P S

(TITLg):

(SOURCE) :

COMPONENT PART NOTICE
Tists paPEr 15 A COMPONENT PART of THe roLLowine COMPILATION RePoRT:

Prs cedirgs of the Internitfonl Gonferenze on the Performante of

s t=%ad Velig¢les ani Machines (8rh) Voliume 1 Hold at Cambri lge.

v {25 ~
Canland_on Aupust 5-11, 1384 __} T[C

. R CLECTED
{nteinarional Society for Terraii-Veih le Systems

0EC 2 7 1984

'fﬂ

1
(5N

To orDER THE coMPLETE COMPILATION REPORT USE _ AD-148 643

: A

.
Tue COMPONENT PART 1S_PROVIDED HERE TO ALLOW USERS ACCESS TO INDIVIDUALLY
AUTHORED SECTIONS OF PROCEEDINGS, ANNALS, SYMPOSIA, ETC. HOWEVER, THE
COMPONENT sHoULD BE CONSIDERED WITHIN IHE CONTEXT OF THE OVERALL CoMPILATION .
REPORT AND NOT AS A STAND-ALONE TECHNICAL REPORT.
THE FoLLowine COMPONENT PART numBeRs comprise THE COMPILATION REPORT: :
Al#: TITLE:
AD=-PICL 258 Modelisation les P .s»us hors Rcutes et du Scl en Vue ;
de 1'Ameliorstion ~ la Tra tion (Modelling of Off-Road !
Tyres ani Soil fo: fmprovel Tra-tion) s
Ad-PI 256G Development of a S.il-Wheel Inters-tisn Model é
AD-POGH 260 Soil Complian:e In luen:e on Tyre Performance %
3
AD-POO4 261 The Rolling Resist n:e an' Sinkage of Towed Dual Wheel ;
Combinations in S7:}
AD-PO0O4 262 Performan:c Preii- ion of Pneumat. Tyres on Sanl %
AD-P004G 263 Effects of Slip on Energy Distribution between Tyre ani !§
Soil 2

&

Ad-POUYL 264 Traction Forces of Jiive Tyre on the Compa:tedi Soil

0
i

AD-PO04 265 Prediction of In~S nd Tire and Wheeled Vehicle Drawbar
Performan:e

82

=5
.
B

AD-P0O04 266 Dynami: Simulation of Tra:k Laying Vehicles

AD-PO04 267 Designing Off-Roa+d Vehicles wicth Good Ride Behaviour

AD-P004 268 Theoretische Untersuchung Einer Aktiv-Federung fuer

Rai-Schlepper (A T:eoretical Investig~tion of an Active
Suspension System ’qr Wheeled Tractors

This document has been qpprovo‘
for public release and sale; its
distribution is unlimited.

Copy available to DTIC do2s not
penmt fully lchble xepxoducuop

ol } y

'?e Kb ‘~§f§v
#;ggggggﬁﬁbv

oS Rt i >......af‘\




. . S, NP 1 | 3

COMPONENT PART NOTICE (con'T)
AD# TILE:

AD=-PW4 269 Leistunggge(gnrung uni Verbesserung des Fahrkomforts
Bei Selbstfahrenden Baumaschienen Durch Reduzierung
Einsatbedingt: r Nick- und Hubschwinguhgen (Increase
tn Perfoaminze ani Improverent 9f Rde Comfort of
Self-Propellel Construction Machinery by Redu-ing Pit-h
ani Vertical ibratfon)

a  AD-POO4 270 Stresses in S‘tu Generating by Bulldo:zers

AD-P0O04L 271 Finite Element Analysis of Ground Deformation Beneath
Moving Track loads

AD-104 271 A Rig foriTesting the Soft Soil Performan-e of Track
—~ Systems

- -~

Nvanhate £

AJ-PODG 273 Die Abhaééigk:it der Bodentragfaechigkeit und der
Zugkraft von der Abstandgroesse der Bodenplatten
(The Dependence of Scil Bearing Capacity ani Drawbar
Pull on the Spacing between Track Plates)

st F sl e

AD- P00 274 The Dynami - Iitera:tion between Tra'k and Soil

N W,

AD-PO04 275 Analysis of Ground Pressure Distributfon Beneath
Tracked Model with Respect to External Loading

