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APPLICATION OF VANE-COME TESTS DM SCIL FOR
DETERMIMATION OF TRAFFICABILITY

by

R. N. Yong1 and A, F. ‘l’uuiief2

ABSTRACT

In the assessment of trafficability of a particular soil the
need o disringuish between the ability of the material to provide
flotation or traction thrust capability is apparent. Zince flotation
capability refers primarily to the ability of the material to support
the applied vehicle load, thrust development which depends cn inter-
actions at the surface 1s not easily assessed, Hence, it becomes
important to provide a means for obtaining informationof the soil or
snow material which gould lead to analysis for shear and thrust Tnter-

action at the vehicle-ground interface

This study provides measurements obtained with a vane-cone device
on soil where analyses lead to rthe procurement of both defearmation and
shear-s]ip energy expenditures, In comparing the predictive capability
using the associated analysis from vane-cone measurements and other
available techniques, the resuits show that the utilisation of data in
terms of enengelics provides fFor a method of analysis and prediction which

responds more clasely to the problem at band.

I William Scott Professor of Civil Engineering and Applied Mechanics, and
Director, Geotachnical Research Centre, McGill University, Montreal, Canada.

2 Research Associate, Geptechnical Research Centre, McGill University,
Montreal, CTanada.



IKTRODUCT i ON

Interaction between vehicle and terrain is achieved through che
running gear system whick is either a wheel system or a track/device, or
some other equivalent system. The mechanics of interaction betwean wheel-
soil and track-soil have been developed previously in many published reports
by Yong. The essential items for the interaction between these running

gears and the terrain are summarized in Figs. 1 and 2,

Hote that for optimum mebility purposes, it is desirable that
the vehicle be able to move from cone point to ancther specified position
with the least amount of wasted motion. To achieve this, the vehicle
must not only be supported by the terrain, in addition, the terrain must
provide sufficient resistance [capability] wherein thrust can be developed
between the running gear and the terrain itself with minimal slip loss.
immobilization therefore can arise as a result of lack of ground support
or lack of strength in the terrain te provide the wherewithal for
development of thrust. These are demanstrated as sinkage immobiiization,
or slip immobilization, There are obvicusly combinations between the two
which may provide for immobilization through fnteraction between these two

primary mechanizations.

In the assessment of trafficability of a particular sail the
neaed to distinguish between the ability of the material to provide
Flotation or traction thrust capability is apparent. Since floration
capability refers primarily to the ability of the material to support the
applied vehicle load, thrust development which depends on interactions
at the surface is not easily assessed. Hence, it becomes important to

provide » means for obtaining information of the soil or snow material



which could lead to analysls for shear and thrust interaction at the

vehicle-ground interface,

In order that one might predict the behaviour of a system, it
is essential that a proper knowledge of the kinds of mechanisms involved
be understood. If a prediction s to be made, based upon a sampling of
the individual components or of the interactive components, it is necessary
for the kinds of mechanisms developed and sensed by the sampling procedures
to be zimilar in essence to those identified as responsible for the actual

system behaviour needed to bhe predicted.

If the samgling or predictive techniques do not mirror or
generate mechanisms similar to that provoked by the actual or real system
to be predicted, it becomes lmmediately cbvious that the ability to
predict the actua! or real system becomes severely hampered. The further
one departs from the aimifan mechandsm requirement, the less is one's

ability to successfully predict the behaviour of the real system.

IF one were to depart From the ideal prediction problem requiring
modetling of the actual field situaticn to small test tools, the kinds of
fiald testing tools such as those shown in Fig. 3 need to be properly
gssessed with regard to their appreciation of the actual mechanics of

the real system itself,

Te reduce the problem to its most simple form, and to allow for
tﬁe greatest ease in development of similarity modelling, the concept of
energy conservation and its application provides for the most attractive
farm of comparison performance. The energy experditure details given in
Figs. 1 and 2 portray the kinds of energy fields or quantities demanded

vy the wheel and track-terrain interaction problem, together with the
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essential items produced by the sensing devices. Hote that because of
the Fact that znergy is a scalar guantity, there Ts no particular reguire-
ment for a duplication of the strain or strain rate filelds, the stress

or the deformation Fields associated between the real system and the test

devices.

As can be noted from Flg. 3, all the tools produce deformation
fields, for which the energy associated with the deformation of the soil
can be obtained. How these relate as direct guantities to the wheel-
terrain or track-terrain probiem is one which requiraes analysis of the
test resuits using a model ling procedure which reflects the actual
mechanics of the running gear-terrain interaction, i.e, thers must be
a supportive analytical theory which utilizes energetics Tn the formulaticn

of tha mobility equatian.

