




{apprOXimately 1/32 in} and a velocity of 80 km/h. 
a flow of 13.6 Lis (3.0 galls) was required. Water 
fl ow to the non-test wheel was controlled but not 
monitored. Small vartatior.s in water flow were 
found to have no Significant effect on the test 
results. Total test time available from the supply 
tanks was 165 s at 80 km/h. During the initial 
tests, speed was restricted to 60 km/h or 220 s 
total duration. This capacity made it possible to 
conduct 10 test runs or approximately one hour 
of operation before replenishing the water supply. 

An electrical control box permitted prc-selection of 
certain test conditions such as braking, steering, 
brake and steer together. manual steer from the 
tractor. or automatic steer scan. Safety interlocks 
were provided such that steering or braking were 
not permitted until the axle was commanded down 
and water flow had been initiated. 

A remote control box located in the tractor per­
mitted the operator to contL"'1uously mOnitor steer 
angle. longitudinal. lateral. and vertical forces on 
the test wheel. and the water flow. Once the electri­
cal control box was programmed for testing, the 
whole sequence was initiated either by a photo cell 
under the tractor which sensed the test start point 
or manually by a single switch on the remote 
control. Termination of a test. for any reason, 
required only a single switch to be turned off, 
which immediately raised the axle, released the 
brakes. and stopped the water flow. 

Data from the test vehicle was elecbically condi­
tioned, FM multiplexed. and tFcillsmitted from the 
test tractor on a radiO frequency telemetry link. At 
a base station the incoming data was received. 

Tire sideforce test vehicle 
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�d�e�~�m�u�l�t�1�p�l�e�x�e�d� and fed to a Hewlett-Packard 1000 
A100 computer, The computer manipulated data 
was analyzed in detail (9), a summary of which is 
contained in the foll owing sections, 

3. TEST :METHODOLOGY 

Three different types of traction tires were selected 
for testing. identified as tires A, B, and C. Details 
relating to general construction and load ratings 
were as follows. with tread patterns as shown in 
Figure 4. 
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Tire A 10:00~20 F bIas ply tube-type tire of 
center-rtb tread design, with a maximum 
load rating of 2468 kg (5430 Ib) at 
586 kPa (a5ps!) cold for a single tire and 
2164 kg (4760 Ih) at 516 kPa (75 pSi) cold 
for dual tires. Tread depth new was 
22.5 mm (28/32 in). 

Tire B 11R 22.5 radial ply mud-and-snow-type 
tire, with a maximum load rating of 
3005 kg (6610 Ib) single and 2705 kg 
{59501b} dual at 793 kPa (115 pSi) cold. 
Tread depth new was 17.5 mm (22/32 in). 

Tire C 1O:()()"'20 F bias ply rib-type tire, with a 
maximum load rating of 2468 kg 
(5430 Ib) at 586 kPa (85 psi) cold for a 
single tire and 2164 kg (4760 lb) at 516 
kPa (75 psi) cold. Tread depth new was 
14.5 mm (18/32 in). 

All of the selected tires were standard-use, com­
mercially available and purchased from local tire 
dealers. All were subjected to the same tests and 
treated in an identical manner. 

The test program was designed to measure the 
lateral and longitudinal forces generated at the 
road surface as a function of inflation pressure, 
vertical load, slip angle, and tread depth. Other 
factors which Lrilluence the force capability of a 
free rolling tire are: 

It camber angle 

11) roadway surface texture 

e tread pattern 

11) tire texture 

e foreign matter/moIsture in contact patch 

• roadway and tire temperature 

Et tire material 

• ply orientation 

To evaluate the three test tires. it was necessary 
to control most of these Variables. A consistent 
vertical load/slip angle application scheme was 
used. Water was discharged onto the road surface 
in a constant pattern and at a rate calculated to 
give a depth of 0.9 mm. The test track area was 
monitored to detect changes due to temperature 
and texture. The test wheel camber angle was 
maintained near zero at an steer angles and all 
tires were shaved and buffed to a smooth surface 
and unifonn contour. A test speed of 60 km/h 
(36 mph) was used for an tires. 

