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ABSTRACT

A vehicle mobility model has been developed
using energy principles and a quasi-static moving
boundary displacement method. For a given condi-
tion of both tyreand terrain characteristics, the model
calculates the contact length, the slip rate, the trac-
tion efficiency and the drawbar pull. The effect of
tread configuration is also included in calculating
the slip rate. A numerical example is given to dem-
onstrate the capability of the new developed mode.
The model’s predictions are also compared with the
experimental results in the laboratory tests and a
good agreement is obtained.
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INTRODUCTION

The capability for evaluation and prediction of
tyre-soilinteractions are of common interest for both
designer and user of wheeled vehicles. A number of
studies have been published and various models
(experimental, semi-experimental and theoretical)
havebeen proposed by many researchers[2],[10]. In
recent years, with increasing knowledge of tyre soil
interaction systems, and the rapid development of
numerical methods and computer techniques, more
and more attention is being paid to the development
of theoretical models which can adequately predict
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tyre performance on soils. This is particularly essen-
tial for vehicles which have to operate on clay soil.

To develop a realistic mathematical model the
following should be included: (1) mechanical be-
haviour of pneumatic tyres; (2) physical as well as
mechanical behaviour of soil; and (3) interaction
characteristics between tyre and soil.

This study presents a complete model for tyre
performance on clay soil using a quasi-staticmoving
boundary displacement method of analysis. Inbrief,
the method works with an analysis of the displace-
ment around the contact boundary between the
loaded tyre and the supporting ground surface. The
contact length is first determined so that the subse-
quent calculated stresses on the contact boundary
can be specified. The slip rate and the traction effi-
ciency are given as a natural outcomebased on shear
test data and the energy conservation principle.

THEORETICALFORMULATION

Inapplying the principle of energy conservation
to the evaluation of tyre performance on clay soil, the
different energy components participating in the
interaction between the loaded tyre and clay soil
need to be calculated. The energy concept for evalu-
ation of traction was formally introduced by Yong
and Webb [6] for motion performance of rigid wheels
on soft soil. Subsequently, the energy model was
extended by Yong and Fattah [7], and Yongetal. [8],
[9] to predict pneumatic tyre performance on soft
soils.

The basic principle used in the energy model
evaluates the moving performance of the tractive
element (tyre) on ground surface in terms of the
well-known energy balance equation:

Input energy = output energy + energy losses (1)

With the quasi-static assumption, the vehicle is
assumed to move on the terrain surface at a rela-
tively low speed so that dynamic effects (including
vertical vibration of vehicle system and soil damp-
ing) can be neglected. The energy balance equation
in terms of power can be written as:

P = Rnput - (Ps[ip + P

use soil

+F,.) @

where: £, =the useful power; P, = the to-
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tal power input to wheel; P, = the power dissi-
pated due to tyre slip; P, , = the power dissipated
in soil deformation, and P Y = the power dissi-
pated in tyre deformation.

This method of mobility evaluation [4] is espe-
cially suitable for the initial stage when the vehicle
begins to move on a specified terrain surface from
the “at-rest” condition. It not only answers whether
the vehicle can or cannot move, i.e., “go or no go”
question, but also gives a reasonable estimation of
vehicle mobility for the assumed conditions: (1)
slow speed, and (2) no vibration effect.

Input Energy

The input energy, through the applied torque
T, on the tyre during time 7, is given by:

Einput = 71oa)to (3)
or
B =T, 0 (4)

where: £, =total input energy; (kN.m. rad);
P, = total input power (kN.m);® = tyre angular
velocity (rad/sec); T, =applied torque (kN.m), and

t, = time (sec).

Slip Energy

The slip (dissipated) energy due to the applied
torque T on the tyre during time ¢, is given by:

E, =Tar,s (5)
or
leip = T;(DS (6)

where: E |, =the dissipated (lost) energy due
to tyre slip (kN.m.rad); P,,, =the dissipated power
due to slip (kN.m), and § = the slip rate, which is
given by:

_@r—v
r

where: § measures the efficiency of the trans-
fer of the tyre rotational motion into the horizontal
vehicle motion; r = rolling radius (m), and v=
translational velocity (m/sec).