Hote that the energy terms per se do not provide one with an
actual direct prediction of mobility. The terms provide an appreciation
of the amount of energy expended in shear distortion and in deformation
of the soil. With reference te the sensing tools, substrate deformation
energy evaluation i5 obtained elither through the penetration of the cone
or vane~cone devices, or direct bearing of loading plates. One might
equate the subsoil deformation aspects of the phenomenon material for a

static leading sitoation,

Recognizing that the running gear-soil interaction problem
requires both deformation and slip for a complete appreciation of the
mechanics of the vehicle-terrain interaction problem, we observe that

the slip requirement is not generally directly met by any of the tools.
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However, the generative mechanisms needed to provide For computational
success in determination of slip energy can be obtained from a knowledge
of the shear strength of the material. The use of measured shear stresses
For computation of slip enargy 1048 requires tha escablishment of a proper

analytical framewark,

Sugfdce £t Lo say that the applicabilily of any sensing tool
insofon as mobility prediotion L5 concerned, depends not onty on the
measunements made by the tool, but afao on the mamern of wtdlization of
the measurements consdastent width the analytical fnamewonk descnibing the
vehicle-d0{f interaction probfem,  This aspect of the problem cannot be

overstaged.

THE VAME-CONE DEVICE

The vane-cone device shown in Figs. 4 or 5 was developed with
the knowiedge that the two prime parasitic energy componenls are com-
pressian and Interfacial energy loss, as Indicated in Figs. | and 2. In
addition, the reqlrement for simpliclty Ih utilization and equipment

portability dictated that the Instrunent be sufficlently simple.

Figure 5 shows the kindy of mechanisms developed with application
of the vane-cone device. As in the cone aspect of the device, the kinds
of mechanisms developed due to penetration of the cone are not unlike
those previocusly presented by Yong et al. {1972). Thus only the
deformation ene&rgy component is sensed. As shown previously by Yong et
al. {1972), the cone, in essence, does notl develop a significant shear

stress al the interface if the surface of the cone is smocth and If the



Fig. 4 Photograph of Vane-Cone Device for Field Test
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soil is frictionless. Thus one s left with devising a technique which
would provide for slip energy loss characterization. Initial test
results using the wane-cone device for assessment of cone penetration
and shear as separate ar combined tests bhave been previously reported by
Yong et al. {1975). Thesa preliminary tests have leat support to this
present study for application to mobility prediction using a set of

standard analytital procedures.

The vane portion of the vane-cone device will provide a shear
strength evaluation of the soil If the vane-cone Ts rotated. The
technique requires that the cone be penetrated to the reguired depth
and maintalined at that depth for rotation of the vane. Mote that the
wvane portion of the vane-cone device is in actual fact not dissimilar
to the commercially available vane shear devices used in the geotechnical
enginearing practice. It is common practice in geotechnical engineering
to use vane shear values for evaluation of soil properties and strength,
The resistance values or shear strength measurements obtained thereby

can be converted into slip energy loss relationships.

The procaedure for application of the vane-cone device requires
that the cone be penetrated into the soil at a rate less than 72 in./min.
Hate that the penetrating fForce For the vane-cone 135 almost identical to
that of the cone [by itself], and to all intents and purposes, one would
consider the penetration of the vane-cone equal to the cone. At the
required specified depth of penetration, the cone is maintained at that
depth of penetration whilst being rotated te produce the vane shear
sensing aspect of the vane-cone device. Haote the importance for the require-

ment For the wvane-cone to be maintained at that position with ne further



penetration whilst the vane-conc is being rotated, since the analyses

per formed must rclate soil strength ta the depth of soil stratum sampled.
The rate of rotation of the vane-cone Fs conditiened by the shear
resistance of the soil. If desired, the vane-cone may be further
penetrated into the soll and the procedure For vane shear repeated at a

lower depth whilst malntaining the cone at th= new penetrated depth.

The vane-cone mechanics can be developed by dividing the
device into two components as shown In Fig, 7. By defining the forces
acting on each of these components and using the principle of super-
position, the total combined loads, and hence the total cnergy transfer,

can be predicted.

In the present case, and for the purpose of simplifying the
analyses, 1t is assumed that the penetrometer remains in approximately
the same vertical position during rotation. This may not be strickly
truec and may not be fully controlied in the field because of the Tnevitable
sail ralaxation effect. It has besn shown from laboratory experiments
that the relaxatlon effect 1% very small for the situation whare the

penetromcter it fully embedded in the soll,

The measured values of hoth cone and cone component of the
vane-cone (Fig. 7] with the same dimension have been previously shown to
be equal by Yong and Youssef, (1977). The s0il behaviour arcund the vane
component is conslidered to be the same as that around the vane-shear
device, with the proper accounting for the effect of the vertical leoad

imposed by the cone component during rotation.

Based on the above discussion and on the static systems
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illustrated in Fig. 7, the penetration and rotatlon resistances can be

written tn the following form:

vertical companants of radial and tangential
F =1 stress (P & T.) integrated over cone or cone +
companant 5ur%ace5 [Fig. 7?-B].