AD-PD04 276 A Comparison between a Conventional Metho- ani an
Improved Methol for Predi ting Tracked Vehicle P~ forman-e

AD-PO04 277 Effect of Hit:h Positions on the Performance of Track/Grouser
- Systems

AD-PO04 278 Grouser Effect Studies

AD-PJ04 279 Ride Comfort of Off-Road Vehicles

AD-P0O04 280 Further Development in Ride Quality Assessment

AD-PO04 281 Comparison of Measured and Simulated Ride Comfort for an

e
/
Agricultural Tractor and Influence of Travel Speed and 'a?
Tyre-Inflation Pressure on Dynamic Response In
3

LA A S B ib A AR STV -t

AR,
‘év s

.
3

. ADp PO04 282 Characterist::s of Fram Fieid Profiles as Sources of N
Tractor Vibration

PXSLributlon/__

SR £

pvatlability Codes
/ ;Avaxl and/oyr
Itst | Spectal




AD-P004 259

33

DEVELOPMENT OF A SOIL-WHEEL INTERACTION MODEL

George Y. Baladi (Member, ISTVS) and Behzad Rohani
U.S. Army Engineer Waterways Experiment Station, Vicksburg, Mississippi

The development of a mathematical model for calculating the motion resis-
tance, sinkage, drawbar pull, torque, and side force for a flexible wheel
traversing a yielding (or deformable) surface is described. In order to
make the problem tractable, the deformed boundary of the wheel is assumed
to be an arc of a larger circular wheel. The entire soil-wheel
interaction process is treated as two springs in seriaes, one describing
the flexibility of the tire and one describing the elustic-plastic
deformation of the soil. Mathematical expressicns are derived for the
two spring constantz in terms of the load deflection characteristics of
the tire, the undeflected Configuration of the wheel, and the mechanical
propertier of the soil (both shearing response and compressibility

characteristicsj.

The syster of equations describing the performance of the wheel is solved
numerically via a computer program called TIRE. Using this pregram, a
series of parametric calculations is conducted to demngtrate the applica-
tion of the methodology and to study the performance of flexible wheels

on different types of soil under various kinematic conditions. A partial
validation of the proposed interaction model is established by comparing
the results of a large number of laboratory single wheel tests on both
<lay and sand with the corresponding model predictions.
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INTRODUCTION
X
The determination of the response of a single flexible wheel traversing a
yielding (or deformable) surface is essential fcr the analysis of the
steering performance of wheeled vehicles. Specifically, the sinkage,
sotion resistance, drawbar pull, torque, and side forces acting on a
powered flexible wheel moving on a yielding soil must be accurately
determined. Due to the overwhelming complexity of this problem, previous
research in this area has been directed, by and large, towa:rds extensive
experimentation and the development of empirical equations relating the

various paramcters of the ptoblen'(gpference 1). Unfortunately, ghgse

empiricsl equations =re not generic and apbi}ybﬁly withiﬂhgﬂz-range of
the experimental data on which they are based. On the other hand, most
of the analytical investigations conducted in this area are based on the
agsgumption of a rigid wheel (Reference 2). That is, the effect of the
flexibility (elusticity) of the tire on the kinematics of the wheel is
neglected. Even in the case of the rigid wheel, there is no general
equativn that can predict accurately the sinkage as a function of applied
load, configuration of the wheel, and the engineering properties of soil
(Reference 3). In a recent article, Fujimoto (Reference 4) introduced
the flexibility of the tire in nis analysis of the performance of elastic
wheels on cohesive soils. He introduced an empiriccl relation between
the central angle of the wheel, the internal pressure of the tire, and
the radial stress acting on the periphery of thie tire. The radial stress
vas assumed fo be constant over the periphery of the tire. Fujimoto
concluded that the determination of the radial stress is the most diffi-
cult problem in the analysis of soil-wheel interaction and recommended an

empirical relation between the mobility cone index (CI) and the radial
stress.

The objective of the present investigation is to develop a rational soil-

wheel interaction model that is free from excessive empiricisu and is
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general enough to treat a wide range of problems. ine core of the model
is 4 method for predicting the sinkage as a function of applied load,
deflection of the tire, slip, undeformed geometry of the wheel, and the
funcamental engineering properties of the soil (such us cohesion, angle of
internal friction, density, compressibility, etc.). Accordingly, the
model can be used to predict sinkage in sand, clay, or soils exhibiting
both cohesive and frictional properties. The equilibrium conditions and
the s.ukage of the wheel are then combined to calculate motion resis-

tance, drawbar pull, torque, etc.

