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This paper presents the results of a study conducted to determine the
magnitude and distribution’ of the normal stresses at the tire-soil interface,
and was presented at the Annual Meeting of the Highway Research Board in
Washington, D, C., 13-17 January 1964,

The study was conducted at the U, S, Army Engineer Waterways Experiment
Station under the sponsorship and guidance of the Directorate of Research
and Develcpment, U, S. Army Matsriel Command, as part of Department of the
Army Project 1~T-0-21701-A-046, "Trafficability and Mobility Research,"
Task 1-T-0-21701-A-046-03, "Mobility Fundamentals and Model Studies,"

The tests were made by personnel of the Army Mobility Reseaﬁch Branch,
Mobility and Environmental Division, under the supervision of Mr. W. J.
Turnbull, Technical Assistant for Soils and Environmental Engineering;

Mr. W, G. Shockley, Chief of the Mobility and Environmental Division;

Mr. S. J. Knight, Chief of the Army Mobility Research Branch; and Mr. D. R.
Freitag, Chief of the Mobility Section, Mr. A. J. Green had the primary
responsibility for conducting the tests. The paper was written by

Messvs. Freitag, Green, and N. R. Murphy, Jr.

Directors of the Waterways Experiment Station during the course of the
investigations and the preparation of this paper were Col. E. H. Lang, CE,

and Col. Alex G, Sutton, Jr., CE. Technical Director was Mr. J. B. Tiffany.
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NORMAL STRESSES AT THE TIRE-S 17 INTERFACE IN YIELDING SOILS
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D, R, Freitag, A, J. 3ieen, N, R; Murphy, Jr.*
Ir' roduction

The U. S. Army Engineer Waterways Experiment Station at Vicksburg,
Mississippi, 1s conducting syctcm tic studies that will provide information
on factcrs which influence velicle mogility in deformable soils. The ulti-
mace purpose of these studie. is to develop rational means of designing

nilitary vehicles that will provide specified levels of performance in

off-road conditions.

-

A study of the stresses at the interface of a moving preumatic tire
and the medium upon which it travels is one such study. A p.lot study to
determine the distribucion of streéses under pneumatic tires on an unyield.

ing surface was ccuducted in the fall of 1961, and the results were

* Chief, Engineer, and Mathematician, respectively, Mobility Section,
Mobility and Environmencal Division, U, 3, Army Engineer Waterways Experiment
Station, CE, Vicksburg, Miss,




presented at the blst Annual Meeting of the Highway Research Board.* Fol-

lowing this study, an extensive program was initiated to investigate and
evaluate the factors that infiuence‘magnitude and distribution of the nor-
mal stresses between a pneumatic tire and deformable soils. While the ob.
Jebtive‘o: these studies is primarily military, the results will be appli-
cable i.n many other fields. For instance, the development of knowledge .,
pertaining to the stresses and strains or deformation at the tire-soil
interface is importent to the agricultural researcher who tries to minimize
the compaction effect of pneumatic tires, and to the construction engineer
who in many instances must depend upon the kneading &ction of pneumatic
tires to help compact a fill or subgrade material.

This paper describes the results of tests made to measure the distri-
bution of stresses at the tire.soil interface under some representative
test conditions. Two soils, a sand and a clay, carefully placed in a test
pit, were used in the program. Each soil was tested at'three different
levels of strength. Only one tire at one test load was employed, but
stresses vere measured at several different inflation pressures. Tests

were conducted with the wheel powered and with it towed.

Test Soils

Description

The sand used was & medium-~to-fine sand, subangular in shape, poorly

graded, 4nd classified as SP according to the Unified Soil Classification

* D. R. Freitag and A. J. Green, "Distribution of stresses on an unyield-
ing surface beneath pneumatic tires," Stress Distribution in Earth
Masses, Highway Research Boerd Bulletin No. 342 (Washington, D. C.,
19€2), pp 14-23.
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Ssystem (USCS). Thbe clay, teken from an alluvial deposit in the Vicksburg,
Mississippi, area was classified as CH under the USCS. The gradation angd

Pl .
classification data for both soils are shown in Figure 1.

Preparation

Sand. The sand was placed in an open.pit that had been lined with a
waterproof membrane. This pit was approximately h-l/2 £t wide, 100 ft
long, and 3-1/2 ft deep.

Affér the pit was filled and subsequéntly after each test, the sand
was loosened by tilling and then recompacted in place prior to the rext
test. Tilling was done w!th a simple multitooth scarifier that was pulled
back and forth through the r2ction until the sand was adequately loosened.
The meximum deptu of tillage possible with this equipment was 36 in. The
actual depth of tillage and the amount of compaction neceusary varied, de-
pending upon the soil strength desired and upon the strength that had re-
sulted from previous traffic on the section. The equipment used for till-
ing and compacting (scarifier and vibrator) was attached to the test
carriage (described later) and towed at & uniform rate of speed (about
1.0 fps). 'The goel of the soil processing work was to obtain a test sec-
tion.in which the sirengfh increased uniformly with depth and was con-
sistent along the length of the test lene.

Cone index measurements were made to evaluate the effectiveness of
the processing for each test. Cone index, an index of soil strength, is
thelforce per vnit area required Yo push a 30-deg right c;rcular cone into

the s0il at a rate of 72 in. per min.*

¥ U. S. Army Engineer Waterways Experiment Station, CE, Traffic.bility of

Soils, A Summary of Trafficability Studies Throu 1 Technical
Memorandum 3-240, 1hth Supplement (Vicksbucrg, Miss., December, 1956).




