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OBJECTIVE

Measure and analyze pressure distribution and slip sinkage rela-

tionships under ripgid wheels in various types of soils.

RESULTS

Pressure and slip-sinkage measurements for different wheel dimensions
in five different types of soil are presented in chart form in such a way
that the affect of slip, sinkage, soil_properties, frictional forces, and

wheel geometry on wheel behevior are clearly indicsted.

CONCLUSIONS

Sinkage, as well as pressure distribution, are a function of slip in
granular soils. However, in tlhe cohesive types of soils tested, both sink-
ege and pressure distr;bution were independent of slip.

Frictional forceszhust be included in wheel equilibriun equations if

equllibrium is to be achieved.

AIMINISTRATIVE INFORMATION

This program was supervised and conducted by the Land
Iocomotion Laboratory of ATAC, under D/A Project No. 597-0OLl~

006, Project No. 5016.11.34400.
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Normal ﬁreésure distribution and slip-sinkage relationships were
gtudied experimentally under 1igid wheels in various types of soil. 'The
experiments were limited to driven wheels only; however, normal pressure
distribution for a wide range of slip condition from O - 100% were obtained./h
Sinkage as well as pressure distribution was found to bo dependent upon slip,‘
soll properties, and wheel geometry in sand and in sandy loam with low \
moisture content, but in sandy loam with higher moisture content, asinkage
and pressure distribution may be taken independent of alip. The analyeis
of data also revealed that the effects of frictional forces are significant

and cannot be overlooked.
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Measure and analyze prersure distribution and slip sinkage relationships

under rigid wheels in various types of soils.
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INTRODUCTION

This paper summarizes current progress of work done under\ﬁroject
"Pressure Distribution Beheéth a Rigid Vheel" since publication of Lend
Locomotion Report No. Th in April 1962.

From Report No. T, it becomes evident that for the solution of

equilibrium equations for wheels, knowledge of the magnitude and position

of the ground reaction is essential. This information furnishes the key for the

evaluation of wheel sinkage, drawbar-pull and motion resistance. However, at
present no ex;ct equation exlsts for the description of pressure distribu-
tion under wheels.

The well known Bekker equatioﬁlis an estimate of pressure distribution
which produces satisfactéry results at small sinkages and at & limited number
of slip conditions, but at high slip rates and for greater sinkage conditions
in sangd, fofiexample, this equation introduces an error due to the improper
location of ﬁhe resultant of the pressure distribution. In Land Locomotion
Mechanlcs one must deal with wide ranges of slip and sinkage conditions. A
more complete pressure distribution function producing greater accuracy is
desirable.

Publishgd data aveilable in this.area can be divided into two groups:

1. Pré%sure transmitted from wheel to soil is measured by "pressure

2,3,k4,5

transducers” at certain depths and locations in the soil mass The
disadvantege of this method lies in the difficulty of positioning the pres-
sure cells in the s0il. Also, under load from the consolidation process

these transducers can move; therefore, such measurements may be erratic.:
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2. Pressure distribution is measuied at the interface contact of
vheel and soil by "pressure cells" embedded in the wheel's perimeter§’7’1°
Using this type of measuring technique, the complete contact preasure can
be obtained, which ulti;n%ely permits treatment 6f the wheel as a free body.

Most of these maasur?mants, except those contributed by Vincent and
the euthor, were performeé using pneumatic tires. Although the uae of pneu-
matic tires seems more pr;ctical from & Land Locomotion standpoint, the
rigid test wheel considerably simplifies ti.e analysis of pressure distri-
b\rtion,l s:.'.nc_;e no changes ;:Ln w-eel jeometvy have to be accounted for. How-
ever; ﬁpon succeseful coﬁpletion of the rigid wheel study 1t is intended to
sxtendfthe scope of this:ﬂork to include pneumatic tires.

T% the author's knowledge, none of the references quoted except
Rafarqﬁce 10 have considered pressure and sinkage measurements in terms of
vhesl ?lip-ainkagp and in terms of thas effect of wheel geometry in different
typeafar soil.