Two distinct types of tests were conducted: 

Test Matrix: Tire/Tread/Pressure/Combinations 

TIre Tread depths Im!flatiOD presure 

A Centre-Rib Bias (mm) 22.5 16 7 1.6 (kPa) 483 586 759 
10:00-20 F (in) 28/32 20/32 9/32 2/32 (psi) 70 85 (ree.) 110 

B Radial M&S (mm) 17.5 12.5 8.0 1.6 (kPa) 690 798 965 
llRM&S 22.5 22/32 16/32 10/32 2/32 100 115 (ree.) 140 

C Bias Rib {mm} 14.5 10.5 6.5 2.5 (kPa) 483 586 759 
18/32 13/32 8/32 3/32 70 85 (rec.J 110 

Sideforee test 

Tire Tread depth Pressure Vert. load Steer angle 

All All AI 0-2500 kg 2',4',6',8' 
(0-55601b) 

Brake tef;t 

Tire Tread depth Pressure Vert. load Steer angle 

All All All 1590 kg O· 
(3500 Ib) 
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$ free rolling with preset slip angles - to examine 
lateral forces: 

@ braking wit.'1 zero slip angle - to examine 
longitudinal forces. 

It was considered beyond the scope of this test 
program to combine braking with preset slip 
angles or braking while steering although the 
vehicle was capable of generating this data. 

The test requirements called for the force charac­
teristics of the three different tire types to be 
compared at four tread depths: 

• full tread as manufactured with 800 km 
(500 mi) mn-in; 

• a tread depL'1 representing two-thirds of each 
tire's usable tread, buffed to a smooth finish; 

• a minimum legal tread, buffed to a smooth 
finish. 

Further, each of the tires was tested at three 
:Inflation pressures: 

manufacturer's recommended pressure for 
maximum load; 

recommended, less 103.5 kPa (15 psi); 

recommended. plus 172.5 kPa (25 psi). 

Four tires of each type were used and cross-check­
ed at the end of a series of test runs to verify and 
validate, where necessary. performance unifor­
mity within the sample. At regular intervals in the 
test program, a calibration tire was mounted and 
tested to determine any changes in the surface of 
the course durL"lg the test phase. 

4. RESULTS AND DISCUSSION 

4.1 EFFECT OF INFLATION PRESS'URE 
ON SIDEFORCE 

Figure 5 shows the percentage loss of sideforce for 
the three tire types between the new and fully worn 
states. The percentage loss is shown for three 
inflation pressures and two vertical loads. as a 
function of slip angle. The percentage loss of 
sideforce coefficient is the difference between the 
sideforce coefficient of a funy worn tire and that of 

a new tire and is expressed as a percentage of the 
new tire value for the same test conditions. 

TIre A exhibited the greatest loss of sideforce over 
the slip angles investigated. This loss was evident 
at low slip angles and then was relatively uniform 
across the slip angle range. TIre C, another bias 
ply tire, showed a similar but less extreme results. 

At the lower load of 909 kg (2000 Ib), the sideforce 
difference between high, low, and recommended 
air pressure was more pronounced than at the 
higher load of 2273 kg (5000 lb). 

Tire B showed a progressive loss as slip angle was 
mcreased. Similar to tire C, it showed little 
sideforce loss as a result of inflation pressure at 
the higher loads. 

At higher loads, sideforce losses as a result of 
inflation pressure seemed minor. between 10 and 
20%, and in the case of tire A, no change was 
noted. 

Figure 6 shows the percentage change in sideforce 
coeffiCient for the three tires as a function of slip 
angle, for high and low inflation pressures, and 
with new and worn tread, The reference sideforce 
coeffiCient for Figure 6 is the tire noted at recom­
mended inflation pressure. 