Llay. A stockpile of natural cley wae turned and worked until it had
peon sir-dried to about.S vercent moisture content. The clsy was then fed
through & cunveyor syétem that metcred the soil info the hopper of a dis-
integrator. Here thé lumps of soil were broken into smeiler sizes and

hd -

dropped intu & roller crusher. The crusher broke the ~lods down to a maxi.
mum diameter of 1/8 in. and fed them into a pug mill. A preselected quan-
tity of water wes metered into the pug mill and blended into the soil to
provide uniform texture and the desired water content. The prepared soil
issued continuously from the end of the pug mill and dropped into & truck.
It was then transported to the test pit. The soil was dumped into the test
pit in sufficient quentity to produce layers approximately 6 in. thick.
Each leyer weas tilled with a pulvimixer and compacted by & pneumatic-tired
roller. The compacted 6-in. layer was scarified to a depth of approxi-
mately 1-1/2 in. before the next soil layer was placed. The surface of
each layer was moistened during construction to compensate for the loss in
meisture due to evaporation. This procedure was continued until the top of
the section was 1 to 2 in. above the desired v.ade. The excess material
was then sliced off by & section of grader biade mounted on the test car-
riage, and the soil was ellowed to "cure" for one or more deys to ensure a
unifcrm moisture content throughout the section. In this case the goals of
the scil processing were to obtain a strength profile that slowed little or
m0 increase in etrergth with depth, .nd to achieve a degree of saturation
of 95 percent or greate: in order to minimize the effects of traffic ou
801l strenygth.

Cone index meesuremenrts and moisture-density determinations were made

to determine the effectiveness of the processing procedures. When & group




of tests was conducted at a single soil strength, the fine-greined soil was

reprocessed in place. This was done by'backfilling the rut left by previ-
ous “raffic, compactinglthe surface with preumatic.tired and smcoth-drum
rollers, and then leveling the section. It wes found that by sprinkling
the surface of the section fregue;tl& and keeping it covered.between actual
test runs, the original strength of the :ﬁ&kmgal could be maintained for.

periods up to €0 days.

-

) Test Apparatus

Test carriage

Tests were conducted with a single-wheel test carriage that can ac-
commodsate wheele up to 56 in. in diameter and 25 in. in width. The car-
riage controls the path and alignment of the test wheel and is designed tc
isolate and measure the resultant horizontal and verticel forces and the
torque at the wheel. Devices for determining degrees of tire rotaticn,
forward travel of the cerriage, and vertical movement of the hub of the
test wheel are part of the system. Figure 2 is an oversall view of this
test carriage.

Instrumented tire

Tire. An 11.00-20, 12-ply rating, military tire from which all tread
had been removed by buffing was used in this program. In buffing the tire,
only the thickness of the lugs was removed so that vLhe thiékness and shape
of ?he tire carcass were very nearly those of the original. Deflection
gages were mounted inside the tire to determine chenges in crdss-sectionsl
shepe in the tire cuntact area. Stress cells, mounted in the tire sv that

their diaphragms were flush with the tire's outer surface, were used to

~ o . o o
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measure normal stresses at the tire-soil interface during the operation.

Stress cells. Seven stress cells, 0.75 in. in diameter and 0.25 in.

in height, were mounted in the face of the tire. On the basis of the type
of construction (deflecting dir shragm) end the calibration procedures used,
these c€lls are considered to measure stresses normal to their diaphragms.
A protective steel cup around the cell prevents the tire from exerting ,
pressure on tke cell's ridewall, as such & pressure would cause the dia-
phragm to deflect and thus invalidate the pressure cell measurements. The
walls end bottom of the cup are 1/16 in. thick, and the inside radius of
the cup is 1/32 in. larger than that of the cell. A semiconductor struin
gage constitutes the pressure-.sensitive element of each cell, and resistors
are used to complete a full Wheatstone bridge circuit. Figure 3 illus-
trates graphically the electrical circuit from the pressure cell to the re-
corder. The use of semiconductors permitc the construction of a more
durable gage, because they are much uore sensitive than ordinary foil
strain gages.

Seven holes, each large enough to accommodate & cell and cup as de-
scribed in the preceding paragraph, were cui in the outer surface of the
tire, and slits were cut leading from the holes to accommodate the con.
ductor wires of each cell. The seven cells were installed along a diagonal
line across the face of the tire (see Figure 4) to avoid serious weakening
of the tire in the single cross-sectional plane. The total depth cf the
cell and cup was approximately equal tn the thickness of the rubber over
the outermost layer of cord, and for this reason extreme care had tc be
taken when cutting the tire to avoid damage to the cords. The bottom of

the cup was bonded to the tire with a latex-base adhesive. The area
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petween the outer walls of the cup and the tire was backfilled with a
pliable rubber-base compound that did not adhere to the tire or the cup.
The cell was fastened tg the cup wi@h e thin layer of bituminous adhesive
g> that the cell would stay in place during traffic, but could be esslly
removed .for calibration or repair. A strip of thin rubber membrane was
used to cover tke entire cell area to prevent damage to the diaphragm of

.
the cell and to preveni sand from getting in the area between the cup end
the wall of the cell. The membrane was fastened to the tire with & thin
plastic adhesive tape that could deform as the tire carcass did without
providing additional strength to the tire carcass.

Deflection gages. Commercially available linear and c.rcular poten-

tiometers were used to measure deflections inside the tire. A linear and a
circular potentiometer were combined to make one gage and inserted'through
a port in the rim and tube as shown in Figure 5. A pointed brass tip
attached to the end of the potentiometer shaft was held firmly against &
roint insi®e the tire by & spring. Movements of this point in line with
the potentiometer shaft and in an arc around the center of rotation of the
crrcular potentiometer were recorded. Five geges were employed, each posi-
tionéd to record movements ¢ & differen% point on the left-hcnd side of
the tire. Since it was not vhysically possible to place more than one gage
in the same cross section, they were placed in separate cross scctions
normal to the plane of rotalion of the tire. The gages vwere rotated to the
desired angular position while outside the Lire, apd *%= circuit that in-
cluced the caircular poteatioueter e halaw <a - that ,.2sition. The gege
vias then placea in the port, &and th= bese wus tightened in position. Afte.