S (7)

Soil Dissipated Energy

When the vehicle moves on the terrain surface,
it continuously “loads” the undisturbed soil and
hence soil will be deformed and energy will be
dissipated due to soil deformation. This energy is
directly related to the normal stress distribution on
the contactareabetween tyre and terrain surface. For
the terrain surface, the loading situation can be
considered in terms of a distributed stress along the
contact length moving at vehicular speed.

The moving boundary loading condition can be
specified as follows, any concentrated point load
F(kN) acting at a distance x, from the origin of the
coordinates may be described by

F(t)=F&(x—x,) or F<z—x,>" (8

where §(x—x,) is the Dirac-delta function
defined by:

0 when x<( ; —%)
5(x—x0):£li_%% when (x0—§)<x<(xo+§) 9)
0 when x>(xo+§)

For the problem under consideration, the point
load F and the distance x_ take the following rela-
tions:

l
F.=b j o(u)du (10)
and N

X, =Vt (11)

where: 6(u) = normal stress distribution along
the contact length (kN/m?), £ = half contact length
(m); b = tyre width (m); and u = distance ranges
between -/ to ¢ (m). It can be noted that Eq. (10)
implies thatalong tyre width b the stress distribution
is uniform. Substituting Egs. (10) and (11) into Eq.
(8), the vertical load F (t) is given as:

¢
F()=F, <x—vi>"= b_[ o(wdu< x—vi>" (12)
-
where: x = the transverse coordinate measured
from the tyre centre to a stationary reference (m), and
F, is the axial load on the wheel from the vehicle
weight.
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The simplification of a quasi-static assumption
is to guarantee that the normal force F is constant,
which in turn is not violated by the dynamical ef-
fects. Therefore, one can evaluate the soil dissipated
energy using a simplified set of calculations. To cal-
culate the soil dissipated energy, the normal stresses
on the contact area must be calculated first. The
normal stress distribution on the contact area is
usually assumed as a parabolic shape according to
Hertz contact theory as:

o(u)= i?b(l ez]forOSqu (13a)
o(-u)=o(u) (13b)

where: Fv =the axial load on the wheel (kNO. To

simplify the calculation an average normal stress ¢,

is suggested as follows:
F,

b (14)

Op =

When the vehicle moves a distance A , the en-
ergy dissipated in deforming anew undisturbed soil
element takes the following form:

AEsoil = Gavb 55Ax (15)

where §_is the soil sinkage (m) as shown in Fig.
1. Substltutmg Eq. (14) into (15) gives

AE =150 ax (16)

Furthermore, if the vehicle moves fromx_=0 to
x = x, as shown in Fig. 2, the total dissipated energy

is given by
j dx

U (17)

9011 -

Since x, = vt, = (1-S)wrt, one obtains

E,é,

ESOI[ 2 ¢ (

1-S)art, (18)

The corresponding dissipated power is given by:

p F6

soil =

7 (1-S)or (19)

Tyre Dissipated Energy

The tyre dissipated energy can be calculated in
asimilar way tosoil dissipated energy. Theresultant
equations obtained are:

Eyre = 230 (-~ S)ort (20)
B, = %—%(1 -S)or 21)

where: 9, = tyre sinkage (m).

Useful Energy

According to Eq. (2), (3), (6), (19) and (21), the
useful energy or power can be calculated as follows:

use_Tw [ 0 l_})l_?s(l_s)wr F6(I_S)]
- 0(1-5) T, 5 (5+3)| @)

v

Traction Efficiency

The traction efficiency n takes the following
form:

n=%=(1-5)[1 3T (8, + 5)] (23)

in

Drawbar Pull

Ithasbeen known that the useful power is given
by the following

P

use

= FDP XU (24)

Where: F , = Drawbar pull (kN). Substituting
Eq. (24) into Eq. (22), the drawbar pull takes the fol-
lowing expression

w(l-S Er
Fop = 2=,

(5, 55)]

_TI, F 25
—T—ﬁ(5r+5s) (25)
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The drawbar pull presented by Eq. (25) is for the It can be seem from Eq. (27) that when the slip
force required to mobilize the traction forces minus ~ rate equals zero, the tractive force reduces to the
the motion resistance of the wheel.Itcanbeseenthat ~ sameexpression presented by Eq. (25). Furthermore,
as the input torque increased the drawbar pull in-  when the slip rate equals 100%, the tractive force is
creased and the drawbar pullisnota functionof the ~ reduced to zero.
slip rate. Ata given constant tyre rational velocity w,
the horizontal translation velocity v is affected by = PARAMETER CALCULATION
slip rate 5. At S =0, v = wr, while at S = 100%, v = 0.