Figure 6a and 6c compare the three tires in new 
and worn states at high inflation pressure. with 
low vertical load. They exhibit rather large losses 
in sldeforce coeffiCient . .As shown m Figure 6a. all 
new tires displayed a significant loss at 2 slip but 
then recovered at larger slip angles. The worn tires 
at high pressure (Figure 6c) lost sideforce coeffi­
cient at all slip angles. with tire A losing 60% at 7, 
much more than the other two. The losses were 
small at a load of 2273 kg (5000 lb) (Figures 6b 
and Bd). The worn tires at low pressure and low 
load exhibited an increase across L'1e slip angles 
examined, with increases as high as 50% for tires 
A and C, as shown in Figure 6g. 

Figure 7 summarizes the recorded data and shows 
the differences in sideforce coeffiCient as a result 
of inflation pressure. The most dramatic loss was 
for tire A at high inflation pressure, fully worn at 
low load. The sideforce coefficient plot began low 
and remained low across all slip angles inves­
tigated. Tire B. fuHy worn, exhibited the same low 
sideforce coeffiCient but only at high slip angles. 
Slip angles of 5 to 8 exhibited relatively high 
sideforce. TIre C showed trends similar to those of 
tire B. with slightly higher sideforce coeffiCients. 
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4.2. EFFECT OF TREAD DEPTH 
ONSIDEFORCE 

It is evident from Figures 8 and 9 that tire A 
showed the largest losses in sideforee at all slip 
angles. As the summary in Figure 10 shows. tire 
A exhibited the greatest percentage loss from two­
thirds working tread to minimum tread. Tire B 
tended to exhibit an initial increase in perfor­
mance and TIre C, although not a stud-type tire, 
showed a s:lmi1ar tendency. 
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All tires experienced decreasing losses :In s1deforce 
coefficient as the vertical load was increased. In 
almost all cases, the highest absolute loss in 
sideforce coefficient occurred at 8 slip. \Villi tire A 
at low load showing Significantly higher losses 
than the others. Maximum sideforce coefficient 
decreased with load decrease, as did the slip angle 
at which it occurred. 

The families of sideforce coefficient vs. tread depth 
curves (Figures 8, 9) reveal that a particular tire's 
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Percentage loss of sideforce coemcients of fully worn tires at different inflation pressures. 
using new tire as reference 

FIGURE 5 
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sideforce trends were similar throughout its slip 
angle history; however. the trend of each tire was 
distinct from the others. In general, tire A's curve 
tends to concave upwards, whereas tire B's curve 
does the opposite. The cuzve ofttre C lies between 
those of tires A and B. 

The area under the average stdeforce coefficient vs. 
slip angle curve at a given vertical load is a com­
parative indication of overall tire performance at 
that particular load. Although it does not measure 
the Ures quantitatively, it does add qualitative 
dimensIon to the overall performance spectrum. A 
relatively large area under the curve generally 
indicates a tire that performs well over its slip 
angle regime. However, care should, be taken 
when viewing such data because of the inconsis­
tent nature of certain CUIves. The CUlves examined 
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here yielded relatively uniform characteristics; 
therefore, the area under each curve Cfu'"1 be taken 
as a rough measure of overall perfonnance. 

As can be seen from Figure 11 a, for a new tire and 
a verUcalload of 909 kg (2000 Ib). The cuzve of tire 
A yields the highest area. As tread depth was 
reduced. tire A area quickly fell below that of tires 
B and C. Figure 11 b shows a sim11ar trend for a 
vertical load of 2273 kg (5000 Ib). 

Figure 12 superimposes the data from Figure 11 
and is representative of an overall performance 
envelope summary. It is readily apparent that tire 
A was characteristically different from B or C and 
tended to lose CUIve area at a more rapid rate than 
the other two. 
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4.3 EFFECT OF INFLATION PRESS'U'RE 
ONBR..AKING 

The longitudinal peak and slide (brake coeffi­
cients) were measured and recorded. As with pre­
vious data, the area under the brake coefficient vs. 
tread depth curve was measured and is shown in 
Figure 13. The basis for comparison was tire B at 
recommended pressure. As can be seen, the effect 
of altering inflation pressure did not yield :results 
consistent or dramatic. The overall braking perfor­
mances of tires A and C were similar, whereas B 
showed a higher peak.. The slide was similar for all 
three tires. 

A close examination of the data indicated that at 
the high inflation pressure all tires experienced the 
largest percentage loss in longitudinal. 

