
CONVERSION:
1 kPa = 0.145 Ibffin.2
1 km/hr = 0.62 mph

+ 5. The assumption should not be made, however,
that the coefficients on asphalt are always higher
than concrete, since asphalt can also have a low
Skid Number.

Results of the regression analysis are shown in
Table 3. Only parameters that proved to be sound
using the "F-test" (90% confidence level) are repre-
sented. The results of the curve fit for peak are
less favorable than those for slide. The correla-
tion coefficients are lower and the standard devi-
ations are higher for the peak equations than those
for the slide equations. The calculated equations
generally fit the test data satisfactorily.

The peak results on concrete were less conclu-
sive than those on asphalt. To determine the use-
fulness of the regression line for concrete, the
variation of the 27 peak data points about the mean
was calculated for each tire. The standard devia-
tion was 2.81 for Group A and 2.23 for Group B. As
shown in Table 3, there is a reduction in the spread
of the data when it is fit to the regression line;
but it is not as much as would be desired. Corres-—
pondingly, the standard deviation in peak data
measured on the asphalt surface was reduced by more
than one-half when it was fit to the regression
equation.

From the equations it appears that peak is a
function of load, speed, and Inflation for these
two groups of tires and surfaces. Figure 5 and 6
show the plotted equations for U versus speed at
a constant load of 100% and an inflation pressure
of 165 kPa (24 psi). Speed has less influence on
peak than it does on slide. When load increases
from 80% to 110%, the peak coefficient on concrete
is reduced by 1.8 for the Group B tire and by 2.8
for the Group A tire. A similar reduction on
asphalt would be as much as 10.0 for Group B and
10.9 for Group A. The effect of load on peak is

shown in Figure 7. Increasing the inflation pres-
sure from 138 kPa (20 psi) to 207 kPa (30 psi)
would cause an increase in peak | of approximately
2.25 on concrete and 4.5 on asphalt. The effect of
inflation on peak is shown in Figure 8.

Speed seems to be the main parameter affecting
the traction developed during the locked-wheel test
phase. Only one tire surface combination was sen-
sitive to changes of inflation, but this effect can
be considered minor. The effect of load variations
on slide was evident on the concrete surface only,
and likewise appeared to be immaterial. A 30% in-
crease in load would cause only about a 3% reduction
in slide.

One of the interesting aspects brought out by
this analysis is that asphalt in general was more
sensitive than concrete to changes in load, speed,
and inflation. The variation about the regression
lines for both peak and slide was larger on asphalt
than concrete.

Peak is a transient measurement; slide is a
steady state measurement. Slide is the coefficient
averaged over a one second period of time. Because
of the trailer's suspension, the vertical load dur-
ing a test varies substantially. Once brake force
is applied to the tire, the load decreases. The
strong load dependence shown here could be a con-
tributing factor to the large variations that ap-
pear in peak measurements.

Flooded Tests

The flooded portion of the testing was done on
the same surfaces used for the self-watering phase.
The water was applied to the surface by means of a
pipe running along the edges of the test track.

With this method, the depth of water varied, largely
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Figure 5. Coefficient of friction versus speed -
self-watering tests on concrete.
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because of surface irregularities. The average
water film thickness, measured with an electronic
depth gauge, was 3.05 mm (0.12 in.). Seldom 1is a
water film of this depth encountered in normal driv-
L~

ing.

The results of the flooded test phase are given
in Tables 4 and 5. As with the self-watering phase,
the results on the asphalt surface were higher than
the results on concrete.

Table 6 summarizes the multiple regression analy-
sis. The equations describe the peak and slide data
accurately. All the correlation coefficients ap-
proach unity. Both the first- and second-order re-
presentations of speed were used. With two excep-
tions the second-order equation for speed gave the
best fit. For these two cases the linear speed
portion of the equation was not statistically signi-
ficant. In those two cases, the equation utilizing
speed squared provided the best results. Speed that
was varied from 32 km per hour (20 mph) to 97 km per
hour (60 mph) had the largest effect on H. Filgures
9 and 10 illustrate this relationship.

On concrete the effect of load on peak is greater
for the flooded surface than it was for the self-
watering surface. The effect of load could not be
determined for the flooded asphalt surface. Changes
in load had only a minor effect on slide.

In comparison to the effects of load and speed,
changes in inflation cause only aminor effect on
either the peak or slide coefficient of friction.

Figure 6. Coefficient of friction versus speed —
self-watering tests on asphalt.
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The differences between surface sensitivity are not
as evident for flooded conditions as they are for
self-watered.