To demonstxate the application of the proposed model, a series of para-
metric calculations is conducted to determine the performance of flexible
wheels on different types of soil under various kinematic conditions.
Also, a partial validation of the model is established by comparing the
results of a large number of laboratory singla wheel tests on both clay

and sand with correspiuiing model predictions.

DERIVATION OF THE SOIL-WHEEL INTERACTION MODEL

b P v W L

General Procedure

The most essential part of the soil-wheel interaction model i{s a procedure

for determining the sinkage of a {lexible wheel. The basic parameters ;

that must be included in such a procedure are the applied load, configura-
tion of the wheel, flexibility or elasticity of the tire, slip, and the
fundamental engineering properties of the 5511 (such as shear strength
and compressibility). The development of the phyeical soil-wheel
interaction model is presented in detail in the subsequent sections and

is based on the assumption that the entire interaction process can be
simulated by two springs in series, with one spring defining the elastici-
ty of the tire and the other describing the elastic-pliastic deformation
of the soil. These two springs are then combined into a single equivalent

spring describing the interaction of the soil-wheel syatem,

The simulation of the resistance of the soil by a spring constant leads
to a nonuniform distribution of normal stresses at the soil-wheel
interface. The shear stresses at the soil-wheel interface are calculated

from a rheological model which describes the shearing stress-strain

characteristics of the soil. The final step of the analyses is to O
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determine the wmotion resistance, drawbar pull, torque, efficiency, and

side force for a flexible wheel traversing a yielding surface. These

parameters are calculated based on the assumption that the deformed

boundary of the tire is an arc of a larger circular wheel.

Spring Constant for a Flexible Tire

A typical load-deflection curve for a flexible tire on a rigid surface is

shown in Figure 1 where 4 denotes the deflection of the tire at point A.

In practice, 4 1is usually expressed as a percentage of the unloaded

section height of the tire (Figure 2). The radial deflection of a generic

point B along the periphery of the tire at an angle a
by (Figure 1). If the deformed section of the tire is
continuous spring with constant kt » then the vertical

dF applied at point B can be expressed as

dEP = kK, 8 co8a dB =« ¢« ¢« ¢ 4 ¢ ¢ o s o 4o o e v e e o
t a

From Figure 1, Aa can be expressed in termws of A , «
flected radius of the wheel R

A.R-B_'_.A-R [cosa-(—é-)]........
a cosa cosa R

Substitution of Equation 2 into Equation 1 leads to

A
df Rkt[cosu-(l--i)]da © e e 6 8 4 e o e e 4 e .

Also, from Figure 1,

0
cos 3 LID} —-% e o 4 o s s 4 s e s t s e s e s e e .

is specified by
characterized by a
differential force

, and the unde-

O ¢3)]

B &)

e R )

In view of Equations 3 and 4 and static equilibrium, the applied load W

can be expressed as

et
cosa ~ CO8 7 dea . . . ..

R )
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Figure 1. Load-deflection curve for a
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Integrativu of Equation 5 leads to the following relation for the spring

congtant kt

W

e " 5 3 0 e e e e s 4 e s e s e e e e e e e e e (6)
2R{sin L.t cos £
2 2 2

k

The spring constant kt can also be expressed in terms of A by com-

bining Equations 4 and 6:

Equation 7 is portrayed in the top of FPigure 1.

Spring Constant for Soil

Let S be the radial stress necessary to maintain a slow expansion of a
spherical cavity in an elastic-plastic medium from radius R° to R
(Figure 3a). The radial stress o, is expressed analytically in terms of
the shear strength parameters and the volume change characteristics of

soil (Reference 5). The resistance of the soil to expansion of the spheri-
cal cavity can be simulated by a continuous spring characterized by spring
constant ks . From Figure 3a, the spring constant ks can be expressed

as

where R - Ro corresponds to spring deflection. Now consider a wheel of
radius R embedded in soil to a depth R - R° (Figure 3b). The normal
stress at point A resisting the embedment of the wheel is assumed to be
equal to the radial stress o, inside the expanding cavity. Similar to
expansion of the spherical cavity (Figure 3a), the resistance of the soil

to the embedment of the wheel can also be simulated by a continuous spring

with constant ks given by

PR
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EXPANSION OF SPHERICAL CAVITY