4.4 EFFECT OF TREAD DEPTH 
ONBRAKlNG 

The slide and peak values were plotted against 
tread depth for recommended pressure (Ffgure 
14). At the mintmum tread depth. tire A had a ~ 
slightly less than the other two. At new tire condi­
tions. tire A was better than the oilier two. As the 
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tires wear. tbe values of peak and slide: drop off 
accordingly. although the initial slope of the tire A 
curve is more pronounced than the other two, 
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4.5 WORST CASE CONDITIONS 

An examination of the stdeforce data revealed that 
the greatest sideforce coeffiCient loss occurred in 
tire A. The conditions were bounded by a new tire 
at recommended pressure and a fully worn tire at 
high pressure, both at a load of 909 kg (2000 Ib). 
The comparison can be seen in Figure 15. Figure 
15a shows the actual sideforce coeffiCient spread 
and Figure I5h shows the percentage loss for all 
three test tires. Tire B tended toward a similar 
maximum percentage loss. but as can be seen 
from Figure 15b, its loss was progressive over the 
whole sideslip range. Tire A tended to lose ap~ 
proximately 75% initially at 1 and then at a shal~ 
low rate up to 91 % loss at 8. TIre C's loss curve 
was similar. but less dramatic. than ts.~at of tire A. 
The initial loss was approximately 55%, with a 
maximum of 68%. 

A worst case condition was not as pronounced nor 
consistent with braking. possibly due to the fluc-
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tuating effect that inflation pressure had on a 
braking tire < 

5. CONCLUSIONS 

Higher inflation pressures tended to cause greater 
losses in sidefo:rce at low, vertical loads. Inflation 
pressure had little effect on sideforce at higher 
vertical loads. TIre A appeared more sensitive to 
pressure change at higher slip angles, whereas 
tires B and C showed a lower sensitivity at lower 
slip angles. Further. tire A showed the largest 
percentage sideforce loss due to m.flation pressure. 

Worn tires at low pressure and low vertical load 
had better sideforce charactertstics than at recom­
mended or high pressures. All tires showed a 
marked loss in sideforce in their worn state at high 
pressure, compared to recommended pressure. 
Specifically, by increasing the air pressure of tire 
A from 85 to 110 psi (586 to 759 ~.Pa) at Iow load, 
sideforce dropped between 30 to 60%. TIres B and 
C lost approximately 20%. 

All tires lost stdeforce capability between the new 
and funy worn test conditions. Tire A sideforce loss 
COincided with the onset of tread loss. TIre B. the 
radial stud tire. actually showed an improvement 
over new conditions at two-thirds working depth 
but then lost capability as more tread was worn 
away. Tire C lost sideforce capability rather 
proportionally to tread loss. All tires lost the 
largest percentage of sideforce coeffiCient at the 
largest slip angles tested. As tread depth was 
decreased, the slip angle at which sideforce coef­
ficient was greatest for a given load decreased. This 
indicated a deterioration of overall tire perfor­
mance. 

In a worst case Situation, comparing all three tires 
under extremes of performance, tire A lost 91% of 
its overall sideforce capability at high slip angles, 
compared to 85% for tire B and 68% for tire C. This 
loss was more immediate with tire A. In the cases 
examined here, the worst condition was ex­
perienced at low tread depth, virtually a "bald" (2.4 
mm tread depth) tire at high inflation pressure 
(recommended pressure +25 psi (172 kPa), and 
low load. 

During brakL.qg. it was found that tire A had the 
largest initial peak and slide values, wen above 
those oftlres B and C. However. it had lower peak 
and slide values than the other two tires at the 
lowest tread depth. 
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In general. tire A had initial sideforce and braking 
properties equal to or better than tires B and C. 
However. tire A tended to lose its capability at a 
faster rate than the other two. In the extreme 
situation. comparing a new tire at recommended 
pressure to a fully worn tire at high pressure. both 
at low vertical load, tire A demonstrated a high 
magnitude loss across the sUp angle range of the 
tire, culminating at a 91 % loss at 8 slip. 
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