Qha quorimantal results reported in thie work were intended to develop
Jthc f&lloﬁing information:

; a. True shape of normal pressure distribution.

b. Effect of wheelvsliﬁ on normal pressure distribution.

c . Effect of wheel-slip on sinkeage.

d. Magnitude df frictional forces on e powexred wheel.

e. Effect of soll properties on pressure distribution, wheel slip-

sinkage characteristics, and frictional forces.
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Definition of forcea acting on e Rigid Wheel.

The view is taken here, that once the magnitude and poaition of
the ground reaction ie known, the force system acting on the vheel
is cotpletely defined. Figure 1 shows the concept of a force system
acting on any wheal:

Figure 1

Under the sction of an imposed driving moment (M), the wheel will
| P have the tendency to slide relative to the ground. The shearing forces

i (i'ﬁ and c¢) on the contact surface will oppose this motion. From geometry,

the normal force (N) passes through the center of the wheel. However,
by adding T to N, R must act at g relativa to the normal when wheel slip

- or soil fallure occurs.
Two possible and dififerert angles of friction can enter into the
above problem:
l. The angle of internal friction of the soil.

2. The angle of friction between the wheel and soil.

3




:ﬁf gl N .’ B

The smaller of these two angles will determine g. The wheel load
(W) and the drawbor losd (H) are tsken to act at the center of the hub.
It i% wonumad that the coefficisnt of friction is constant along the wheel
contact length and that the frictional forcees act in a direction opposite
{0 the motion. I the contact surface is not too great, it is safe to
assume that the ground reaction (R} will be tangent to & circle of rodius
r- ;- sin § which is cumsonly called the friction circle in soil mechanics,S
The equilibrium equation written on the basis of the concept presented
here cannct be solved unless an eppropriste pressure distribution function
is Xnown. 'i'ho general, equations pextaining to driven, braked and towed
| vheel conditione have appeared previously in several references 7» 10, Ly 123

therefore, they will be omitted from this puper.
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TEST FACILITIES AND FROCUEDURES

In order to obtain actual pressure distribution curves for rigld
wheels under varieble loading, slip and soil conditions, & special
apparatus was built, Figure 2. The test spparatus consisted of two
test wheels: 20 in. x 3 in. and 20 in. x § in. A torque meter was
attached to the axle of the wheels.

Strain gauge types of "pressure transducers" were embedded 1. the
vheel's perimater: one at the center of whesl and two close to thé edgen.
This arrangement psrmitted the pressure distribution measuremant laterally
us well as longitudinally. The transducers wers constructed so that only
pressure normal to the wheel would be measured.7 The wheel was mounted on
a dynawmometey carriage. A distributor was attached to the drive shaft of
the wheel which produced a signal at ¥ 3° of angular rotation of the wheel.
The linear displacement of the wheel wus measured by meaus of a micro-switch
attached to the driving sprocket of the carriage. Therefore, knowing the angu-
lar and linear displacements, the slip was easily evaluated.

The wheel was loaded ln 50 lb. increments from 50 to 200 1bs. Tha
wheel sinkasc was measured by means of a potentiomster connected between
the loading tray and the carriage. The pressure cells, micro-switches,
potentiometer and the torque mater were connsctad to a series of analyzers
and to & "six-channel" recorder. The recorder continuously recorded the
Pressures acting agalnst the moving wheel, the exact location of the
Pressure transducers, the magnitude of angular and linear displacemant,
torque and sinkages. The ‘'esasure cells were celibrated by a device
developing & known air pres .re and having e uaximum capacity of 20 psi,

Figu.‘re 3-
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Tests were performed in sand and in sandy-loam under laboratory
conditions. The s0il bin used for this investigation was 40 ft. x
5 ¢, x 2 ft. in its overall dimensions and was equally divided between
sand t‘md sandy-loam. During tast, the sand was kept air-dry. However,
in the case of the sandy loam, water was added after each complete ex-
periment a8 needed to investigate the effect of soll consistency on
pressure distribution and slip~sinkage relationship.