" Ea As [Fiq. ?-c]]

Fx = f [FY and penetrometer geomatry) {1}
H d
2 2
T = (2% F{Y}.Tt L7, 0y) + (21 f{x}.1t ro.dre)
1 pd
y=0 r=g
wherea
F?, Fx' T = wvertical, horizontal and torsion resistances, respectively,
P = radial pressure argund cone or cone component surface,
T5 = tangential stress arpund cone or cone componenl sSurface,
T, = max imum tangential resistance at the cuter vane-surface,
1 Fig. B,
Tt = maximum tangential resistance at the horizontal surface
2 beneath the vanes, Fig. 8,
f{ } = function of ..... ,

C_ = adhesion between soil and vane blades, Fig. 7, assuming
the soll is pure cochesive material,

H = cone aor vane height,

d = cone or vane radius,

vy = rcone or vane height measured from the tip,
r = care radius at the height vy,

A = syrface area of one side of vane blade, and

n = number of blade surface,
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For the purpose of predicting the radial and tangential stress
distribution required for the above analyses around the cone and around
the vane-cone device respectively, a proper theocretical analysis is used.
This theoretical analysis is developed based on the plasticity analysis
and is similar to that used by Yong and Chen, {(1976). The detailed

analysis is given by Youssef, (1977).

For a cohesive material which cbeys Tresca yleld criterion,
the equilibrium plastic equation can be written in cylindrical

coordinates as:

A g - sin ) cos ¥
cos X ﬁ; + ' sin 2y ™ v
{2)
3 2 3 2
%4- 54N 2¢r§¥' + cos 2¢ %=%ﬁ
where
x and ¥y = axial and radial coordinates,
Y = angle between the major principal stress and x-axis,
i Ha + o,b = wx
X ZC
GI' UZ = major and minor principal stresses,
L = cohesion, and
t = s3il density.
A numerical salution of Egq. {2) s sought in terms of the
method of characteristics. Once the values of the variables U

and x are obtained along the penetrometer contact surface, and with

the help of Egqs. {1}, it becomes possible to predict:

V7



{1} the radial and tangential stress distribution around

the penetrometer,
{2} the force penetration relation, and
{1) the dissipated enargy beneath and around the penetrometer at
different penetration depths,
From Eq. (1) and the stress distribution obtained from Eg.{2)

[Youssef, (1977)], the torgue resistance relation can be written as:

T=F tan 4 {%—cnt %—+ g& +C {% &+ 2 d? H} (3)
where

F = vertical force,

B = penetrometer apex angle.

In the above analysis, the effect of the volume change 1s
assumed to be small. This is true when the penetrometer remained

approximately in its vertical position during rotation.

Equation {3} is a relation between rotation resistance T,
and shear strength parameters € ard ¢  in the existence of a vertical
force, F. This equation gives a straight line relation between
ratation resistance T &and penetration resistance F. This straight
line will intersect the force axis F ar a distance egual to

mn o3 2 . e . .
E{E d* + 21 d” H) from the origin, and its slope with respect to the
A, d
)

L. d . . .
torque axis is tan ¢{E ot o+ 5. Thus, by imposing another vertical
logd and measuring the corresponding torsion reslistance, the shear

strength parameters can be okbtained.

In Fig. 9, the vertical resistance ard the corresponding torgue

reslstance at different penetration levels is shown; they vary with the
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vartation of soil or other substrate material resistance at different
depths of penetration. Based on these results, Eq. (3) was plotted
in Fig, 0, in the case of soil mate-ial, the shear strength parameters
L and ¢ <can thus be obtained, These values appear to carrespond well

with triaxial test results.

VANE~CONE PREDICTION METHOD

It s recognized that the actual wheel or track performance, in
regard to subsoil deformation, is .nfluenced by many factors such as
whee! or track dimensions, lcads, contact surface characteristics and
angular and translational wvzlocities. This performange may be discussed
in terms af energy transfer mechanTsms at the wheel or track interface

as discussed in the Initial portions of this paper,

The energy transfer component associated with the subsoil
deformation must obviously depend on the mechanics of transfer at, and
beneath, the interface and is thus related directly to the interface
input energy component. The procedure requlires an analysis of the
overal |l problem in terms of the rationale for parcitioning the components

of parasitic energy.

It is desirable to separate the vane-cone method of prediction

into two approaches;

{a) Rigorous approach which considers most of the variables and

affecting the real problem.
This might require a more detailed examination of experimental

measurements coupled with theoretical analyses. This
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approach is not developed Tn this paper. The detailed
procedures, raquirements etc. of this rigorous approach are

discussad separately in another report.

{b) "Simple" approach using approximate simplifying eguaticns

developed as & result of both theoretical and experimental
analyses. The First order simplification of the working
equation is shown here for wheels moving over soft soil.
Hote that these can be used directly with the simple wvane-
cone device. Hote also that contlnued development and
generalization of such type of equations for all wvzhicles

and all types of sails s continuing.

The simple approach for vane-cone prediction for wheel
performance moving over soft soil can be achieved using the following
equat ions:

Input Energy Prediction, |.E.

2 2
mbd 4> (1425) §. .
5 [ 5 + &d ] £ o ow ()

Hc p b

1.E. =

Slippage lor Interfacial) Energy Prediction, 5.E.

