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Small diaphragm-type pressure-sensitive cells were set 
flush with the surface of a rigid steel plate to measure 
vertical pressures beneath pneumatic tires. Measure
ments were made while the tire was stationary and whUe 
it was moving at about 2 mph. Tests were made with 
several sizes of smooth-tread tires to evaluate the effect 
of load, inflation pressure, and tĵ pe of tire construction 
on the magnitude and distribution of pressures at the 
tire-surface interface. The data show that under many 
conditions the distribution of pressures over the contact 
area was far from uniform. 

•THE ASSIGNED MISSION of the Army Mobility Research Center, U. S. Army Engineer 
Waterways Experiment Station, Vicksburg, Miss., is to conduct research that will lead 
to an increased capability of the Army to travel off the road. 

Before any marked improvement in the mobility of military vehicles can be effected, 
a basic understanding of how soft, yielding soils support and provide traction to wheeled 
and tracked vehicles must be developed. One phase of the research being conducted at 
the AMRC to acquire this knowledge is concerned with the distribution of stresses 
induced by a pneumatic tire in the medium on which it operates. It includes the meas
urement of stresses at the interface between the tire and the surface that supports it 
and at locations within a yielding mass of soil. 

This paper describes results obtained from that portion of the research dealing with 
the interface stresses beneath a pneumatic tire on an unyielding surface. 

TEST APPARATUS 

Pressure Cells 
Commercially available pressure-sensitive cells of the deflecting-diaphragm type, 

manufactured by Consolidated Electrodynamic Corporation, were used to measure the 
stresses. These cells were Vss in. in diameter and were fitted into holes in a rigid 
steel plate. The surfaces of the cells were aligned with the plane of the upper surface 
of the plate. These cells, particularly when Inserted in the plate, are Insensitive to 
lateral forces and, it is believed, give accurate measurements of the vertical stresses 
caused by the imposed tire loads at the surface. Bonse and Ktthn have done similar 
work (1); however, they measured horizontal as well as vertical forces. 

Tires 

The tires used in this program were selected from among those being used in other 
phases of the mobility research programs to provide a range of sizes, shapes, and 
constructional details. All were tested without tread. These tires are shown In Figure 
1 and a brief description of each is given in Table 1, 

i h 
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TABLE 1 
TEST TIRES 

Size No. of 
Plies 

Original Tire Tread Pattern Construction 
Section 
Height̂  

(in.) 
11.00- 20 12 Military, nondirectional Conventional 9.03 

cross-country 
9. 00- 14 8 Molded smooth without tread Conventional 5.48 
9. 00- 14 2 Molded smooth without tread Conventional 6.05 
6.00- 16 4 High-speed highway Conventional 4.91 
6. 00- 16 4 Agricultural lug Radial ply 5.20 

16. 00-15 2 Molded smooth without tread Bag-type tire 5. 28 
^ S e c t i o n height i s v e r t i c a l distance from highest point on rim to a plane taagent to 
crown as unloaded t i r e . 

ELII 
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4 PLY RiTiNG I I 6 .00 -15 4 PLY 
BUFFED SMOOTH I BUFFED - SMOOTH 

TERRA TIRE 
1 6 1 5 2 PLy 

Figure 1. T i r e s used i n program. 

TEST PROCEDURES 
The test tire was mounted in a single-wheel mobility test carriage, as shown in 

Figure 2, and towed slowly (about 1 ft per sec) over the steel plate containing from 2 
to 10 cells inset side by side. The relative position of the tire with respect to each of 
the cells was carefully measured and recorded, as was the total width of tire actually 
in contact with the surface. The response of each cell to the tire load was recorded 
continuously on an oscillograph. A typical cell registration is shown in Figure 3. 

After the wheel had rolled over the cells, it was lifted off the surface, shifted later
ally a predetermined distance, and rolled over the cells again to obtain stress measure
ments at a different line on the face of the tire. When only two cells were employed, 
many such shifts were made. In all tests replicate measurements were made. These 
included stress measurements under the same point on the tire by means of more than 
one pressure cell. 