Furthermore as the input torque on the wheel in- The following parameters: (1) half contactlength
creases, the slip increases. At certain limit of torque  ¢;(2) soil sinkage &, (3) tyre sinkage J,; and (4) the slip
values, the slip reaches 100% and the vehicleis not  rate S need to be calculated.

able to move because the soil loses its shear resis-

tance. At the same time, the attached drawbar pull (1) Contact Length

F,, reaches maximum value at S = 100%. However,

this forceis “handicapped”, withno ability todoany Sinceboth thetyre and the soil are assumed tobe
useful work (as the vehicle doesnot move). Based on deformable, curve AB, as shown in Fig. 1, is the
such observation, it is wise to take the constant  resultantcontact profile which represents a compat-
velocity @r as observational base and express the  ible displacement curve in the final state after the

useful power P_ as: load F is applied. The curve AB depends on both
tyre and soil compression characteristics. Two ex-
P, =F,Xor (26)  treme cases as shown in Fig. 3 can be discussed: (1)

the soil can be considered as a rigid surface, hence

where F . = tractive force (kN), whichis the force  the resultant curve AB is a line as shown in Fig. 3a,
capable of doing useful work. Substituting Eq. (26)  and (2) if one considers the tyre as a rigid disk, the
into Eq. (22), the following expression for the tractive  resultantcurve ABisapartof the tyre circumference

force can be obtained as shown in Fig. 3b. The real situation is somewhere
in between the two extreme cases.
E, =(1—S)[———(5 +8, )} (27)
2¢ Let us compare the contact length 2¢, (Fig. 3a)

and 2¢,(Fig. 3b), in the case that the tyre size and the
inflation pressure are the same but one is rigid
terrain while the other is a deformed terrain. The
X conclusion can be reached that 2/, is larger than 2¢,.
) Since the terrain is deformable, it allows the tyre to
! sink more. The spring constant of two springs con-
nected in series is always less than that of either
spring taken individually. That is why one cannot
just take the tyre compression test data to obtain the
contact length without considering the terrain char-
s | acteristics.

The vertical displacement of the terrain on the
surface and the normal stress distribution ¢ are
shown in Figs. 3c and 3d respectively. A (x) repre-
sents the vertical displacement of the soil contact
\ A | surfaceatx position, while A (x) represents the ver-
tical displacement of the tyre. At x =0, 6, = A (0) and
6, = A (0), which are shown in Fig. 3c. The ratio 6./d,is
s a measure of the relative stiffness between the tyre

t ‘ and the terrain. If the terrain is extremely soft, the
ratio is infinity. On the other hand, if the terrain is
extremely stiff, the ratio is zero.

\‘\\\\\\\\\\\\\ W W
\\\\ \\\\)\\\ .

Figure 1. Geometric Representation of Soil and Tyre
Compression Areas.
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Hertz theory has been widely used to calculate
the contact length by many authors. The subse-
quently obtained contact length, which based on
preassumed displacement field, yields the following
approximate relation

1
A4Fr(1-v 1-v}\]?
= +
Es Er

v/
where: E_and E, modulus of elasticity for soil
and tyre respectively, and v_and v, = poisson’s ratio
for soil and tyre respectively. Since, neither soil nor
tyre are elastic, one has to search for a new method
to specify the displacement relations between § and
3, which characterize soil and tyre stiffness.

(28)

To determine the shape of the curve

(20:0)2
2

sin2e, =2a, — (33)

and
2
—1-%
2

cosa, +... (34)

Substituting Eq. (33) into Eq. (32), the following
relations can be obtained:

AB, one has to search for a technique
whichincludes specification of both soil
and tyre characteristics. The character-
istics of both soil and tyre are repre-
sented in terms of soil sinkage 6 _and
tyre deformation 6. The relationship
between A and A, where A_and A, are
the soil and tyre deformed areas in a
vertical section respectively as shown

1 2
A=ra -t oe 2%,
2 2
zajrz (35)
toﬂo t"tl
x°=0 xl-'\)t:1 x'xl
X

in Fig. 2, is given by:

A=A +A

=r*(a, - sina, cos o, ) (29)

{a) generail case t=at
. t =0, x =0 1
where: @ =anangle which charac- o 2 70 x=x
terizes half contact length as shown in {moving load)

Fig. 1. Based on the geometrical repre-
sentation in Fig. 1, the following rela-

AV AYAYA N
1 =

torrain’eurtace after vehicle passing

orlginal terrain surtace

Frol |

tionships can be obtained:

¢ =rsino, (30)
and
6 =0, +0,=r—rcosa,
(31)

Eq. (29) can be written as follows:

A=A+A

{o) tyre deformation

,~2( a,- —S’”Z“") 32

when ¢ is small

Figure 2. Geometric Representations of Moving Loads, Soil Deformation
and Tyre Deformation.
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Substituting Eq. (34) into Eq. (31), the following
relation can be obtained:

2
5'-r(1—(1— %, Dzlraz (36)
2 2

From Egs. (35) and (36), the relationship between
A andé can be expressed as follows:

A=2rd (37)

Since A is proportional to §, A, and A, can be
assumed to be proportional to §, and 6, respectively.
The relationship can be written as follows:

A _9 (38)
A O

t t

With the aid of Egs. (29), (31), and (38) the soil
and tyre deformed areas can be obtained as follows:

4294 (39)
s

and

A=A (40)

The tyre compression area A, can be calculated
from the tyre compression test data on a rigid sur-
face. From a tyre compression test, one obtains a
relationship between the applied load F, and corre-
sponding deformation of the tyre A,. Since A_is equal
to zero for the case of rigid surface, the area A, can be
calculated from Eq. (29). It can be seen that due to
variations in the applied load F, the corresponding
o, as well as A will be changed. Therefore, a relation-
ship between applied load F, and the calculated
areas A can be generated. From the generated curve
atF =F_the value A, canbe defined.

Inasimilar way, from compres-
sion tests data of a rigid tyre onsoil,

one obtains a relationship between
the applied load F and the soil de-
formation, A . From Eq. (29), A, can
be calculated for various applied
loads, and hence, a relationship
between F_ and A_can be obtained.
AtF =F the value of A_ can then
be defined. The total area A as well
as the corresponding angle o atF
= F, can be calculated from Eq.
(29). The contact length can be cal-

(s} Oontaot Length A.B.lor
80flt Tyre and Rigld Terraln

{b} Oontegt Length A end B for
Rigid Tyre and Solt Terrain

g(x)

culated from Eq. (31). From the
preceding method of calculation it
can be seen that: (1) the effect of
tyre and soil stiffness on the calcu-
lated contactlengthhavebeen taken
into account; (2) the contact length
is directly related to the vertical
displacementnot the stress, and (3)
there is no need to assume a para-

bolic normal stress distribution on

\
éNt(g)

t

{o} DlupleoomonloAéxl andAt(xl

{d} Normal Stress disiribution
on Oonteot Length

B the contact length as required for
Hertz theory.

(2) Tyre and Soil Deformations
Once the contact length ¢ is cal-

culated, the total deformation dcan
be obtained from Eq. (31). The tyre

Figure 3. Schematic Diagram Showing Contact Length, Displacement and

Normal Stress Distribution on contact Length.

and soil deformations §, and o, re-
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spectively,atF =F canthenbe calculated from Egs.
(39) and (40).

It can be seen that the contact length is directly
related to the displacements of both soil and tyre. In
addition, the compression characteristics of both soil
and tyreare used in a direct way to calculate the tyre
and soil deformations as well as the contact length.

(3) Slip rate, S

In the original sense, slip rate S is defined as
represented by Eq. (7). If the rotation of the tyre is
completely transferred to ahorizontal motion,v = wr
and 5 =0. This situation requires thatsoil is very stiff.
However, in case of soft soils, abackward movement
of the soil takes place due to the induced shear
stresses. In order to calculate the slip rate, direct
shear tests on the specified clay soils are required.
The reduction of data from direct shear test into slip
rate of a tyre can proceed as follows:

(a) Foracircularsamplein a direct shear test, the
sheared area, i.e., the contact

(d) Eq. (43) is valid only for
smooth tyres. To include the effect of treads, one has
to calculate the effect of soil-soil and rubber-soil
contact and their ratios. Since the tyre has a unique
shear displacement, U, the following condition has
to be satisfied:

St +ét =1, (44)

where: 7 = average shear stress on the contact
area which is given by

r = T, ,. (45)
“ 2blr

¢ and & = fractions of treaded and nontreaded areas
respectlvely, and 7 and 7, = the developed shear
stresses at the contact areas for rubber-soil and soil-
soil respectively.