2 2 2y
_ mbd W (1+25) - _ ¢
S.E. 7 EH 75 + &d | T {ew W} {5)
p b
<
Beformation Energy Prediction, D.E.
= ¥ 1
D.E. b'uc‘EA]o {See Fig. 11} {6}

1I: - n F " I
Mote that corresponding relationships for mobil ity performance on
snow insofar as vane-cone application is still under development.



where

u?

——J+t e
H p2 hzd

h
y = K[_ E{F}

[

Pull Energy Prediction, P.E.

P.E. = 1.E, - S.E. - D.E. (7)
[
]
w
3
[ =
T
o
ole A
e | b
-t
U
|t
& \
I
& f‘ ¥ *! penetration depth
Fig. 11 Pressure-Fenetration Diagram for

i Vane-Cone Penetrometer.
where

= wheel load,

pressure bensath the penetrometer,

a ™ X
1

= wheel width and diameter,

h, r = penetrometer helght and radius,

¢ = tread height,

5 = slip,

Uc = translational velocity,
w = angular velocity,

T = rangential shear stress obtained at the ocuter
edge of the vane component,

m = factor takes the effect of backward contact
area equal to 1,31,

N = bearing stability factor which s dimensicnless
and equal to 0.225 for ¢ = 0,

o

" Mote that the Ttems listed are readily obtained in measurements.
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K, o, B = dimensional factors obrained from visioplasticity analyses
{semi-analytical analyses) for the purpose of deformation
energy prediction. For cohesive material, ¢ = O and
in the case of 1b in. units, K= 1.21, n = 0.97 and
B =0.210.

COMPARISON OF DRAWBAR PULL PRED{CTION RESULTS
USING THE THREE SENSING DEVICES

Three types of wheels were used in the tow bin tests on a soft
clay sail, These were:
{a) a polished aluminum whee!,

{b} a rigid wheel with its cuntact surface coated

with a 1/8 inch thick rubber, and
fc) the same rubber wheel coated with a tread surface.
{tread height = 1 inch}.
Three loads were used for al! the tests with these three types of wheels
in the tow bin, using technigues and measurement procedures previously
reported by Yong and Windisch {1970}, The lcads were 34 1b, represent-
ing the weight of the wheel itself, 54 Ib, and 74% Ib. The size of the

wheel was 13.5 inches in diameter, and 3.7% Tnchas wide.

Figures 12, 13 and 14 show comparlsons between the laboratory
measured and predicted values using the vane-cone device, the vane-cone
penetrometer {with the power number approach for analysis, Melzer (1972},

Yong and Youssef {1977}7), and the technique using plate and shear ring device.

0l

" MNote that because of size limitations, no srow mobility tests could be
conducted in the laboratory. Field snow tests are presently [February 1978
being conducted and will be reported on at a later time,
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CONCLUDING REMARKS

As can be seen from the Figures show, the abillity to predict
the measured drawbar pull Tn the tow bln tests using soft soil as the
terrain material, with the kinds of neasuremenis made with the vane-
cone device are indeed more favourable in comparison to some others,
The associated analytical framework for utilisation of the vane-cgne
results - i.e, utilisation of the data Tn terms of energetics provides
for a method of analysis and prediction which responds more closely to
the actuwal probiem at band - especially if the higher level of sophisti-
cation of analysis Js used, Thus it s not surprising that the data
ohtainred with the vana-cone device, together with the utilisation of
enargetics as a method of analysis can indeed provide for a closer
predictive correlaticon with the results cbtained in actual tow bin

tests using soft soil.

The resylts of the study indicate that 7t 15 most Tmportant
to ocbtain proper simulation from these test devices of the mechanics
of wvehicle-terrain interaction if a feasible prediction for mobility
is tc be made. We note rhat whilst measurements can be obtained from
these instruments which may or may not be pertinent to the actual
mechanics of vehicle-terrain interaction, the other important consider-
atlon for mobility predictlion 15 the actual analvtical framework within
which these measurements must participate. Thus, it is not only the
instruments that are used that are important for prediction of mobility,

but also the method of application of the measurements obtained from

these tools for analysis and prediction of mobility. Where the
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proper appreciation of the actual system problem is gbtained, both from
a measurement and an analvytical point af view, a viable predictlion for

mobility can be reasonabiy obtained.
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PREGICTION OF TYRE PERFORMANCE ON SOFT SQIL5S RELATIVE
TO CARCASS STIFFRESS AND CONTACT AREAS

by

R. M. Ynng! F. Eonn5insuk2 and E. A, Fattah3

ABSTRACT
The development of amalytical techniques for evaluation and
analysis of performance of tyres on soft ground, requires the properties
of the tyres for accurate prediction of tyre-ground interaction. This
study addresses the problem of prediction of tyre-soil performance by
considering the Tnteraction between tyre and scil in terms of epergetics -

i.e. the mechanics of energy transfer.