‘hiz had been done, the ﬁositjoning strings (ses Figure 6) were ased to



rotate the gage until the circular potentiometer circuit for that gage vas

rebalanced, indicating that the gage was in the desired position.

rd

Test Conditions

Both towed- and powered-wheel tests have been couducted in sand, but
to date only towed tests have been conducted in clay. Various combinations
]

of load, inflation pressure, and soil strength were stud’ed in the towed

tests; during the powercd-wheel tests, slip also was a controlled varisble.

Metliods Used in Analysis of Test Results

Data reduction

In the form in which they are first obtained, the date are merely

cimultaneous records of the measurements. At each instant of time, data

are reccxded that describe the angular position of & stress cell relative
to the wheel axie, the position of the cell or the deflected tire, the
vertical movement of the wheel axle, and the registration of the stress
cell. All these data must be considered simultaneously te arrive at the
proper value of a stress at & given point on the tire-.soll interface.

" In the reduction of the test data for this study, the shepe of the
deflected tire cross section was détermined et S-deg intervals of rotation.
The positions of the stress cells were then located oa each cross section.
From these ploés the circumferentiel position for each cell was detexrminegd.
Each of the cell registrations, which represent the stress variation over
the length of the tire contact area at a particular distance from the
center line of the tire, was then properly oriented relative to the de-

flected tire. These registrations were readily converted to stresses by

e |




means of the cell calibrations, and as such, when projected on & hori-
zontal plane, represented longitudinal sections of the total stress pat-
tern. From the longitudgnal sections and the recorded distance that each
cell was offset from the center line.of the tire, a pl~n of the dynamic
tire-contect patch was drewn ani on it a map of equal stress lines was
constructed.

Stress-distribution maps

Figures T and 8 show typical stress maps developed from the test
daeta. These maps show measured normal stresses on the projection of the

three-dimensional curved interface on & horizontal plane. Since the

stress cells are considered to register pressures normal to their surface,

the components are obtained by locating the cell positions on the appro-

priate projection and plottlng the accompanylng stress magnitude at that

point. The maps in Figures 7 and 8 show the distribution of interface

————

stresses beneath the 11.00-20 tire with a 3000-1b wheel load at an infla-

tion pressure of 15 psi in scft sand and in clay, respectively.

The average cone index in the top 6 in. was greater for the clay.
The clay had a cohesive strength of 3.3 psi and its friction angle was 0.
The é;nd at a cone index of 30 had & friction angle of &pproximately
31 deg and was essentially cohesionless. An effort was made to select
8 pair of tests in which the maximum "in-soil" deflection was of the same
order of magnitude, since this would reflect about equal resistance to
displacement and the extent of tire distortion would be about the same

in each test. It can be seen that the stresses were most uniformly dis-

tributed in e clay, and the nigh stress zone near the edge of the con-

v - —— o ———— 27 oS At Vr—— o Ahp s % = ampms - e Wt s aemsann

tact area wao not as pronounced as in the sand. The p ,jected contact
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Resolution of resultant forces o ST

To resolve the normal stresses acting -t the tire-soil interface

- -~

- e

into a single resultant force, the Btresseg registered by each cell are
fi;st piLtted nor .L to a circuﬁférehce of'the deflected tire.-the cir-
cumference taken at the Bam; offset froﬁ the center line of the cross sece
tion of the tire as the cell'regiétering the stresses. Figgre 9 is an ex-
ample of such a plot, showing in this case the circumfirence of the de-
flected tire at the center line of the cross section of the tire. The nor-
mal stresses registered by & cell at the center line of the tire have been
plotted rormal to the deflected surface and projected into vertical and
horizontal planes. By assuming that the stresses at each péint are uniforq'
over some narrow strip whose width is determined by theOlateral spacing 2 f%
between the ecells, the magnitude and locations of the resultants of the
vertical and horizontal components of the normal forces on each strip can
be computed. Once this has bezn done the magnitudes and the locations
of the resultant of the horizontel and vertical components of all the
measured normal stresses can be determined and these can be resolved into
8 single resultant if Jdesired, i.e: the resultant of the normsl
stresses.

The general validity of the stress cell data and of this approach
can be demonstrated to a certain degree for towed tests by comparing the

measured hdrizontal and vertical forces to the computed values. This -

comparison is good, as shown in the following tabulation:
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Comparison of Computed and Measured Forces

~ Average Tnfiation  Applied Measared Computed
0- to 6-in. Pressure Wheel Towing Wheel Towing
Cone Index wei 7 Ioad, 1b Force, 1b load, 1b Force, 1b
Sand
16 15 ' 3000 870" 2950 © 862
"15 ¢ -30 -3000 028 2961 1098
16 60 3000 1115 2914 k2 |
24 15 3000 760 3230 703
0 - 15 3000 609 3104 563
27 60 3000 1000 3032 112k
57 15 3000 166 3130 187
54 60 3000 943 3147 1083
Clay
41 15 3000 405 3028 412
b7 30 3000 T12 3260 765 -
45 €0 3000 755 3323 797
28 15 3000 1020 2990 1220
29 30 3000 1135 2986 1365
28 60 3000 1180 2980 1208