Eome important characteristics of the materials tested are tabulated
in Teble I.

In addition to the data in Table I, & grain slze distribution dias
gram for send is shown in Figure 4.

Atterverg Limits pertaining to sandy-loam are tebuldted in Table YI:

TABLE II.
Liquid Limit - 19%
Plastic Limit - 15%
Plasticity Index - (%

Prior to each test run, the dry sand was leveled with a leveling
board attached to the carrilage in order to assure a reference surface for
sinksge measurements. Then the wheel was loaded and the experiment was

begun by driving the wheel and tow-carriage simultansously. Drag was
epplied to the carriage ceusing the cerriuge to slow down relative to the
wheel and produce & certain magnitude of slip. By increasing the drag on

the carriage, praessure distribution messurements and slip-sinkege measure-

ments at higher slip vere possible. This technique was employed for test-

ing at different slips, since speed of carrisge and wheel cannot be con-

trolled separately. During this procedure, pressure distribution, angular

6
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displacement, linear displacement, torque and sinkage daim werw racordcd
continuously. 'The experimentel technique produced deta which permitted
plotting of normal pressure distribution, sinkage and torque as a function
of slip between O and 100% for each type of soil and loading condition.

The test procedure for sandy-loam was essentially the sane ac Tor
sand. The only difference existéd in processing She material, Sandy-loam
was mixed at esch test rwn and at each addition of water content with a
Rotary-Tiller. Then i1t was raked until e smooth soill surface was obtained.
After this procedure, two passee with & smooth roller, weighing 200 lbs.,
ware applied. Although this resulted in an gncrease of soil density, it
assured a more uniform soil structure, which is demonstrated by the fact
that the deviations from the mean in moisbure and density values are within
sccepteble limite. As a matter of interest, it should be noted here that
deviation from mesn density at least doubled when the roller passes vere

omitted.
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TEST RESULTS

The results of driving moment, pressure distribution end slip~-
slnkage measurenents are presented in diegrams and chexrt forms.

Figure 5, shows a typical torque versus slip relationship with whesl
loed as parameter in dry sand. This figure also confirms that for slip
conditions in sand in excess of 30% the assuwption that y$ is constant is
valid., If shear strength is taken sz independent of depth, the torque
versus slip relationship depicted can be considere#d os a eheer deformation
dlagram since torque is proportional to the tangential forcas end slip to
the corresponding deformations. The peak points of these curves were taken
Tor the construction of the Mohr-Coulomb envelop, and the value »f ;‘ wes
Tound to be very nearly equal to that determined by sliding friction exper-
iments. The sliding friction experiments resulted in g = 24° and ¢ = O
while evaluating those from torque-slip relationship when the normal pressures
at wheel-soil contact are known, gave § = 23° and ¢ = O.

Actual normal pressure distiibution diagrams are shown in the next
series of figures. Figure 6 illustrates the pressure distribution in sand
88 8 :t‘unctic.:m of the polar angles under & 20 in. x 3 in. wheel at various

loads. The wlip 1s held constant at 0%. The effect of slip on pressure

distribution is shown in Figure T, when the soil (sand), wheel size and
vheel load are kept constant.

It is apparent from the latter two pressure distribution dlagrams that as
slip occurs, pressure distribution as well as sinkage become a function of slip.
An increased sinkege develops higher motion reslstance; therefore, the resultant
of the pressure distribution will have a higher angle of inclination reletive

to the vertical.




Another lmportant factor is that the pressure distribution extends
beyond the point of maximum sinkege. The extent of pressure distribution
to the traliling portion of the wheel is about 10° or less from the toe of
the wheel in most of the pressure profiles reported here. This phenomenon
can be attributed to the flow .o the material 1qto the wheel rut in sandg’to
the rebound of the materiel in firm solls.