(e) From direct shear experimental data, the re-
lationships between 7, vs U and 7, vs U can be
obtained and represented by the followmg hyper-
bolic relationships [3]:

area can be expressed as:

T
=7 d. (41)

where: A, and d, = cross

Experimental Program

sectional area and dlameter for

the tested sample in the direct
shear test. )

|

Actual Tyre Model Tests

Strength Tests

(b) The equivalent contact
length, L, for a tyre with width
(b) is:

nd’

] =k (42)

4b Tow-Bin Tests

» Tyre Comproesssion Test
* Direct Shear Test

(c) Assuming that a
wheeled vehicle moves a cir-
cumferential distance L during

* Plane Straln Trlaxlal Toests

b

the forward movement of the
vehicle, ahorizontal backward
movement U of the soil due to
shear stresses is induced. The
slip rate S can then be obtained

RESULTS

» Vorification of the
proposed model

RESULTS

» Strength Parameters
» Stress-Strain Relationship

as follows:

_U_3Ub (g
L nd

Figure 4. Main Test Arrangements Together with Test results Anticipated.
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T = —U‘
" A+BU, (46)
and - Ur
" A +BU, 47)

where: A_B_A and B are material parameters at
¢ =0, . In physical meaning, A represents the inverse
of the initial modulus of elasticity, while B repre-
sents the inverse of the ultimate shear strength.
These parameters can be obtained from interpola-
tion of both soil-soil and rubber-soil direct shear test
data.

165 T +
150 8

l 760 T
730 B

O

Goodyear 7.00 - 16 LT

(f) Substituting Eqgs. (46) and (47) into
Eq. (44), one obtains the following expression for
shear displacement U:

o =0 Y eg| Y| e
A +BU, A +bU,

For tyre movement on soil, the total backward
movement U is equal to both U_and U i.e.

U=U, =U, (49)

Substituting Eq. (49) into Eq. (48), the following
expression for backward movement Ul is given:

(A, +BU)A +BU)7,

(50)
(A +BU)E, +(A +BU)E,

EXPERIMENTALPROGRAM

The experimental ram is designed to be a con-
tinuation of McGill’s Geotechnical Research Centre
research program. The main test arrangement are
presented in Fig. 4 together with the test results
anticipated. In essence, the experimental work which
was performed can be categorized into mainly two
major divisions, namely:

25lJewIawr 8tress (01 - 03 kPa)

CS8 Caaflalng Streas
— CR e 0.0 kPa
20F -} cae 340 kPa
K c2 .« 09.0 kPe

15r

10

o 1 1 1 i 1 1 1 '] 1 1 L
] 2 4 8 [ 0 12 4 16 8 20 22
Axlal Strain (T 1 %)

Figure 5. Tested Actual Model Tyre.

Figure 6. Stress-Strain Curves of Kaolinite Clay Under
Plain-Strain Tiraxial Tests.
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8hear 8tress (kPa)
12

Shasr Raw-025 em
| —— Normat Gtr.» 0.0 kPs
—— Notmal Sir.= 2.3 kPa
—K- Normal Gtr.-14.1 kPn
G Normal S1r.-21.2 ki

Bhear Rate = 0.256 cra/nin

° ) I 3 1 H
[} 2 4 [} 8
Displacemant (mm)

'oshur Btrews (kPw)

(wu Aste-Q.28 omn
TE e Normsi Ste. 0.0 kP»
~+= Normel Bir,~ 7.1 hPs
OF - Normet 8tr.-14.1 kPw

-8 Normsl 8tr.«212 kPs

Bhear Rate = 025 om/min

0 2 4 s s 10
Displacement (mm)

Figure 7. Shear Stress — Displacement Relationship for
the Soil-to-soil Mode.

1. Two-bin Tests — where actual tyre models were
tested in the soil bin to validate the proposed
model. The details of the test facilities are re-
ported by Boyd and Windisch [1]. Fig. 5 shows
the tested actual model tyre with its dimensions.