The computation using the data gathered in this program indicates
that the resultant of all the normal stresses at the tire-scil interface

appears to intersect the center of the axle for both towed and powered

tests. Of 25 towed tests and T powered tests analyzed, the resultant nor-

mal force alwayes passed wit.a.n 0.5 in. of the axle center line. In only

8ix instances was the distanze (& , Figure 9) more than 0.2 in. In all
where did not ii.iersect the center of the axle, it

cases/ the resultant, Fr ] passed forw.rd of the center line of the axle.
If the resultant of the normal force passes through the axle, it

creates no moment about the axle. This suggests that the resultant of the

tangential stress must be zero, or very nearly so, for a towed test. How-

-

ever, negative slip is known to occur in a towed test (i.e. the wheel skids
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slightly), and slip must be accompanied by some tangential forces. There-
fore, & tangential forcé'acting in the direction opposite to the slip-
induced force must ve set up at the interface. Apparently this countei-
balancing force is produced by the formation of a bow wave of soil in front
of the wheel. By the same token it appears that in powered-wheel tests -
the resultant of the tangential stresses is directly reléted to the torqn%
input and the deflected radius of the tire.

Stress patterns

To give some indication of the distribution of stresses at the tire-
s0il interface without showing complete stress maps, the stresses measured
by & cell at the center line of the tire's cross section and a cell at an
offset of 3.75 in. are shown in Figures 10 through 1%. The drawings of the
deflected tire and the location of the scil surfaces shown in these figures

refer only to the center line of the tire.

Results of Tests in Sand

Towed tire
) Analysis of the results of the towed tire tests in sand indicated
that the general shape of the stress patterns tends to be different for
each of the three different tire deflections studied. The drawings in
Figure 10 are intenu<d to illustrate the three different general types of
stress-distribution patterns th:t could be distinguished in these tests.
The stress patterns shown in ploi a of Figure 10 are typical of those

from tests in which the in-soil tire deflection was small, usually less

"than 10 percent. These patterns are ldentified by the single-peaked

curves, be 1 at the center line and at the offset. Tests in which the
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in-soil tire deflection was greater than about 20 percent usually produced
curves of the type shown in plot ¢ of Figure 10. For these tests, the
center-line cell almays'éxhibiteﬁ two maxima in the stress wave, and the
cell at the 3.75-in. offset produced single-peaked stress waves. The third
pa@ternﬂ shown in plot b of Figure 10, represents the intermediate case be-
tyeen the two Just described. The tire deflection usually is between about
10 and 20 percent. The center-line cells and the offset cells tend to sh&w
a relatively constant stress for a significant portion of the strees wave;
and if the curves produced by all cells are averaged, the average stress

at any cross section is about the same for the major portion of the contact
length.

Towed- versus powered-wheel tests

Figures 11 and 12 display comparisons of results of towed- and
powered-wheel tests in sand showing the distribution of stresses on the
horizontal and vertical projections of the contact areas. The wheel load
was 3000 1b, and inflation pressures were adjusted to produce hard-surface
deflections (percent reduction in carcass section height) of 15 and 25 per-
cent, respectively.

" In both figures certain observations cun be made. The towed wheel
produced a deeper rut than the powered wheel under similar conditions of
load, deflection, and soil. Stresses produced by the bow wave ;ére greater
during the powered tests, end although the exact positions are not shown,
it ié apparent that the centroid of the vertical component of the normal
Btrésses was & greater distance forward of the axle during the powerea

tests. Although the stress patterns are gomewhet different, the general

8ppearance is the same for towed and powered tests at similar conditions
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and the peak stress values are of the same order of magnitude. In each

pair of tests, the meximum center-line deflection is slightly greater for

P

the towed tire.

Results of Towed-Wheel Tests in Clay

- "

Results of tests at & wheel load of 3000 1b and infistion pressures

L]

of 60 and 15 psi are represented in Figure 13. This figure shows the dis-
tribution of stresses on the horizontel and vertical projections of the

contact area. This particular pair of tests was chosen to illustrate the

fact that the stresses remain uniformly distributed for a wide range of
deflections. Maximum center-line deflection during the 60-psi test was
approximately 3,5percent, and during the 15-psi test it was approximately

18 percent. The stresses in the center portion of the contact area were N

higher than those at the offset position during the 60-psi test; the re-

verse was true during the 15-psi test. Apparently, in this soft, cohesive
material a plastic flow condition develops in the soil beneath the tire and
thus reduces the possibility that zones of higher stresses may develop at

the tire-soil interface as they do during tests in sand.

A Comparison of Towed Tests in Sand and Clay

In Figures 14 and 15, the distribution of the components of the nor-
mal stresses on the horizontal and vertical projections of the contact
areas is shcwn. The wheel load was 3000 1b and the inflation pressures
yeré 60 and 15 psi, respectively. To make this comparison, pairs of tests
were chosen in which the maximum in-g2ii ustlection was of the same order

of magnitude. As previously mentioned, this indicates that the total

e
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rosistance to displacement and the extent of the tire distortion were about
the same in both the sand ani the clay tests.

In both figures th; following points are obvious: (a) The interface
stresses are mor: evenly distributed during the tests in clay, and the pesk
stress velues recorded are slightly less than those recorded for the tests
in sand. (b) At the front of the contact areas, the stresses increase in
magnitude at a faster rate du.ing the clay tests, probably because the bo;
wave in a cohesive material remains an integral part of the soil mass,
naving about the same cohesive strength as the mass itself, even though
it is being deformed, whereas the bow wave in sand is a disturbed material
in a very loose condition. (c) The contact lengths and sinkages are larger

for the tests conducted in sand when the maximum deflection of the tire in

sand and in clay is of the same ordexr of magnitude.