Many times when conducting tire tests, one type
of tire will be used to monitor the effects of non-
controlled variables. Such variables may be temper-
ature, surface wear, or equipment and procedural
differences between testers. Generally, the control
tire will have about the same tractive ability and
will be run under the same conditions as the test
tires. The primary objective of this analysis was
to investigate the relationship between Group A and
Group B tires when the parameters of load, speed,
and inflation were varied. A linear equation of
the following form was used:

Coefficient B = A0 + Al x Coefficient A. (2)

The results in Table 7 are somewhat confusing.
The peak results on the concrete surface have a very
low correlation coefficient in comparison with the
other conditions. The standard deviations are all
very low except for the flooded peak results, which
are about four times as large as the rest. Graphs
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Table 4. Coefficients of friction - flooded surface
tests on concrete.

INFLATION
LOAD SPEED | PRESSURES GROUP A GROUP B
% (km/hi (kPa) PEAK | SLIDE | PEAK | SLIDE
138 794 334 730 32,0
2 165 793 342 74.6 33.0
207 81.6 343 779 334
138 66.2 233 56.7 22.0
100 | 64 165 673 25.0 59.6 2.2
207 67.5 25.6 61.9 25.3
138 244 8.1 248 8.0
97 165 26.2 9.6 228 10.2
207 29 | na 254 18
138 885 | 342 81.9 329
a2 165 88.2 343 82.0 33.7
207 86.2 34.3 82.2 394
138 61.7 209 452 19.4
1m0 | 64 | 165 60.6 23.2 534 223
207 735 243 60.1 239
138 274 7.6 26.7 8.4
g7 165 265 74 264 8.4
207 30.2 110 255 1.2
138 87.0 359 80.7 343
32 165 67.3 36.9 B1.6 358
207 83.8 36.8 799 354
138 80.5 212 66.6 2.4
80 | 64 165 79.6 28.1 66.3 25.2
207 82.1 278 76.6 254
138 270 79 28.7 8.3
97 165 26.1 8.0 26.8 9.9
207 36.2 114 296 12.0

CONVERSION:
1 kPa = 0.145 psi
1 km/hr = 0.62 mph

of the equations are displayed in Figures 11 and
12. Note that the slopes of the slide curves for
the self-watering and both the peak and slide curves
for the flooded results are of the same magnitude.
The peak curves for the self-watering results are
different from the others, because the intercepts

do not approach zero and the slope of the curve is
comparatively lower.

The common practice is to use a one-to-one
relationship for adjusting data. With the excep-
tion of peak self-watering, this practice seems
reasonable for this pair of tires. However, that
adjusting should be done only over small ranges.
The accuracy of the peak adjustments on flooded
surfaces is questionable.

Peak as a Function of Slide

It would be useful to be able to accurately
predict peak traction coefficients by using the
slide results. Possible application might be (1)
correcting peak tire data for changes in the sur-
face's skid number, (2) obtaining peak on torque
trailers (cannot currently be done due to inertial
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Table 5. Coefficients of friction - flooded surface
on asphalt.

INFLATION
LOAD SPEED | PRESSURES GROUP A GROUP B
% (km/hr) (kPa) PEAK | SLIDE | PEAK | SLIDE
138 98.2 51.3 90.6 49.2
2 163 102.1 503 938 492
207 106.4 52.1 98.9 51.4
138 83.5 42.1 63.7 40.5
100 64 165 84.9 410 729 40.1
207 86.3 410 7256 40.0
138 2439 164 236 16.2
97 165 214 16.7 77 173
207 243 202 2256 205
138 95.7 482 92.6 48,0
32 1656 96.8 479 926 4.6
207 98.4 476 94.2 8.7
138 78.0 39.2 66.8 378
110 64 165 80.1 38.0 75.7 3.0
207 779 9.3 67.6 30.8
138 234 176 23.2 176
97 165 19.0 15.3 19.9 17.2
207 219 175 209 18.5
138 96.2 494 925 50.6
32 165 913 489 90.8 49.9
207 96.4 411 91.7 483
138 83.4 40.1 758 394
80 64 165 78.6 40.0 66.4 40.5
207 78.6 406 66.6 44
138 213 18.6 28.2 202
97 165 299 20.1 292 21.0
207 33.0 204 26,8 2749
CONVERSION

1 kPa = 0.145 psi
1 km/hr = 0.62 mph

forces), (3) amalyzing vehicle skid results, and
(4) computer modeling of vehicle stopping. Re-
sults of a linear regression of the data base are
shown in Table 8. The equation of the form

Peak = A  + A, x slide

0

1

(3)

was used for the linear regression analysis.