2. StrengthTests—thisdivisioncanbedivided into
two parts:

a. Tyre-Soil Interface Strength Tests —where the
tyre-soil interface shear strength characteris-
tics were tested using the direct shear tests for
different types of interface (soil-to-soil and
rubber-to-soil).

b. Soil Strength Tests — where soil specimens
with the same properties as those in the soil
bin were tested in order to determine the
stress-strain relationships.

c. Tyre Strength Tests — where Goodyear 7.00-
16LT (treaded) tyre with 34.5 kPa, 103.4 kPa,
and 310.4kPainflation pressures were tested
in order to determine vertical load-vertical
axle deflection relationships on a rigid sur-
face.

Soil Properties

Soft kaolinite clay which was nearly saturated
(95% saturation) was used in the presentexperimen-
tal program. The physical properties of the soft
kaolinite clay are: (1) Liquid limit L.L. =54.5%, (2)
Plastic Limit P.L. =37.5%, and (3) specific gravity of
solids = 2.62.

Figure 8.Shear Stress— Displacement Relationship for
the Rubber-to-soil Mode.

Triaxial Tests

The kaolinite clay was prepared and cut into
prismatic specimens (50 x 38 x 108 mm) for triaxial
testing. Confining pressures of 0,34, and 69 kPa were
used and the rate of 6, application was 2.5 mm/min.
A plane strain condition was maintained during the

VEATIOAL LOAS (un)}
10.0

== In{. Pre. ~ 34.6 kPe
=+ Inl. Pre.- 103.4 kPs *

0 -
& —¥ In{, Pre.- 310.4 kPs

0.0
40}

20}

1 Y 1. 2 2

a0 L L 7
g [ © ] 20 28 30 35

VEATIOAL AXLE DEPLECTION {mw)

Figure 9. Shear Stress — Displacement Relationship for
the Goodyear 7.00-16LT (treaded) on a Rigid Surface.
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triaxial tests. The stress-strain relationships are shown
in Fig. 6.

Direct Shear Tests

Two types of direct shear tests were performed.
The first type was a conventional direct shear test,
referred to as a soil-soil shear mode, while the sec-
ond test type was conducted with the upper part of
the shear box consisting of a specimen of rubber
material simulating the tyre material, referred to as
arubber-soil shear mode. The first test simulates the
slip condition at the tyre-soil interface where slip
causes shear separation within the soil, i.e. soil-soil
slip. The second test condition studies slip separa-
tion between the tyre and soil, assuming that slip
separation is between tyre surface and soil surface.

The shear stress displacement curves for the
soil-soil and rubber-soil modes are shown in Figs. 7
and 8 respectively. In both figures it can be seen that
the shear stress values increase with increasing dis-
placement up to a certain displacement value, after
which the shear stresses remain nearly constant. It
may also be noted that both the steepness of the
stress-displacement curves and the maximum val-

ues of shear stresses increase with increasing normal
stress for both soil-soil and rubber-soil model.

Prediction

With the soil tests and tyre-soil interface test
results, the tyre property test results can now be in-
troduced to complete implementation of the predic-
tion model. The results of the compression tests on a
Goodyear 7.00-16LT (treaded tyre), with 34.5,103.4
and 310.4 kPa inflation pressures on a rigid surface
is shown in Fig. 9. The comparison between the ex-
perimental results of tow bin test and the proposed
model is shown in Fig. 10 for 34.5 and 310.4 kPa
inflation pressure and 1.7 kN axial wheel load. The
torque versus slip is presented in Fig. 10a, while the
drawbar pull versus slip is presented in Fig. 10b. It
can be seen that there is a good agreement between
the predicted and the experimental results. With
higher inflation pressure both torque and drawbar
pull decreased as a function of slip.