If a proper analysis of participating compenents in a tyre-soil
interacting problem is to be made - on the basis of the mechanics of
enargy transfer, i.e. conservation of energy - it then becomes necessary
to provide a means for evaluation of locad-deformation and elastic properties
of the tyres. in this study, three model tyres have been tested to deter-
mine properties relating to carcass stiffness and contact area development
on rigid pavement, and stiff and soft soits, The cantact areas developed
For the tyres examined are svaluated with respect to the carcass stiffnesses

of the tyres.
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3 Research Assoclate, Gectechnlical Resgarch Centre, McGill University,
Montreail, Canada.



The contact areas of the tyres tested, on rigid pavement, and on
stifi and solft soils, are examined in relation to tyre load-deformation
characteristics. The contact pressures obrained in tyre reactions with
the various bearing surfaces are described accordingly and used as input

to the evaluation of tyre-soil interaction.

INTRODUCT 1 ON

In the development of analytical technigues for evaluation and
analysis of performance of tyres on soft ground, one of the necessary
requirements (or accurate prediction of tyre-ground interaction is the
properties of the tyres. Fellowing on the recent developments Tnvolving
analyses of wheel-soil interaction using energetics | Yong and Webh, {1969},
and the Finite alement method {FEM] of amalysis for application to the
prediction of wheel performance, [Yong and Fattah, (976)7], it is scen
that the prime tyre properties need proper characterization and specifi-
cation fFor knowledge al energy expenditure, and as input to the FEM

analysis.

It is noted that if a rational method of analysis is to be
developed for prediction of mobility performance characteristics of
Flexible wheels, it is evident that a oroper accounting of tyre contri-
bution is indeed necessary. In the application of the FEM technigue,

a method for application of the mechanics of energy transfer becomes
available | see Yong et al., (1978}]. In the application of the principle
involying energetics, there Is a requirement for knowledge of the energy
dissipation and transfer characteristics of tyres. These energy dlssi-

pation and transfer characteristics of tyres are seen to be condilioned



by the properties of the terrain Lor reactling materlal] and by the stiffness
properties of the tyres, the inflation pressures used and the typg or

properties of the surfaces of the tyres.

In this study, three candidate mode! tyres have heen tested to
derermine properties relating to carcass stiffness and contact area
development on rigid pavement, and soft soils, The information obtained
allows for Interpretation in terms of energqy abserbing mechanisms. The
contact areas developed for the tyres examined are evaluated with respect
to the carcass stiffnesses of the tyres, The resultant contact pressures
cbtained are described accordingly to allow for their prescription as
input to the prediction model - with solution sgughr throwgh application
of the FEM of analysis developed for lcaded tyres and reported separately

by Yong et al. (1978).

TYRE CHARACTERISTICS AND EXPERIMENTAL PROGRAM

Three model tyres were used in this study, namely Tyre 3.00-4.00

4PR | buffed], Tyre 3.00-8,00 2PR (buffed] and Tyre 4.10/3.50-4.00 2FR

[ treaded ], The dimensions of the undeformed sections For thase tyres

are shown in Fig. 1 together with their corresponding foor print patterns
as determined from lcading on to an unyielding surface. It is observed
that the geometry of the contact areas of the buffed tyres are elliptical
while that of the treaded tyre is approximately rectangular with two
parallel and two slightly curved sldes. Because of the size |imitations
of the tow bin, 1t was necessary to perform the tyre study on model tyres
instead of on actual larger prototype tyres such as those used on the

larger sized awtomobiles and farm vehicles, These candidate model tyres
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were selected to study the influences of carcass stiffness, carcass shape,

wheel diameter and inflation pressure.

The laboratory experiments performed were designed to produce
the following information:

l. tyre load-deformation-inflation pressure relatfonships,

Z. stationary tyre-rigid Floor contact areas,

3. tyre-rigid floor ctontact areas under different stip rates,
L, stationary C[yre-soil contact areas, and

5. mabl ity performances of tyres in the 30il bin.

The derails of test techniques and resules obtained wWwill be dis-
cussed in the succesding sections. The finite e2lement method of analysis
which was developed to predict the tyre performances as a function of tyre
properties and loading conditions is being presented separately CYong et
al., (1978) [.

LOAD-DEFORMATION CHARACTER|STICS

In studying the load deformation characteristics of the tyres,
the procedure of leading the staticnary tyre through its rim whilst
resting an an unyielding support was used, The response obtained is
in terms of an increase [n both deformation and contact area of the lcaded
tyre, To measure the contacl area, the test tvre ¢an be painted prior to
loading, following which the imprinted foor print obtained after tyre
'oading can be measured. Alternatively, the test tyre can be placed on a
thick plexi~-glass and a photograph of the contact area obtained in the
course of tyre loading. The latter technique provides one with the

advantages of continuous measurements during increasing tyre loads and in



addition, a higher deqree of accuracy can be achievedl. Fiqure 2 shows

schematic view of the loading system and tesh measurcment technique.

The lvading test results For the three model tyres on a rigid
unyielding surface of different inflation pressures shown Tn Fig. 3
demonstrate that tyre deformations intrease linearly with axial loads.