ANALOGY BETWEEN A WHEEL EMBEDDED IN SOIL AND CAVITY EXPANSION PROBLEM

Proposed model for computing the spring constant for soil
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B ¢))

where D 1is the unloaded section width of the wheel (Figure 2). Combining

Equations 8 and 9 we obtain
n(R+R0)(R-RO) .
RD -1..---00.0...0:.0.!000000(lo) §
3
where, from Figure 3b -
es N
R4+R = RI1L 4+ o8 5] v v o v o b e e s o o o o o o o oo s (1) i
o 2 ;
R - RO = R\l - cos o R R R R PR (12) E
»
Substituting Equations 11 and 12 into Equation 10 and solving for %
cos 98/2 and 68 , we obtain %
es D §
cos o~ -‘! - IR B ¢ & ) | é
55
)
-1 D :
ea = 2 cos 1 - TR Gttt tteteetee e es et (14)
Substitution of Equations 11 and 13 into Equation 8 leads to the following
expregsion for the spring constant ks H
k-ﬂll-&-"l-g—)o......................(lS)
s "R/ ¢
f.f It is clear from Equation 15 that the apparent spring constant of the soil E
% ’ is a function of the engineering properties of soil through 9 and the §
I %
geometry of the tire. g
Equivalent Spr{gg,Constant for the Soil-Tire System
The model of the soil-tire system in terms of the spring constants kt and
ks 18 portrayed in Figure 4. The equivalent spring constant ke for

i
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a. SPRING CONSTANT FOR FLEXIBLE TIRE (kt)
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c. SPRING CONSTANT FOR SOIL-TIRE SYSTEM k_§+—tl;_
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Figure 4. Equivalent spring constant for soil~tire system
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the scil-tire system can be determined from static equilibrium and is

given as

k'i:—_‘—_T............................ (16)

Normal and Shear Stress Distributions at the Soil-Tire Interface

Based on the concept of the spring analogy advanced in the previous sec-
tions, the expression for differential vertical force at a generic point

at the soil-tire interface can be expressed as (Figure 5)

0 k8 R(Fosu ~ co8 %) cos(a + %)du
dF = DRoN cos(a + —) da =

2 ) N ¢ V)

cesa

Figure 5. Normal stress distribution along the
soil-tire interface

Solving Equation 17 for Oy » we obtain

k (cosa - cos 2)
R 2

°N D cosa

In view of Equations 9 and 12, Equation 18 becomes

1

§
k4
:
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)
cOosa - CO08 = ¢
o -L 2/ c (19)

a s & & e s o s e s e & e a s e e s e o & e+ =

Equation 19 describes the distribution of normal stress o, at the soil-

N

tire interface. Note that at point A (Figure 5) whece a = 0, Equation 19

indicates that ¢, = 9. which {s consistent with the assumption made in

N
the previous sections.

a = +af2

On the other hand, at the free surface where
(Figure 5) Equation 1% indicates that oy " 0 at these points.
Consider now a tire with turn angle n with respect to the direction of

motion. The plan view of the tire {8 shown in Figure 6a. If slip in the
plane of the wheel is defined by the slip ratio S , then slip in the

direction of the motion can be expressed as

S
- - conn Y dt))]
4 DIRECTION OF MOTION
DBP MF

¢ SF
AN
™

a. PLAN VIEW b. STRESS DISTRIBUTION ALONG

SECTION AA

Figure 6. Geometry of the tire with turn angle n

The compcnents of shear stress parallel and perpendicular to the plane of
the wheel 1p and Ty » respectively, can be obtained from the rheological

soi]l model presented in Reference 5.
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Combining Equation 20 with the rheological soil model results in the
and ™

following expressions for tp
c(c + oy tan¢)5
Tp s N 2 Y
coon +C+ °N tang
G(C + °N tan?)s tann
1, = r P ¢ 73
N GS
cosn + C+ oN tané
where %% is given by Equation 19. In Equations 21 and 22, G, C , and
¢ correspond, respectively, to shear modulus, cohesion, and angle of

internal friction of the material.