During the repeated passes of the test tires, it was found that the data scatter was 
decreased and reproducibility enhanced by causing the same cross-section of the tire 
to contact the same cells on every pass. Apparently slight differences in smoothness 
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Figure 2. 
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Arrangement f o r measuring contact pressure on a hard surface with 9.OO-II1 
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F i g u r e 3. T y p i c a l recording, 9.00-lU, 2-PR smooth t i r e , 890-lb load, 25 percent 
d e f l e c t i o n . 

of the tire surface can cause differences in the registration of the cell. These diffi
culties were especially pronounced in the case of the 6, 00-16 radial-ply tire. This 
tire originally had a heavy lug tread. Buffing left the outside surface of the tire fairly 
smooth, but a variable wall thickness was evidenced by a rippled interior surface. 

RESULTS OF TESTS 

Method of Presenting Data 
The raw data from the test runs consist of a series of pressure cell registrations, 

each representing the variation in pressure induced over the length of the tire contact 
area at a particular distance from the centerline of the tire path. These registrations 
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Figure U. Distribution of vertical stresses under 11.00-20, 12-PR smooth t ire, 3,000-lb 
load, at three inflation pressures. 
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are readily converted to stresses by means of the cell calibrations and, as such, repre
sent longitudinal sections of the total stress pattern. From the longitudinal sections and 
the recorded distance that each cell was offset from the path centerline, lateral sections 
of the stress pattern are drawn. Finally, if desired, a plan of the dynamic tire-contact 
patch can be drawn and on it a map of equal stress lines constructed. 
Effect of Inflation Pressure on Siterface Stresses 

The effect of tire inflation pressure on the distribution of vertical interface stresses 
is illustrated by the stress maps shown in Figure 4. These maps were developed from 
data obtained in tests with the 11. 00-20, 12-PR tire carrying a 3, 000-lb load. 

It can be seen that the interface stresses are not uniformly distributed, particularly 
at the lower inflation pressures. A ridge of high pressure, which probably results 
from the transmission of the load through the relatively stiff tire sidewalls, is found 
to exist at each side of the contact patch. There is a tendency, also, for an area of 
relatively h i ^ stress, to exist at the leading and trailing edges of the contact area. 

A summary of the stress data shown in Figure 4 is given in Table 2. 
These data reveal that the average contact pressure was greater than the inflation 

pressure for 15- and 30-psi inflation and less for 60-psi inflation. The stress recorded 
in the central portion of the contact area appears to bear a fairly consistent relation to 
the mflation pressure. On the other hand, the maximum stress recorded is relatively 
constant and independent of inflation pressure. The exception to this generalization, 
the localized high stresses recorded at 30-psi inflation pressure, could have been due 
to tire irregularities. In all instances the magnitude of the maximum stress is much 
greater than might be expected on the basis of the inflation pressures. The load com
puted from these stresses ranges from 1. 2 to 13.9 percent higher than the measured 
load. Similar work is reported by Vanden Berg and Gill of the National Tillage Machin
ery Laboratory, U.S. Dept. of Agriculture (2). 

Effect of Tire Load on Interface Stress 
Figure 5 shows lateral and longitudinal sections of the stress patterns developed by 

the 11. 00-20, 12-PR tire at each of three tire loads, 1, 500, 3, 000, and 4, 500 lb. 
Wheel loads computed from these stress measurements were 1,641, 3,154, and 4,693 
lb, respectively. The inflation pressure was maintained constant at 30 psi in all of 
these tests. The lateral section delineates the stresses beneath the axle centerline, 
and the longitudinal section shows those at the centerline of the tire path (see Fig. 5). 
These sections are simpler to construct and view than are the stress maps, and indi
cate the stresses almost as well. 