In addition, the results show that higher inflation pressures clearly
improve tyre stiffness - as would be intuitively deduced. In practice,
the infFlation pressure is adjusted to match the applied wheel lgad so
that ryre deflection is kept within workable limits, Compar ing

Tyre 3.00-8.00 2PR [buffed] and Tyre 3,00-4.00 4PR [buffed], it is
observed that the Former with 2-ply ratings exhibits less stiffness

than the latter with a 4-ply ratings in the low inflation pressure ranges
[0.67 and 0.21 ksc]. However, when the inflation pressure 15 increased,
e.q. 0.41 ksc and .82 ks¢, the result is reversed, i.e. the 2-ply tyre
appears to be more stiff, The inflation pressure is thus seen to
influence the load-resistance behaviour in addition to the ty¥re carcass
structure and inftial stiffress. The higbhast load-resistance capability
exhibited by Tyre 4.10/3.50-4,00 2PR [treaded] is due malnly to the carcass

construction which stiffenad the carcass side walls with its treads.

CARCASS STIFFNESS

By assuming a uniform ground contact pressure distribution through-
out the tyre=rigid surface contact area, the resultant ground pressure can
be determined for the corresponding axial load and inflation pressure as
shown in Fig. &, For the buffed tyres, the tyre casings actually contact

the ground in the lnaded region.  Thus the ground pressure will be egqual to
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the inflation pressure used, with some extra pressure exerted by the ryre
carcass at the transition zone between the casing side walls and the contact
area [Clark, {§971}]. In the case of treaded tyres, it is evident that

such a tyre will transmit the appited bload from the hub teo the ground through
the actual contact between tyre tread and ground, thus creating the situation
where the contact pressure s locally hligher than the inflation pressure,

The two buffed tyres clearly show the ground pressures to be always higher
than the inflation pressures, while the treaded tyre sometimes shows the
ground pressures to be less than the Inflation pressures. This phenomencn
can be attributed partly to the high carcass stiffness and partly to the

grass contact areas used in the evaluation.

Def ining the ground pressure p. [Bekker and Semonin, {1975)]
ta be the sum of the inflation pressure p;, and the carcass stifgness

pressure p_ as

A A (1
it is cbserved in Fig. & that 1f the Inflation pressure is kept constant,
the carcass stiffness pressure pc Increases as the applied wheel load
increases. Both the buffed tyres exhibit the zame characteristic, i.e.
the carcass stiffness pressures P, are constant at the same wheel lpads
except in the low Inflation pressures for Tyre 3.00-8.00 2PR [buffed]

where the carcass stiffness pressures P, are slightly higher than those
in the high inflation pressure ranges. Unlike the other tyres, Tyre 4.10/
3.50-4%.00 2PR [treaded | shows the carcass stiffness pressure to decrease

as the inflation pressure increases. Comparing all these model tyres

under the same conditions, the degree of carcass stiffness can be classified



from the highest stiffness to the lowest as follows
Tyre 4.10/3.50-4.00 2PR | treaded],
Tyre 3.00-4%,00 4PR | buffed],

Tyre 3.00-8.00 2PR [buffed].

TYRE-RIGID SURFACE COWTACT AREAS AND SLIP RATES

In implementing the finite element method to analyze wheel-soil
performance, such as that given by Yong et al., (1978), the contact area
at the tyre-soil interface is an essential input Lo define the loaded
boundary at the soil surface. Whilst it is agifficult e measure the
actuai tyre-s0il contact areas alb various slip rates, it is possible to
study the slip rate influence on the contact areas of the model tyres on
an unyielding rigid surface. The test facilities employed herein have

been presented earlier [Yong and Windisch, (1970} 1.

For this aspect of the study, the model tyres were controlled to
move at a ¢onstant translational wvelocity of 15.2 em/sec on a rigid floar
made of plywood and partly of a thick 30 em long plexi-glass. A 15-mm
5LR camera was placed underneath the plexi-glass at & suitable distance
and photographs ¢of the resultant tyre contact areas meving over the plexi-
glass were taken. The illumination system was adjusted to give clear
contrast between the loaded and unloaded regions. The model tyres were
subjected to two wheel loads (3.6 and 22.7 kg] and three inflation pressures
[0.07, 0.21 and 0.41 ksc], each of which was tested from towed condition
{approximately 0% slip] to 80% slfip. From these tests, applied torques

and developed drawbar pulls were also recordad,



The contact areas measured in this manner shown in Fig., 5 reveal
that the contact areas between the tyres and the rigid surface are
approximately constant at various slip rates. The contact areas measured
statically are, in general, slightly higher than those measured under
kinematic conditions, Both the buffed tyres show their contact arsas to
increase when whea) loads and inflation pressures are increased. Far
the treaded tyre, although the contact areas increase with wheel loads,
they do not change significantly with inflatfon pressures. The bebaviour

is consistent with the results from stationary tests [Fig. 41,

ELASTIC MODULUS OF TYRE

The main factors which are seen to control the behaviour of a
moving tyre are carcass stiffness, wheel load, inflation pressure, tyre
casing dimensions and reacting terrain features. Leaving aside the
terrain features, the thecoretical approach that needs to be developed in
order to predict tyre-soil contact area taking inte account the governing
facters, might begin with the Hertz theory of contact between two elastic
bodies [Hertz, {1881)]. Following from this, the sclutions for two
cylindrical bodies in contact formulated by Poritsky {1950), might be

obtained as
1 [; 2
R~z T tg ) 2)

where
R], R2 = radius of the cylinder,
P = applied vertical load,

a = half length of the contact area,
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w v, = Poissen's ratio, and

E E, = modulus of elasticity of the cylinder.