The correlation between peak and slide for the
self-watering tests is very poor (shaded portion
This should prevent the use of a set

of Table 8).

peak-slide relationship at low water depth condi-
tions. Correlation for the flooded conditions ap~
pears very good. This is probably due to the large
decrease in both peak and slide traction as speed
increases. The similarities in the results be-
tween the Group A and Group B tires as shown in

Figure 9. Coefficient of friction versus speed -
flooded concrete tests.
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Figure 13 are very encouraging. The only major dif-
ference is in the Y intercept, Ag. From these re-—
sults, it can be concluded that for a surface with
high water depths [approximately 3.05 mm (0.12
inch)], the slope of the regression line for peak

as a Function of slide is approximately 2.28.
Therefore, the only apparent effect of varying the
surface or the tires used would result in a change
in the Y intercept, since the slopes of the four
curves are similar.
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flooded asphalt tests.
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Group B versus Group A results -
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Table 6.

Regression constants for flooded surface tests.

i= Ag+ Ay x LOAD+ A, x SPEED + Ay x SPEED? + A4 x INFLATION

2
TIRE LAD g SEERL '"FLA‘;T'O'“ CORRELATION STANDARD
1 2 3 IcH EVIATION
GROUP Ay %) [km/hr (mphi] | Cxmhe (mpn) ] [kea (psi] COEFFICIENT ]
1.049 —0.01495
=4 = : 969 4.68
5 i34 0177 (1.689) (~0.03873) 0
CONCRETE
—0.00644 0.057
—| ; -0. 0.964 4.64
8 - e {~0.01667) (0.395)
PEAK
1327 ~0.01911
= . 0.986 4.01
. b (2.135) {~0.04049)
ASPHALT
0.394 ~0.01138
: 0.989 3.29
5 = (0.634) (-0.02050)
—0.00308 0.027
— - 0.990 117
A 24 s (-0.00798) |  (0.189)
CONCRETE
-0.169 ~0.00158 0.036
- ] -0. 0.992 0.96
. %05 DOE (-0272) | (-0.00409) | (0.245)
SLIDE
0.324 —0.00627
- ; -0 0.988 1.56
A d 042 (0.522) (~0.01625)
ASPHALT
0.223 —0.00540 0.016
— 5 —0. 0.994 (K]
. b 0:lb? (0.358) (~0.01399) 0.112)
CONVERSION:
1 kPa = 0.145 Ibf/in.2
1 km/hr = 0.62 mph
Table 7. Regression constants for coefficient B Table 8. Regression constants for peak versus slide.
versus coefficient A.
PEAK = Ag + Ay x SLIDE
COEFFICIENT B = Ag+A; x COEFFICIENT A
TIRE CORRELATION | STANDARD
a | a. | CORRELATION | STANDARD 6RouP | Ao A1 |cOEFFICIENT |DEVIATION
0 1 | COEFFICIENT | DEVIATION
—GROUP A
CONCARLTE | 250 | o.501 781 1 CONCRETE
PEAK { L GROUP B
ASPHALT | 20.9 | 0.799 0.950 1.25 SELF
SELF- WATERING
WATERING ~GROUP A
CONCRETE | 5.2 |0.882 0.973 0.48 ASPHALT
SLIDE -[ ~GROUP B !
ASPHALT | 5.2(0.944 0.989 1.04 =
~GROUPA| 9.5 |2.259 0.957 5.31
CONCRETE | -0.3 | 0.804 0.967 4.26 CONCRETE
PEAK - GROUPB| 5.2 2237 0.962 4.60
ASPHALT | 050910 0.982 3.04
FLOODED
FLOODED
r GROUP A|-17.0 | 2.375 0.987 3.68
CONCRETE | 1.1 0.927 0.993 0.86 ASPHALT
SI.IDE-{: “GROUP B | 18.5 |2.249 0.985 3.64
ASPHALT | 140967 0.994 1.01




Figure 13. Peak friction versus slide on flooded
surface.
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Summary

Some interesting results are provided by the
multiple regression computer analysis of the DOT
program data. The water film thickness of 0.51 mm
(0.02 in.) used in the self-watering phase of test-
ing is typical of both tire testing and field ser-
vice conditions. The flooded water depth of 3.05
mm (0.12 in.) is greater than that normally experi-
enced on public roads (9). The asphalt and concrete
surfaces used in the tests are typical of highway
construction.

For the self-watered surfaces, the regression
equations represented the slide data better than
the peak. Load and inflation were the dominant
factor for peak, while speed the largest effect
on slide. Asphalt was more sensitive than concrete
to changes in all parameters.

Speed was the dominant variable for both peak
and slide when the surfaces were flooded. In com-
parison, the effects of load and inflation varia-
tions were minor.
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Both Group A and Group B tires reacted simi-
larly to changes in the parameters. Thus, the cor-
relation between the two tires was good.

There appeared to be no direct relationship be-
tween peak and slide on the self-watered surface.
This was probably due to the fact that load and in-
flation are the primary factors affecting peak, and
speed 1s the primary factor affecting slide. On
the flooded surface, speed is the primary factor
affecting both peak and slide; so the linear cor-
relation between the two 1s good.
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