TABLE 2 
SUMMARY OF STRESS DATA 

Katlo ol Ratio of 
Inflation Average Maximum 

InQa- Stress Pressure Contact Stress 
tion Tire at to Pressure Maximum Measured Computed to 
Pres Deflec Center Center (3, 000 Lb/ Stress Wheel Wheel Center 
sure tion' Point Point Contact Measured Load Load' Point 

Tire (psi) (%) (psi) Stresses^ Area) (psi) (psi) (lb) (lb) Stresses 
11 00-20, 15 30 4 21 0 72 26 5 89 3,000 3,418 4 26 

12-PR 30 19 4 39 0 77 37 0 111 3,000 3, 154 2 84 
60 12 5 80 0 75 52 3 88 3,000 3,035 1.10 

to hard surface) divided by the unloaded tire section height, all multiplied by 100 
'stress recorded in central portion of contact area 
'Load computed from measured stresses 
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The pattern of distribution of stress across the lateral sections is different from 
each test load. The variation does not seem to follow a consistent trend with the change 
in load, however. This suggests that at least some of the stress variation may be due 
to tire surface irregularities. The data for the 3, 000-lb, 30-psi load are the same as 
described previously, and there was some doubt of the accuracy of the maximum stress 
registration in that comparison also. 

Although a rather broad generalization must be made, the data appear to suggest 
that the maximum stresses, which are recorded at the edges of the contact area, are 
chiefly a function of the load. The stresses at the interior of the contact area, with 
some notable exceptions, could be said to be independent of-load and, therefore, prob
ably determined principally by the inflation pressure. The average contact pressures 
for the 1, 500-, 3, 000-, and 4, 500-lb loads are 35.1, 37. 0, and 38. 8 psi, respectively, 
increasing approximately in proportion to the wheel load. 
Effect of Number of Plies in Tire Carcass on Interface Stresses 

The two 9. 00-14 tires used in the tests described in this section were constructed 
in the same mold using the same type of material. They are intended to be identical, 
insofar as possible, in all respects except in the number of cord layers used in their 
construction. To date, stresses under these tires have been measured only for one 
tire load and at relatively few inflation pressures, but the effect of the sidewall stiff
ness on the stresses is very evident in the data obtained. 

Stress maps and lateral sections under the axle center line are shown for the two 
tires in Figure 6; both tires carried the same load. The inflation pressures were 

4500-LB LOAD 
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oL 

DIRECTION OF TRAVEL 

HORIZONTAL S C A L E 
IN INCHES 

Figure 5. Vertical stresses along principal axes of contact ellipse, 11.00-20, 12-PR 
smooth t ire, 30-psi inflation pressure. 
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a-PR TIRE 
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2-PR TIRE 
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Figure 6. Distribution of v e r t i c a l stresses under two 9-00-li* t i r e s of different ply 
ratings, 890-lb load, 2$ percent deflection. 

TABLE 3 
DISTRIBUTION OF VERTICAL STRESSES UNDER TWO 9 00-14 TIRES 

OF DIFFERENT PLY RATINGS 
Katio 01 Average Ratio of 
Inflation Contact Maximum 

Infla stress Pressure Pressure Stress 
tion Tire at to (890 Lb/ Maximum Measured Computed to 
Pres Deflec Center Center Contact stress Wheel Wheel Center 
sure tion Point Point Area) Measured Load Load Point 

Tire (psl) (%) (psl) stresses (psl) (psl) (lb) (lb) Stresses 
9.00-14, 15 3 25 25 0.75 16.9 49 890 1,082 2.40 

8-PR 
9 00-14, 17.6 25 22 0.90 16.3 26 890 977 1.32 

2-PR 
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adjusted to allow the same percentage deflection and, as a consequence, to obtain about 
the same average contact pressure—16.3 psi for the 2-PR tire, 16.9 psi for the 8-PR 
Ure. 