The position of the lowest point on the deflected tire is indicated
in Figures 14 and 15, It is seen that rebound of the clay soil produces
normal stresses to the rear of the lowest point on the deflected cir-
eumference, which always fell at, or beyond, a point directly beneath the
axle, The approximate amount of rebound estimated from the tire-deflection

plot for 'the twe tests shown is 0,2 in,

Conclusions

On the basis of the data presented in this paper, it is concluded
that:
& The line of the resultant of the ncrmal stresses at the
tire-soil interface passes through the center line of the

wheel axle for towed and powered wheels.
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In sand, the shape of the stress-distribution pattern is

related to the magnitude of the maximum in-soil deflection

of the movi;g tire as measured at the center line of the

tire cross section.

Interface stresses are more evenly distributed when the tire

is operating in a soft clay soil than when it is operating in -_
sand, i.e. zone of higher stresses is not as pronounced and .

the peak stress values reached are slightly less than those

recorded during a sand test.

o e




- (HOYAVID AAVAH | 2v | 22 | +9
v.ivd 14 N5/ v¢8 z_:t
NOILLYIIAISSVTID ANV NOILVAYYHD |14 nd/atoo x<L (<S) GNVS 3NLS
& .- . UNSION
:ncﬁ.Q uoNRDIISSDID) 1d 174 17 [esmeN .:noﬁ RQu )
au1j i WhIpaY | e Jur2 { 31200
30
AVID 0 1S NS I3AVED
SIRBWIIY U} ATS UjRID
1000 S00'0 100 500 1o 50 c o1 05 0ot
o201 A 0
v
06 // - (224

2
g

e b oy
WBPM £q sesiR00 WA
8

7
|
l
8
WBM A sould Juaud

"

GNYS ~—

£
8

“

&

oo
8
/
T
-
R

[+:4
mu AV 70—,
N
ot ~ 06
. ™N
° LCTT—r—ts 3 Rmns b Jog d - } L P
W o oot oL o5 Or of o2 ¥ ol s ¥'3 T % T3 ¢
- KgaRecaphig SRGUNN SAANS PITPINS S N [N U} SISO NG PHEPUNS S N
]
A
R -

Figure 1

AL R M 3 P e B e vt AR s e 7 WO M

<

{

ER R S

s

R A st TS

e

oy
-3

—

A

-

s

R A b 2

ha‘,"“"“‘“'“ﬂ'—'

s b

|




PLOW,
VIFDRATOR,
ETC

CARmAéE
DRIVE
. MOTOR

4

*Iw'j. 4 a2
Y ﬂ\\é’:
G

»l
* URUTIYAY I SN 5,' S
Reaxr view of large test rig »
Figure 2
— :
— 5
I e S e v <. Ny ;V"‘ N \\- ‘ *




EMILINDUCTOR STRAIN GAGE

WITHIN PRESSURE CELL HOUSING

PRECISION RESISTER SLIP RING 150" CABLE
ASSEMBLY ON WHEEL ASSEMBLY BELDEN 1 8404
HUB ON AXLE
- DA H 2 8
§ T |
13 1#0n CEC
CELL 1, 2 120 -l W__ 2] 3vpE I8
j$1 ! 7 CARRIER
L > -~ G 3{ AMPLIFIER ro
P, o) o (RECOSDER
26 /1201 — | R 4! CHANNEL |
| N AMPLIFIER |
. L_..._..-._I L_‘____! S S LIFIE
]
]
[
EQUIVALENT CHANNELS
V" cELL 1 ThROUGH CELL 7
T
;’""‘. | SEPRE e 8 1
i %, 1 | | ¢
b EC
cew 7| £ | | | A W20 TypE s
T ' P CARRIER
| HE) ¢ 3| ampLIFIER 10
e | I = | RECORDER
| | Lt R 4] CHANNEL 3
L J Bl s 5| AMPUIFIER 2
= e d
L 2° 1
4

s

MATERIAL: STEEL
SECTION

REAR COVER, i THICK

’°

4 1§ DIA HOLES FOR LEADS

SEMICONDUCTOR GAGE

DIAPHRAM MNACHINED AS
NYEGRAL PART OF CASE,
0./8° . THICK

ELECTRICAL SCHEMATIC
DRAWING OF WES PRESSURE
CELL AND AMPLIFIER

Fgure 3




F ——— -
(X ? B —
pee] v NS - B i R A A AR A S,
: o & ‘.., ! £ v e 7 v " * ALK " W * r»-/, o FAT AL A NG e
R A e ook vz TR LIS POt T Ay & NP L .‘L . 2 Y e 5 n .. . Yo ol S AL R -~ . e R

RO D N s N B oo a o b T —_—

o # SRANE w, €5 Syt A

AN A

b N
e b

Figu

MWM» e
B3~
Vi TS

Sl

Cells in the tire caxcass

“AG02 8|QelisAl 1523
w02y PPy

ek Wy . e
e s i e S AT R e
- - TN - Ty L RESo
§ : »oen v - IMV L3 ot
tet . R 1 IO . ™ A - o
. [¥ B e - L. e ER
: N D N z N
P S e s .

53 = e e e e s s IRIRTANEEE, §
o L £ » B i S el oW L P P U T . - & —
. ] $¥ S, S - ; . _

<
e



N S . s ST T ST, St

. iy Y e Dt — . It r)'}?."l«v\.

-.M.,.. . -~ - . - e ntda RAUDOIT A L [
) 2qng. 02-00°TT uT, s3xod 9888 uOT309TIa(Q . :

4 . i
m R

(] !

B i

& j

o X

=

!

{
¥

\

|

|

%.