A parametric study has been carried out to in-
vestigate the effect of different axial wheelloads and
inflation pressure on the performance of wheeled
vehicles. Torque variation with slip for variousinfla-
tion pressure and axial wheel load is presented in

TORQUE (kN.m)
osr

—— Pragd far 84.6 kPe
~ Prd for 810.4 kPe
O5[ ¥ Exp. for 846 kPe
0 Exp. for 8010.4 kPe
04t
¥
¥ a
6af
*x o
a
o2
Oth
00 L i i L 'y 'y i L L ]
0 10 20 80 40 50 60 70 80 90 100
8LIP (%)
10 a

DRAW BAR PULL (kN)

[+X.] *

— Prad for 84.8 kPe
—+ Prad for 80.4 kPe
O8I X Exp. for 84.6 kP

O Exp. for 80.4 kPn. .

o4

08

02

[¢3]

A ' 1 1 1 1 1 1 )

60
O 10 20 80 40 80 60 70 80 60 100
SLIP (%)

10 b

Figure 10. Comparison between Predicted and Experimental Results for Axial Wheel Load = 1.7 kN.




Journal of Forest Engineering ® 17

aer

TORQUE (kN.m)

Intiation Prassure = 84.5 kPa
= exiet toed « 10 AN
— exiel ioed - 20 KN

TORQUE (kN.m)

Q81 tnllation Pressurs = 103.4 kPa
= axiel oed - 10 KN

= oxtel load - 20 KN

os

TOACQUE (kNM)
QOr infiation Prassure = 910.4 kPa

as

== exlel 0wd * 10 AN
— oxtel foad - 20 a4

OS2 quigl 108d « 8.0 KN
o4
agf aet
azf azf

avr

" e A I L n L LY i 3 — n L I

¥ qxial toed = 8.0 kN

[ % exiel loed = 8.0 kN

ask

oz

o

A 4. At S . A " A n 1 i

u() 10 20 60 40 60 60 70 80 QO 100 VO 0 20 80 40 B850 60 Y0 80 00 100 vo 10 20 680 40 60 60 70 80 00 100
SLIP (%) SLIP (%) SLIP (%)
1M a 11b nc

Figure 11. Variation of Torque with Slip for Various Inflation Pressures and Axial Wheel Loads.

Fig. 11. It can be seen that for the same slip, torque
increases with the increase in axial wheelload, which
canbeattributed to theincreasein contactlengthand
sinkage, while, with the increase in inflation pres-
sure, the torque decreases for the same axial wheel
load and slip, which is attributed to the decrease in
contact length and sinkage with an increase in infla-
tion pressure.

For various inflation pressures and axial wheel
loads, the drawbar pull-slip relationships are shown
inFig.12. For the same axial wheel load, the drawbar
pull increases with the increase in slip, while, with
the increase in axial wheel load, the drawbar pull
does not appear to increase or decrease accordingly.

This can be explained by the fact that the drawbar
pull is calculated by subtracting the motion resis-
tance from the tractive force; therefore the drawbar
pull will be the resultant effect of both parameters. It
can be seen that the motion resistance as well as the
tractive force increases with the increase in axial
wheel load due to theincrease inboth contact length
and sinkage. However, the proportional increase in
motion resistance as well as.tractive force with the
increase in axial wheel load is not the same, hence
resulting in the undefined pattern of the drawbar
pull increase with slip.

Furthermore, for the same axial wheel load the
drawbar pull decreases with the increase ininflation

—
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Figure 12. Variation of Drawbar Pull with Slip for Various Inflation Pressures and Axial Wheel Loads.
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pressure due to the increase in motion resistance.

Additionally, for the variousinflation pressures, the
tractive efficiency-slip relationships are presented in
Fig. 13. For the same inflation pressure, the tractive
efficiency decreases with the increase in axial wheel
load due to the increase in motion resistance. It can
beseenalso that the tractive efficiency increases with
slip up to a certain limit, after which the tractive
efficiency decreases sharply. Furthermore, results
from Fig. 13 indicate that, for this type of soil, the
vehicle can perform very well within a 10 to 20
percent slip range.

The parametricstudy has demonstrated the effect
of axial wheel load and inflation pressure on the
performance of a wheeled vehicle on soft soil. For
this specific type of soil, the highest tractive effi-
ciency can be achieved by having lower axial wheel

salient features are evident from the numerical cal-

culation:

(1) contact length is affected by the vertical load,
soil stiffness and inflation pressure;

(2) thereis a threshold torque below which the ve-
hicle cannot move because the input energy is
less than internal energy of the system;

(3) wideand softtyres (low inflation pressure) help
the vehicle to move with less slip due to reduc-
tion in induced shear stresses, and

(4) prudent selection of inflation pressures accord-
ing to soil type is a very promising way to guar-
antee good vehicle motion.
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