Table 3 gives a summary of the data in Figure 6. 
For these conditions it is apparent that the stlffer tire distributes Its load less evenly 

than the more flexible tire. The stress pattern under the 9.00-14, 8-PR tire is similar 
In most respects to the patterns found for the 11.00-20, 12-PR tire; i. e., there are 
zones of high pressure near the sides and near the leading and trailing edges, the maxi
mum stresses are much higher than the inflation pressure, and the ratio of the inflation 
pressure to the measured interior pressure is about 0.75. 

The average pressure imder the 9.00-14, 2-PR tire is very close to the inflation 
pressure. The maximum stresses are comparatively low and not maricedly greater 
than the inflation pressure. The ratio of inflation pressure to the measured stresses 
in the interior of the contact area for this 2-PR tire is about 0.90. 

Effect of Type of Construction on Interface Stresses 
Stress measurements were made beneath tires representing three rather dissimilar 

types of construction. Unfortunately, the sizes and shapes of the tires also were dif
ferent, and a quantitative comparison of construction effects on stress magnitudes is 
therefore very difficult. These tires were (a) a conventionally constructed tire in which 
the plies cross at approximately a 45" angle, (b) a radial ply or belted tire in which one 
set of cords radiates from the tire axis and the other crosses at about 90°, being wrapped 
around the tire periphery, and (c) a bag-type tire in which the construction process is 
designed to create a tire with a roughly rectangular cross-section instead of the usual 
circular cross-section. 

Longitudinal and lateral sections of the stress pattern measured under each of these 
tires are shown in Figure 7. A 6. 00-16, 4-PR tire was the only size of radial-ply tire 
available for the tests. Therefore, to provide the closest possible comparison, data 
for a conventionally constructed tire were collected using a standard 6.00-16, 4-PR 
passenger-car tire buffed smooth. The bag-type tire used is the largest tire of this 
type that could be fitted readily into the test apparatus. All the tests were run with 
the same tire loading, and tire deflection was controlled rather than the inflation pres
sure. 

Stresses along the lateral and longitudinal axles beneath the standard 6. 00-16, 4-PR 
tire are shown in Figure 7a. The ratio of the average measured interior stresses to 
the inflation pressure is 0.84 at 35 percent deflection and 0.78 at 15 percent deflection. 
A ridge of higher stresses exists near the edge of the contact area when the tire is 
deflected by 35 percent. The ratio of the stresses along this ridge to the average meas
ured interior stress is 1.67. Table 4 contains data related to the standard 6. 00-16, 
4-PR tire and the radial-ply 6.00-16, 4-PR tire. 

TABLE 4 
COMPARISON OF TWO 4-PR TIRES 

Ratio of Average Ratio of 
Inflation Contact Maximum 

Infla Stress Pressure Pressure stress 
tion Tire at to (890 Lb/ Maximum Measured Computed to 
Pres Deflec Center Center Contact Stress Wheel Wheel Center 
sure tion Point Point Area) Measured Load Load Point 

Tire (psi) (psi) Stresses (psi) (psi) (lb) (lb) Stresses 
Standard 42.6 15 60 0. 85 42.4 63 890 924 1.25 

6.00-16, 12.5 35 18 0.78 15.1 46 890 993 2.86 
4-PR 

Radial-ply 46.6 15 75 0. 78 49.8 79 890 897 1.37 
6.00-16, 15.0 35 23 0.75 20.9 37 890 946 1.85 
4-PR 
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Figure 7. Vertical stresses along principal axes of contact ellipse of three tires of 
dissimilar construction under 890-lb load. 