38

“Adod> s|qepeae {saq
wolj padnposdey




A
v
4
L
H
b
;

L

{
%
-.w -
Y -
B B s
i , ,
‘w €
! Ay 3
M SRR :
AR ..KWv&hWWt« R ) ) - - »
: shr ot . o
A WX LIRS EL A Aot R .y 2
S ).mv&mu\ﬂ,&a} LR
5
o -
. b “3%
H
x
: m
o
taf t '
= £z .
W wQ
3 = zZEe
’ o 5= 1
ot W -
v z - :
; u o .
: - ..e
: -5
B &
3

Deflection gage

T

|

Figure 6




- ST T e 3 S e

o~

PPV T - S

b -

Of =XdJANI 3NO2 "MNi~9 OL -0

Figure 7

‘§S3Aud 4Nl 1Sd--$1 SYOT 87-000€
- ' .
it o) 3YL ULOOWS Hd-7 ‘0Z-0011 ]
4 ﬂw aNws NI 733w ¢3MolL e
o ANV Id VANOZIHOH NO J31D3r0¥d sanan M 3wes
" — $ISSIULS TIVWHCH 40 NOILNEINLSIA 64 N EITTIULS 3uv SUIGINOD “BeON
h s
! e . e nt | S S e et — e Wt —
—_ -~
~
\\ YIYY LIVINOD ~N
\ Q3L33IF0YS SO INITLNO / |
/ \
/ . \
i / \
i \ TI5AYEZ J0 NOIZoFEIC J /

~ NOILISOG 31X¥ — | /

DI — SV ¢
Al’ OQ}\\\
eu\l ”ww\” —
-
m.wl/l.\\ilM )
/ow.’l‘l\\l\.

AL 2RO0 | ok ek NN R g i oS S ¢




- MEETI S v o PN S Y- S TR ) : : | {]
e -

= o
I+ =%X3AN!I 3NOD ‘Ni-9 OL -0 m
- '$S3dd 14Nl ISd-S! AVOT1 §1-000€ &
3¥IL HLOOWNS ¥d-21I ‘02-00'1 =
J AVID N! T33HM G3MO0L
< INVId TIVLNOZIHOH NO G3LD3royd S L — s
S3SS3IYLS TTVAHON {40 NOILNGIY.LSIa SIWONT NI 33vDS
‘1Sd NI S3$S53¢l1S 3YY SHNOLNOD 310N
T T T e T —_——— T T T T T }
~
T ~.
~
v N
A N
1
/ VIAVEL O NOILIFHIO /
_
NOILISOG F1xY—"| _
— + - i
02— |
] \\\\
oe
s/
o7
s
[
s, A AOG PN Sy TR T Rt e[ YN

. )




2

DIRECTION OF TRAVEL

o

[\

DEFLECTED TIRE SURFACE

BOTTOM OF RUT

~ -10°

CREST OF 8OW WAVE

ORIGIVAL
SURFACE _ Tnx

IM AT AXLE:
(a)(Fr)=-(b)('r)=0
o T:Sostr!
b

ASSUMPTIONS.
G_N =G.Nx= O-Ny: O-Nz
AXLE FRICTION NEGLIGIBLE

NORMAL AND TANGENTIAL
FORCES ON A TOWED
PNEUMATIC TIRE
IN SOFT SOILS

39784 wewes

-_-,5,,_.:(&__-—.;. -

o

ey A

o a

32 -




v,.f e e T A et s e S PR - -

ELEIRY

PR3

: 341L HLOOWS ¥d-2I ‘02-001 ]
/@ S133HM a3moL @
! aNVS NI 3Dvauns “3u1_40 NoLL

2 YL IV S3ISSIAULS IVANNHON PRSP AN R VR T SN m

SANINOJNOD TTIVIILYU3A

AN AR e k0 77T

..I\l
O€ = XIGNI 3NOD “Ni~9 OL ~0
. WNSSIVS NOUVIINI ISI-6)  GYOT GI-000%
SLNINQOLNOD TIVINOZIHOH S
2 Loy uo~ noLL0% [ T s [ [ T T T T T T
[
H . . . 3 J 440 NI SLC 4V SSIYLS~_ |
N Nt i9°2e2 0, 3 2y ssaues
: ) 3 440 N I TS
- Fvaune | YNiomo " sox 1 ss70ls 1° - —zwpe i . o
v < IAVM MO 3 4¥ SSTWUS \ 7y 40778 aniod , '
N 1 1 | 1 1 1 1 . I .\.&\—’ i o

. ) 91 = X3IGNI INOD ‘NI-9 OL -0
FYNSSIYS NOLIVIINI ISd-S1 QYO @1-000¢

1iny 30 fn01108 . 9
- —ty 2 oe
nh 1 § ) L T I 1 _ L 1
. . > .
N w ’ ’
. =
4 NI OF¥~2Z - xvp -4z ” = _ oy
3 |
P ) ¢ 3 44O NI SL€ LY SSIYLS !
¢ 3 210 ‘NI «
. SLELY SSTULS S E
35vauns § VNISIEO 3 4v SSFULS ° z %% 8
NI2g'| ! E h 8
u><._w MoT z 77xy M0I378 tSotl\\nl z
1 1 2 @ . A e
3 »
ne 01200 ! : ° W 42 = X30N§ ANOD *Ni-9 OL -0
) 2 - -
. e z 3UNSSIUd NOLLYIINI IS4-00 QYO €I-000%
N i , 2z =
- [s]
X
m
, NI SOEeZ g o T T T T T T T T T 09

JIXY MO12@ LNIOJ
(-2 4

490 W
3OVIUNS § TVNIDIEO| nx..(.w SSFULS

NI 612 J LV SSIYLS
FAVYM MOT f

~ .
! ) 1 ' ! ) )

-] or oz o 91 14 2 ol - 9 v k4
ISd NI $S3YLS $3IHONI NJ 3IXY NOY4 IONVISIO ,

NI SLE LY SSINLS

1
-l
&
<
2
8
"
1

T

e T—— Amanan.- .