To adopt the Hertz contact theory for tyre-soil problems, the
tyre may be idealized to be a cylinder of radius R1 [Fig. 6] and the soil
to be cylinder of infinite radius [R2 = ], This idealizatfon is con-
sistent with the two-dimensional requirements for imput and application
to the finite element methed ofF analysis used by Yong et al, {1978). The
contact area of the tyre-soil interface is thus approximated to be

rectangutar of length Za.

With a knowledge of tyre contact areas on rigid floor under
statipnary states, it is possible to evaluate the modulus of elasticity
of the tyre E1 which can be used to predict the tyre-soil cantact areas,
At small tyre deformation, the volume change of the tyre subjected to
external leoading is relatively small 50 that the Poisson's ratio vl
may be taken as 0.5  The modulus of elasticity of the rigid floor can ba
assumed to be infinite from which the last term of Eq. {2} becomes zero.
It should be noted at this stage that the elastic modulus of the ryre E.I
refers not only to the tyra itself but also reflects the characteristic

of the whole tyre system, i.2, tyre carcass stiffness, inflation pressure

and hub.

The results obtained [Fig. 7] show that the elastic modulus of
the tyre EI Increases linearly with the inflation pressure. Each of
the buffed tyres tends to follow a single linear relationship between the
elastic modulus and the inflation pressure, while the elastic modulus of

Tyre 4.10/3.50-4,.00 2PR [treaded] increases as both wheel load and inflation

pressure increases,



EI :ul

e

Tyra

Fig., &

Ideallzation of Tyre and %oil in Contact

15



(11

Modulus of alashcity of tyre,

L Beal

Tyra 3.00-4.00 4PR {buffed)

B

whee! 1ged, hy

- - 3.6
g - 27
® — %18
o — a9
A4 - 500

L L I 1 L
2.2 0.4 [+X o.B L0
Inflation pressors , htc
Fig. 7 Modulus of Elasticity of Tyre .

16



PREDICTION OF TYRE-SDIL CONTACT AREAS

In order to validate the capability for predicting tyre=soil

contact areas, the model tyres were tested on two different soils, i.e,
kaolinlte clay and silty soil. The technigue used for measuring tyre-
soil contacl areas is shown schematicaliy in Fig, 8, This procedure was
adopted to provide a means to distinguish, as clearly as possible, the
actual contact areas. Prior to placing the tyre on the soil, the tyre
was coverad with a plece of plastic sheet so that the soit would not
stick to the tyre. Following spray painting, the tyre with the plastic
sheet was carefully removed, leaving the clear ctontact area on the soil
surface, A plece of plexi-glass with grid lines was then placed on top

of the seil bin and a photograph was taken,

The stress-strain relationships of bkoth soils shown in Figs. 3
and 10 were tested in plane strain conditions to duplicate the situation
in the soil bin. The kaglinite clay was compacted with the moisture
content of 42 to 4% preducing thereby a degree of saturation of 95%.
Tho =ity <oil was a mixture of fine sand {passing sieve Mo.30] and
kaolinite at 30% of sand dry weight. The dry compacted density was

Y.88 ton‘»fm3 at 13% moisture content throughout the test program.

The procedure for prediction of tyre-soll contact areas can be
achieved by using Eq.(2) and the modulus of elasticity of the candidate
tyres, EII {Fig. 7]. To epply this procedure, the modulus of elasticity
of the siity soil E2 was taken from the initial tangent modulus |32 ksc]
at the low confining pressure since the wheel loads tested were relatively

gmall with respect to the soil stiffness. In the caze of the soft

kaclinite clay, €, {D.75 ksc] was selected to be the secant modulus at
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20% strain, This is justified since the whee! loads used were high
comparad to the strength of the ¢lay, The Poissen's ratio of the

soils was taken as 0.% since they were almost fully saturated.

To implement the predigtion procedure, it 15 necessary to
begin with the determination of the width of the contact area. The
flow chart given in Fig. 11 demonstrates the procedure to ke fol lowed.
S5ince the change in the width of the contact area is not as rapid as
the change in the length, the width may be assumed to be equal to that
of the tyre-rigid surface contact area. With the knowledge of the
ground pressure-inflation pressure relationship [Fig. 4], the tyre-
rigid surface contact area can be evaluated. A trial and error
procedure needs to be implemented to match the width and thw length
of the contact area predicted by using Eq. (2). In general, tha
cantact width obtained will be slightly less than the measured one,
Cnce the width of the contact area is known, the length can be pre-
dicted with the aid of Eq. (2} and the tyre-soil properties. In the
case of Tyre 4, 10/3.50-4.00 2PR [treaded], the width of the contact

area was kept constant.