Deflection and Sinkage of a Flexible Tire
If the deflection of a flexible tire on a rigid surface under a given load

W 1is denoted by 4 (Figure 1), then the corresponding deflection on a
(Figure 7b) caa be determined from the concept of the

ylelding soil At

equivalent spring constant
k
L Y X )}
k + kt " :

Similarly, 1f Zr is the sinkage of a rigid wheel under a given load W

(Figure 7c), then the corresponding sinkage Z of a flexible wheel

(Figure 7b) is
kt

Z'(k + K
8

A S 1Y
t) r
The sinkage Zr can be calculated from the balance of forces in the

vertical direction (Figure 8a)

8
1) +1 sin(a+2

; o
- 2 e
H-DRf[oNcos(u+-2— )]du............ (25)
o
2
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The shear stress 1 in Equation 25 can bz obtained from the rheological

soil model described in Reference 5 and has the following form

N G(C + ON tan¢)S
TesJ+c+ o

N tang

where °x is given by Equation 26. The solution of Equation 25 leads te

an expression for 8 The antual sinkage Zr can then be calcolated

1
from {Figure 7¢)

Zr = R(l -~ cos 01) e 223

Relationships Governing Single Wheel Performance

Geometry of the problem

Consider the geometry and boundary conditions for a flexible wheel-soil
system shown in Figure 8b. The contact surface between the wheel and the
soil is assumed to be an arc of a circle with a radius equal to or larger
than the undeflected radius of the wheel (only in the case of the rigid
wheel is the radius equal to the undeflected radius). The center of this
eircle ' 1is located at the intersection of the vertical line through
print A and the bisector of the angle AOB . According to FPigure 7b, the
relationship between the angle 61 » the sinkage Z , and the deflection

of the tire bt is

From the geomerry of Figure Bb

N A
R-, P s 8 v e 2 v 4 ¢ & ¢ s e e e ¢ @& e o «
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Using Equations 29 and 30 to eliminate Z from Equation 31, we obtain the

following relation for R' in terms of R and the central angles ©

1
and 62
8, + 6
sin 1 7 2
R' = R T D & Y3
" 1 2
T2

Equations 27 through 32 completely define the shape of the contact surface

between the soil and the tire.

Tire internsl motion resistance

The internal motion resistance (IMR) of the tire i{s expressed in terms of
the deflection of the tire on @ rigid surface. Data from a number of
experiments where IMR has been measured are portrayed in Figure 9 (Refer-
ence 6), which shows that IMR increases rapidly with deflection. The

dashed curves t{n Figure 9 are approximate upper and lower bounds to the

0.4
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§§ Figure 9. Tire internal motion resistance-deflection

ég relation (Reference 6)
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test data. The solid curve in Figure 9 may be viewed as the average
response and is fitted with the following mathematical expression for

calculations of {nternal motion rvesistance:

mn-@@f+m4@]%......................(n)

Motion resistance, drawbar pull, torque, ¢fficiency and side force

We can now proceed to develop appropriate equations for motion resistance
(MR), drawbar pull (DBP), torque (T), and efficiency (E). From Figures 6
and 8b

2 ¢ -5,
MR = R'D f oNsin(a+12 )da+IMR+HFcosn........ (34)

_(417%)
2
(61°82)
y %1%
DBP = R'D / Tpcosu+ 3 da = MR . . .0 i e es. e . (39
_(517%y)
2
(¢1-¢,)
2 R 8in6
T = R'D f Tp R'-—-—g——:—e—-cosado c s e e s e s o e o« (36)
8. -8 sin-l—z
(61-9,) 7

BBl (18 (R=8) v iiit .. (D)

vhere N and Tp are given by Equations 19 and 21, respectively, with

8in26

6 replaced by o , and MF = R2<61 - T—)cc sinn . Similarly,

17 %
from Figures 6 and 8 the side furce (SF) is
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01'02)
2
SF = R'D N da + MR LBAN & + v o o o o o+ o o o =« o« o (38)
9179,
2

where N is given by Equation 22. The above system of equations pro-
vides a complete solution to the performance of a flexible tire traversing
a yielding soil. A computer program called TIRE has been developed which

numerically solves the above system of equations.