#Ww:hi?ﬂ? e T Tt T PRI
ol N « g
& 8 . )
g w® s n‘vb ~
oy @ AR o2
PR ¢ SN N .




JUNSSIYd NOILVIINI ISE-94

. 3YIL HLOOWS Yd-2i ‘02-00'H

S133HM G3Y3MOd ONV Q3MOL
aNvsS NI 30Vi4dNns

3dil 1V S$3SS3YLS TTVINHON

. SININOJLNCD TVLNOZIHOH

104 40 720._. 109

‘NI 8§°¢=2

d 440 NI SLT

35V4UNS ) TVNIDHO [~ ¥ $SIUUS
2 uv ss3YL
N} QU'€
IAVM MOS8 -

\ . _

N

1Ny 30 [ noL10E I 1

‘W I9L €2

Y 440 NI SLE

I
]
©

S3HONI NI 39VIHNS TYNIDIYO WOHJ IDNVLSIO

i
|
-

|
]
o~

- [~ ursssus” \\—o
v
32v4AUNE | TIYNIDIHO 3 Ly SSIYIS
Nt SLE = z
3AVM MOB
| T

co ov o2
1Sd NI SS$3¥1S

4]

/‘\\

‘NOILD3S
$S0UD $3YIL 0 D 1v QIUNSVIN
1Ny 40 NOL10G GNY 3AVM 00
‘NI 290 = ONVS NI Q343mod
‘NI 16°0 = GNVS NI G3M0L
‘NI 211 = 3DVIUNS QUVH
INOILD3T430 D XV 310N

SIN3NOJWOD TIVDILY3A
1€ =X30X! INOD ‘Ni-9 OL -0

Qvo1 81-000€
QRI3IN0dD 9

1 i I ! |

3%y #0738 1NIod — )
3 ¥ ssIYLS

o0

—{ oy

W 7IAVYL J0 NOILIIYND

€ = X30NI 3NOD '‘NI-9 OL -0
avo1 @71-007%¢

QEAMGa ©

oz

FIXY MOIIP LNIDQF—,
2 1y s533Y4S

o9

—j0r

o2

-] 91 rl k4] [+]] e 9 v 2 o

S$3IHONI NI JFIXVY ROX

IS Nt SS3ULS

Figure 11




IUNSSIHd NOILLVIINI 1Sd ~6!

o YL HLOONS Uud-21 02-00'11 . NoLL5ES o
z ﬂmmx; wamgom ﬁZ( ONBOF. ) SSOYD $3MUIL 40 -W J4Y Q3u¥NSvaN
1NY 40 WO1108 GNY 3JAVM MOS
ANVS NI 3IDdV4HAS ‘NI 2¥°1= ONVE NI Q3Y3IMOJ
NI 9Pl = ANVS NI QIMOL
— YL LV S3SES3HLS TVYNEHON ‘NI 1'2 ~ 3OVAUNS QUVH
. INOILD3T43C D XYW :ILON
SININOJIHOD IVIILYEIA _
9% = X3GN) 3NOD 'NI-9 OL -0
Qvo1 §1-000¢ |
SAINZINOJWNOD TVINOZIYOM RECETRRG]
09
TR * T5TIoe T T > T T ] T T T T T 1
Xy Iy 40738 1I0d—"" 1
‘NI €6°S=Z - —z — i i
490 M S2E D 450 M SLT IV SSIYLS 28,
— AV SSI4LS o 3 4y ssquss 7
= D ur —4094 = - o2
FOVUNS  IVNDIUO SSI¥LS > .
NI L2t o
3AVM MOQ 1 1 m i 1 ! i t
- ]
} 2
[«]
£ o
° P
2 X JFAVIL O NOI1039i0 o
W. . @
Ny 40 I wor100 1 1 L z
L - b4 ¥€ =X3GNI INOD NI-9 O1L -0 hd
3 v A~ . - o
oaar m GvOT 81-000%
e -3
NI oo.anuN a a3amoi 00
- —~z" T T T T I T ] T 1
Vo z .
3 470 WISLE Z - F7XVY #0777 .;.Bo.\\_ ~or
i 8 = LV SS3YLS. —o < D uv sS3Y1S
_ wuﬁuaJ TYNISuO a D SO MSLY IV SSIHILS 24y
w ! ‘NI $E°C - 2 —jo2
3 3AYM M08
* | 1 | 2 [
o QI ) 7 21 o1 e ) Y F ° 2- »-
SIHONI NI TIXY WOUJ IINVLISIO
é)\»}v!ﬁ.\! yanvaﬂ..a.x ava, B L T s T — x. .
& 0, e N - &

~ B
LI =4 . RS

: 3
v.,e\%w :




-

S¥-1v X3IANI 3INOD NIi-9 OL -0 AVD
34lL HIOONWS ¥ud-2i ‘02-00°14
S$I33HM AGIMOL

AVID NI 30VvidNns
34Il 1V S3SSIYLS IVANON

'NOILO3S SSOWD S3awix
40 D 1v Q3ungvan iny
40 PO110Q ONV 3AVM MO8 310N

SLNINOJWOJ TIVOILHIA
$#=X3IGNI INOD ‘Ni-® OL ~C
avoT g1 -000¢

AYNSS3IBd NOILLVIINI I1Sd G ‘9

_// | |
1 JWY MOIZY NS

(-} P -
g g
d 450 W sLT 2
1r sSsauss z _
i 2™
-
n
(=]
. £
(7]
o -4
] 2
2 K T73Avus J0 NoroIR o
E ®
] v / z
»
3 2
s W14 N SP=X3IANI INOD NI 9-0L -0 @
4y ss3vis m N\, avoT §7-000¢
N
x H * JYNSSIYd NOILVYIINI ISd 09 P
~ qz= T T T T ) T T T or
¥y Z 3
e qY SSFULS N,
a = _1/3‘3. #0729 1NIOG
B i——
—————
- -0 = \ —-qjo02
3 440 M SLC 1Y SSINIS
: !
D 450 NI $2€
1V SSINiS _ /
] 2 1 1 1 1 ! ! °
or o2 ) ° 21 [ ° 9 2- >~ 9- .-