Note that the pressure dlstribution in the lateral direction is also
shown in the figurea. Dots denote the pressure at the center of the wheel
and crosses denote the pressure oclose to the edges of the wheal. The
presgure transducers mounted at the edges of the wheel were averaged on the
recording device so that the .crosses represent the aversge value of the
pressure on the two wheel edges.

Figure 8, shows the same information for & 20 in. x 5 in. wheel as was
shown in Figure T for the 20 in. x 3 in. wheel in sand. 'The variation in
Pressure across tlie wheel face is very significant indéed for this wheel.
The pressuraes at the center of the wheel weres found approximatelry twice as
high, as they were observed close t0 the edges of the wheel. In case of the
narrow wheel, the varistion of pressure in the lateral direction is negli-
gible except for those pressure aistribution dlegrams which were obtailned
at very high slip condition.

Figure 9 further illustrates the importance of the leteral preassure
distribution for wide wheels. Pressure is shown as a function of polar
angles for specific cases of slip under a constant load.

The next two figures, Figures 10 and 11, show sinkage (maximum vertical

deformation) as a function of slip in sand for the 20 in. % 3 in.and 20 in, x S in.

wheel, respectively. Again, it is epparent that as slip occurs sinkage
10

5 n et A e < Aot & A ol e S o\ e e

S

-!
|
s
|
s
g
z
’?

P




- . - “: “;.1 W kY ;
» . %E - owdomoae =

rapidly increases. For sand the compaction sffects are small, so that the
Wheel can dig itsell into the ground. This process is associated with slip
fallure in which the wheel removes material from the contact surface and
deposits it behind the wheel.

The next figure, Figure 12, shows sinkage as a function of the angle
of inclination of the resultant of normal pressures in sand for both
wheels tested. This function may be approximated by a straight line having
the following equation:

2y~ 6.8700

Aftter some manipulation it mey be seen that in sand the normel result-
ant divides the ground contact arch approximetely into two equal perts,
thereby confirming the hypothesis of '.!.‘a.na.km.:l'2 who assumed in general. that the
angular position of the resultant (N) is half that of the angle of sinkage.

If thervertical component of the ground reaction is eveluated by
graphical Integration, a chart plotting Nv and Rv againost W can be made.
Ny, is the verticel component of the normal resultant N, while R, is the
verticael component of the resultant of normul and frictional forees. It
is found that Nv alone does not satisfy the equilibrium of the Yertical forces.
This indicates that frictional forces must be included to achieve equilibxium.
The frictional forces were evaluated from Coulomb's equation for meximum
shear stress. The agreement obtained by the inclusion of the frictional
forces is shown in Figure 13, and it can be seen that the magnitude of the_ o
discrepancy is withinran acceptable limlt.

The tests were continued to investlgate the behavior of the wheel in a

sandy loam at variocus moisture contents,

11
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The following illustrations refer to results obtained. Figures 1ll, 15,
16, and 17, show slip-sinkage reletionship for a 20 in. x 5 in. wheel in
sandy loam Mix No. 1 ~Mix No. 4. Figureslh and1s show mixes which represent
pandy loam at low, 4.9% and 6.5% of moisture content, respectively. The
slip~sinkage relationship is very similer to those obtainad in sand. However,
at 9.1% and 16$ moisture content, sinkege will be independent of' slip. Simi-
lar resulis were obtai.ed with a 20 in. x 3 in. test wheel at 16% moisture
content, This relationship 1s shown in Figure 18,

An oxplanation of slip-sinkage behavior of wheels in sand and in sandy
losm may be given as follows: in granular soils (dry sand end sandy lcam at
low moisture content) the ’compaction effacts are very small. Therefore, a
“goil transport” phenomenon exists underneath the wheel. With added water
and the same compactive effort of roller and vheel, greater density can ba
obtained up until the water content reaches the valilis where maximum density
is achieved. The sandy loam type of soil is highly compactable at higher
molsture contents, Movement of the molsture to the wheel soil interface
serves as & lubricant; therefore, the transport of soil by wheel does not
coodur,

These series of slip-sinkage tests were performed with the aim of pin-
pointing the minimum amount of cohesion at which sinkage may be talen as
independent of alip.