The results of the tyre-soil contact areas predicted by this
procedure ; Figs. 12 and 13) show good agreement in bath soils. bt is
cbserved that the contact area increases linearly as the wheel load
applied is increased and alse [mereases as the inflation pressure used
is decreased, The capability of the proposed approach to predict the
tyre-soil contact areas with respect to the changes in wheal load,

inflation pressure and soil type is clearly demonstrated,
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CORCLURING REMARKS -
PERFORMAMCE OF THE MODEL TYRES ON UNYIELDING RIGID FLOOR

In applying Lhe energy approach proposed by Yona and Webb {1969}

to evaluate the rigid wheel-soil performance at any degree of slip, it is
necessary to consider the energy expended in deforming the flexible pneumatic
tyre. The interaction between moving tyre and sail can be written in

terms of participating energies as

- |
E =0 + Po + Ef + Et {(3)

whare
E° = input energy,

D = 501l deformation energy,

Po = useful output energy,
EF = jnterfacial energy, and
Et = tyre-deforming energy.

All the energy components are evaluated as the amgunt of

enargy developed For one unit width of the contact arsa and one unit of
travel distance, i.e. kg-cm/com/sec. In order to formulate an appropriate
approach to predict the energy spent in defoarming the tyre, it s necessary
to investigate the characleristic of this particular enerqy component in
detaii. By moving the model tyres on a rigid floor and measuring the
applied torques and drawbar pulls at various s1lp rates, Lhe tyre-deforming
energy can then be studied. Sinte the soil defaormation energy B’ of

the rigid surface is essentially zero, Eq. (3} can be rewritten as

E, = E' - P~ E, (i)
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and with the measured torgue T and drawbar pull P, the following

expressions can be calculated

E = T

Pp = PV (5)
1

Ef = F’{ldl".lr}

where
w = rotational velocity rad/sec,

¥V = translational velocity cmfsec,

r = rolling radius of the tyre, cm.

The tyre-deforming energies cobtained by this procedure at
different wheel loads, inflation pressures and slip rates are
presented in Fig. 4. All the model tyres tested show that the
enerqgies spent in deforming the tyres are insignificamtly affected
by the degrees of $lip. This is attributed to the Fact that the
carcass stiffnesses of the tyres were large. It is expected that
with less stiff tyres the influence of slip would ba noticed. It
is obvious that for this serles of tests Lon stiff tyres) the wheel
load and the inflation pressure used are the major factors contralling
the tyre-deforming erergy LFig. 15]. When the stiffness of the tyres
is reduced, it is expected that a greater energy eaxpenditure in Lyre

deformaticon can be cbtained.

Alternatively, one may choose to use a predictive model solely
for determination of the tyre deformation energy Et' In such a case,
the tyre deformation created by the normal pressure is calculated from

the difference betwesn the resultant scil Jisplacement at the tyre-soil

contact area obtained in the finite element method such as that used by
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Yong and Fartah [1976) and Yong et al (197B), and the origina! undeformed
tyre configuration [(Fig. 16]. The first and last nodes |Lnodes 1 and 5]
of the contact area are used as the reference datum for the Fictitious
undeformed surface of the tyre so that the tyre deformation & at the

loaded nodes can be evaluated i.e.Lﬁz. 6, and Gh]. The tyre distort-

3
ion due Lo tangential stresses i5 neglected since the tyre s moving at

1o speed. The total tyre deformation energy Et can now be expressed

as:

E o= —=! _ (6)

where
B = tyre width, cm,
P, = nodal force at node 1, kg,
S, = tyre deformation at node i, cm,
n = angle sustained by the contact area (Fig. 16], rad,

R = rolling radius, com,

=
L]

translational velocity, cmisec.

The subsoil deformation epergy per unit wideh can be caleulated as:

D' = ff 0 ¢ dx dy (7)

whet &
0 = stress acting on the finfte element,
*
£ = jncremental strain rate,

dx dy = dimension of the element.

The octher energy compenents of Eq, (%), i.e. the input enargy E',

the useful cutput energy Po and the interfacial energy E are determined

FI

9
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by using Eg. {5).

Yong, Fattah and Boonsinsuk {1978) have applied the FEM techniyue
to the study of the performances of the model tyres on the silty soil. The
maasured torgues were wsed 3as input data se that the input energy E' and
the interfaclal energy EF were known and the FEM was then carried out to
evaluate the tyre deformation energy Et and the soil deformation energy n'.
The useful output energy P, was obtained by vusing Eq. {3) and compared
with the measured value. The results of Tyre 3.00-4.00 4PR [buffed]
maoving an the silty 5011 with the wheel load of 31.8 kg and the inflation
pressure of 0.82 ksc were analysed according to the above procedure and
good agreement between the predicted and measured output energies |s shown

in Frg. 17.
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