ISd Ml SE3dLS

v 2 ©
$3IHONI HI 37XV MOU3 IFIONVLSIQ

Figure 13

e

i n e vt

i a—— = ot e 1 e e

e,



JENSS3IYd NOILVI4ANI 18a~-09
3Y¥IL HLOONWS ¥d-~2I ‘02-0011
ST733HM Q3MOL

. AVTID OGNV ANVS Ni
”. 3YIL LV S3SS3IYLS TTYWHON

SININOJWNOD IVLINOZIYOH

1 i

. 3 ur

: 1Ny uo*xotbn | SSIVLS —
‘N 2C' 222 ¥y
Nt et [~ ]
ZAVM MOG 3 200 M SLT /
* ¥ $SI¥L

= 1 . E——

FOVIUNE TYNIDIEO

4ANY 40 } WOLL00Q

r x
™M OG22

AIVAENE | TYNIDIWO

Nt L2
IAVM MO0

1Sd NI SS3u1S

o9 ov o2 Q

3ov3idns

]

N

<
STHONI NI JDOVIUNE TYNIDIHO WOHd 3IDNVISIO

]

‘NOILDIC
$OOHD $3BIL 4O D v g3unsYIN
10Y 40 MML10@ GNV IAVA MO8
N} 2€E0=AY1D NI
‘NI $¥°0=QNVS NI
INOILD3TIIC D XYM :ION

SININOJNDD IVIILE3A
SP=Y3ANI INOD NI 9 OL ~0 AV
avoT 81-000¢

Figurs 1k

AV 9
T T T T T T T _ T T 09
- D u4v ssyis. ! oy
3 S0 M SES zN, e
4y ss3uis M09 LNIOd
ﬁ — oz
FYIL OILITIIIT NO iNIOS LSITMOT
| ] | | 1 ) | °
(7]
-4
. -
TIAVEL 4O NOILIFHNO o
12
Zz
L4Z=X30N1 INOD ‘NI D OL -0 ONVS °
Qv¥o1 871~000% @
ONVS P ]
T T T T T T T _ T T
¥ uv ssIvL '
dsomwmsLe
- 27xy —qor
1Y S$S3¥LS ‘ GOTID
Z¥p
= ' —foz
et el 1 1 ! 1 [l ] 1 1
ot [q) 21 o1 ) ] » 2 [ 2- ”- [

S3HONI Nt IIXY RNOVI IONVISIO




T SRR R TR, RS GRS 2rtpaen v R e B RR S G A RS S v it
. 7 EargeRigritad

ST SN TN G,

LA ey e

¥

IS LE Y LY T

<

i g = T S o St i e e
—

L4
4 7o
3YNSSA¥d NOILVIINI ISd-S! —
3¥iL H1I00NS ¥d-2I "02-0011 m
S$733HM Q3MOL NOWLD3S ;
ssou 2
AVID GNV GNVS NI 3Dvduns o 4 ud, 100y Jouasyan
¢ ‘NI 29°1 =AVID N
3Y¥IL 1V S3SS3IYULS TTVYWHON N 09°1 SONvE M1
SNOILD3T1430 D XYA 310N
. SLIN3INOIWNOD IVDILHIA
1Y =X3GN! 3NOD ‘N9 O1 -0 AYID
IN3N 0D 1V dOH avol e1-o000e
AVID «
T T v ~T T T T T T _ ] T T 2
d 440 NI SLE
inY 40 NOLLOO B 2o NS d. B 3 ur ssFyLs . oy
ﬁ ¢ 3 490 W SLE 2H5 7%y
iV $s3y1$ \ MOTZG LNIOS
NIg2'i=2 — ] o I//
| Xty d.8 .
"Nt § 901 Om r o Y -y : R [
arm y ¥od 2y sdus B \ \ 3911 031237430 NO LN w.ohoq/lf/—/l
] ] 2= l ] l ] ] i i 1 i °
IdVIUNE TYNISYO 3
. z
[’ 3
O -
pil D
o T ITAVIL 4O NOILO3YIO o
> o
£ :
T T 92 91 =%30NI 3NOD ‘NHO OL 0 ONVS v
«
2 avo’ 97-000¢ e
> PN —
i0Y 40 WO1108 } i ANVS ® on
XNy 3 | ] § { ! ) 1 _ ) H ¥
3
‘N 09z - F ' —{ oy
oe'r=z m ™ 3 o m 526 av ssTIUE Al
« 3 uv SSIYUS,
i L 3 uv ss3u1s ° | —{oz
‘NI 26871 D Jso NISLE
3IAVM. RCB AY SSIYLS
¥ 1 I 2 L L ) °
o9 , O oz ° 9 'Y 2i o ° ° v 2 ° 2~ »- 9- 9=
- 1Sd NI $S3Y.iS SIHONI NI 3IXVY NWOUHJd IONVLISIO
35VAUNS TYNIDIHO
ORI

R AEF

A S I ey
B . o W

=

B