From the experiments, it appears thet the cohesive properties of soils
are responsible for the dependence or independence of sinkage upon slip. The
number of experiments conducted suggests that above 0.5 psl of cohesion sinkage

may be regarded as independent of slip.

12
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wigure 19, shows the angular position of the resultant of the normal '
prassura diatribution as a funetion of s14p for a 20 4n. ¥ 2 in. whasl in
sandy loam at 16% of moisture content. This curve aleo shows the inde-
pendence of ol and slip.

Since the sinkage and (8 were found to be independent of siip, the
pressure distribution messurements were presented in & superimposed form.
Flgures 20, 21, and 22 show the suparimposition of all the pressure dis-
tribution dlegrams regardless of slip at 50, 100, and 150 pounds of wheel
load, respectively. These messurements were taken in sandy loam Mix No.

4, Note that the trend of lateral pressure distribution reverses; that is,
close to the edges of the wheel higher preseures were recorded than at the
center of the contact sirip in a cohesive type of solil. '

It cen be stated agein from the experiments that the angular position
of the resultant dpproximately bisects the contact angle.

Similarily, as wag shown for sand, equilibrium considerations pertain-
ing to the sbove normael pressures, estimated frictional forces, und ilmposed

loads are shown in Jigure 23. It is seen that the frictional forces must

also be included in the deseription of & wheal operation in a materlal having

cohesion, if equilibrium 1s to be achieved.

13
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GONCLUSTONS

1. An analytically correct equation for pressure distribution must
includes not only soil properties and wheel geometry as it was previously
uriieved, but also the slip-sinkage relationship and tangential forces.

2. The effect of frictional forces are significant and should be in-

cluded in equilibrium equations for wheels. The frictional forces may be
conventiently estimated from Coulomb's equation for meximum shear strength.
3. B8inkage 19 a function of slip ir granular Aoils; however, in co-
hesive soils sinkage may be tzisn independent of slip., Further tests are
necessary to confirm thie statement, since tests in loam with a moisture con-

tent in excess of 16$ have not been performed.

14
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RECOMMENDATIONS

l. It is recommended that in addition to the quantities measwred and
reported here, drawbar-pull messurements slso should be made.
2. It is recommended thet further experiments be performed confirming:
a. The minimum amount of cohesion necessary to judge sinkege in-

dependent of slip.

b. Whether or not, above the maximum density, sinkage 1s independent
of slip.
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NORMAL PRESSURE DISTRYBUTION FOR DIFFERENT
WHEEL LOADS IN SAND AT NO SLIP,

Figure No. 6
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E¥FECT OF WREEL SLIP ON FRE
UNDER A 20"x3" WHEEL IN SAND,

Figure No. 7
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EFFECT OF WHEEL SLIP ON PRESSURE DISTRIBUTIGN
UNDER & 20"x5' WHEEL IN SAND,

Figure No, 8
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10" & 100 20

SUFERPOSITION OF PRESSURE DISTRIBUTION DIAGCRAMS UNDER A 20x3" WHEEL
IN ‘SANDY-LOAM AT wal6.,0 % WITH 50 1bs Axial LOAD.

Figure No. 20
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W=100 Ibs.

e TR

D/2=10"" 1\

SRS .

SUPERPOSITION OF NORMAL PRESSURE DISTRIBUTION DIAGRAMS UNDER A 20x3" wheel
IN SANDY-LOAM AT wwl6,0 & WITH 100 lbs AXIAL LOAD,

Figure No. 21




SR R

1W=l50 Ibs.

SPERPOSITION OF NORMAL PRESSURE DISTRIBUTION DIAGRAMS UNDER A 20x8" WHEEL
IN 3ANDY-LOAM AT wel6.0 ¥ with 150 lbs AXIAL LOAD.

Figure No, 22
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