TABLE 5 
VERTICAL STRESSES ALONG PRINCIPAL AXIS OF 

CONTACT ELLIPSE OF 2-PR TIRE 
Ratio of Average Ratio of 
Inflation Contact Maximum 

Infla Stress Pressure Pressure Stress 
tion Tire at to (890 Lb/ Maximum Measured Computed to 
Pres Deflec Center Center Contact Stress Wheel Wheel Center 
sure tion Point Point Area) Measured Load Load Point 

Tire (psi) (%) (psi) Stresses (psi) (psi) (lb) (lb) stresses 
Terra 30 2 15 28 0.90 27.5 42 890 894 1.25 

16 00-15, 15 6 25 18 0.89 16. 2 31 890 860 1.77 
2-PR 9.4 35 13 0.90 11 0 30 890 906 2.87 
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In testing the radial-ply 6. 00-16, 4-PR tire, it was necessary to obtain four to five 
replicate readings at each lateral position and average these readings to minimize the 
effects of surface roughness or nonuniformities in carcass stiffness. (Molding of agri
cultural lugs left impressions on the interior of this tire.) 

Data representing the radial-ply 6. 00-16, 4-PR tire are shown in Figure 7b. The 
measured stresses at 15 percent deflection follow a unique pattern; i.e., pressures 
along the lateral section increase continuously from the edge to the center of the tire. 
When the radial-ply tire is deQected 35 percent, the effect of the relatively stiff tire 
sidewalls is indicated by a ridge of higher pressures along the side of the contact patch. 

Comparing the two tires, it can be seen that for a specific load and percentage deflec
tion, the contact patch beneath the radial-ply, 6. 00-16, 4-PR tire is somewhat narrower 
than the one beneath the standard 6. 00-16, 4-PR tire; accordingly, the average contact 
pressures are higher for the radial-ply tire. Measured stresses at any specific point 
beneath the radial-ply tire are higher than those measured at comparable locations 
beneath the standard 6. 00-16 tire. 

The differences in the stresses measured beneath these two tires can be attributed 
primarily to the type of tire construction; however, they appear to be influenced to a 
slight degree by the differences in the tire inflation pressures (see Table 4). 

The stress sections for the bag-type tire (Fig. 7c) are somewhat irregular even 
though these tires were molded without tread. However, the manufacture of such tires 
is difficult and mold marks, seams, and unevenness of the tire contours were visually 
evident in the finished tires. The rather pronounced stress rise visible near the tire 
path centerline on the lateral sections of the stress pattern is believed to be due to 
such a molding irregularity. 

It can be seen that there is still a tendency for the maximum stress to occur beneath 
the tire sidewalls. For the two lowest inflation pressures, the maximums are about 
equal. At all inflation pressures the ratio of the inflation pressure to an average meas
ured stress in the interior of the contact area is of the order of 0.90. Table 5 gives 
data related to the plot in Figure 7c. 

SUMMARY 
Although the interface stress measurements reported cannot always be adequately 

explained in terms of load, inflation pressure, tire type, etc., the data obtained sug
gest some general trends. 

For a specific tire at a constant inflation pressure, the magnitude of the load is 
reflected the magnitude of the maximum stresses occurring at the interface on an 
unyielding surface. The general trend of these data is for the maximum stresses to 
be associated with the relative stiffness of the tire sidewalls. Considering all the fac
tors involved, the ratio of the maximum stress to the average center point stresses is 
largest for the stiffer tires at relatively low inflation pressure. This supports a popu
lar theory that when a tire is under inflated, its sidewalls support a proportionally large 
share of the wheel load, causing wear near the edge of the contact patch and gradual 
deterioration of the tire's sidewalls. 

The wheel load computed from the stresses measured usually exceeded the actual 
measurement, indicating that possibly an overreglstration of stresses had occurred due 
to testing techniques. The inflation pressure seems to have primary control over the 
magnitude of the stresses in the center part of the contact path. Of secondary impor
tance in determination of these stresses is the relative stiffness of the tire carcass. 
The average measured interior stresses are consistently greater than the inflation 
pressures. The ratio of the inflation pressure to these stresses ranges from 0.72 for 
the stiffest tires to 0.90 for the most flexible tires tested. 
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