PARAMETRIC STUDIES OF THE PERFORMANCE OF
A FLEXIBLE WHEZL ON A YIELDING SOIL

In this part, the performance of a flexible wheel on both clay soil and
sand 1§ parametrically investigated (for n = Q). In addition, the effects
of the unloaded section width, the deflection of the tire, and the slip
ratio on the performance of the wheel are also analyzed, The radius of

the flexible wheel used for the central case is 14.1 in., its wiith is

8.28 in., and its carcass section height 13 6,35 in. All calculatiouns
were conducted for an applied wheel ioad of 1000 lbs. The results of the

parameter study are presented in the following sectionms.

Sinkage

The results of the calculations for assessing the effect of soil type,

slip ratio, and tire deflection on sinkage are presented in Figures 10
through 13. Figures 10 and 12 indicate that for both clay soil and sand
sinkage increases vithﬁincreasing 8lip ratio. The effect of tire deflec-
tion on sinkage is portrayed in Figures 1l and 13 for clay and sand,
respectively. As ind{cated in these figures, the sinkage decreases rapidly
with increasing tire deflections from zero (rigid wheel) up to approxi-
mately 40 percent deflection., Beyond 40 percent deflection, the rate of

decrease in sinkage is small.

Motion Resistance

The effects of soil type, slip ratio, and tire deflection on motion resis-

tance are shown in Figures 14 through 17. Figures 14 and 16 indicate that
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motion resistance initially decreases with increasing slip ratio up to a
slip ratio of approximately &4 percent and increases thereafter. This
initial decrease in motion resistance has been observed experimentally and
is attributed to the plowing action of the tire. The increase in motion
resistance at higher slip ratios is due to an increase in sinkage (see
Figures 10 and 12). Relationships between motion resistance and tire
deflection for each soil type studied are shown in Figures 15 and 17. The
motion resistance initially decreases with increasing tire deflection and
reaches a minimum value at about 30 percent deflection. At tire deflec-
tions higher than 30 percent, the motion resistance increases again, The
initial decrease in motion resistance can be attributed to the initial
rapid decre:.se in sinkage (see Figures 11 and 13). The increase in motion
resistance at deflections larger than 40 percent is due to a rapid increase

in the internal motion resistance of the tire (see Figure 9).

Drawbar Pull

Figures 18 through 21 portray the effects of soil type, slip ratio, and

tire deflection on drawbar pull. Figure 18 indicates that for clay soil

the drawbsr pull increases rapidly for slip ratios between zero and about

10 percent. For higher slip ratios, the increase in drawbar pull is

relatively small. For sand, on the other hand, the drawbar pull increases

rapidly and reaches a peak value at about 20 percent slip ratio (Figure

20). The drawbar pull then drops for slip ratios in the range of about 20

to 50 percent. Beyond 50 percent slip ratio, the drawbar pull increases

very slowly. This type of behavior also has been observed experimentally.

Relationships between drawbar pull and tire deflection for each type of .
soil studied are presented in Figures 19 and 21. As indicated in Figures :
19 and 21, the drawbar puil initifally increases with deflection up to a
deflection of approximately 50 perceut. Beyond this deflection, the
drawbar pull decreases because of a rapid increase in the internal motion ;

resistance of the tire (see Figure 9).

Effect of Section Width on Tire Performance

Figures 22 through 25 present the effect ot the unloaded section widch on i
sinkage, motioa resistance, drawbar pull, and torque, respectively, for
clay soil at 15 percent tire deflection. Figure 22 shows that sinkage

decreases rapidly as tire width Increases from approximately D/R = 0.2 to
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D/R = 0.5. For larger tire widths the decrcase in sinkage i3 relatively

small. Figure 23 shows that the motion resistance decreases as the width

of the tire increasevs. This is expected because as the width of the tire

increases, the sinkage decreases (see Figure 22), It should be pointed

out that in F{gure 23 the internal motion resistance of the tire was

assumed to be independent of the width of the tire. If the effect of

width on the internal motion resistance of the tire were taken into con-

sideration, the result in Figure 23 would have been different.

Figure 24 indicates that the drawbar pull increases as the tire width

increases. Most of the increase in the drawbar pull takes place for the

tire widths less than 50 percent of the radius. For larger tire widihs,

the rate of increase in drawbar pull is relatively small. This behavior
is also related to sinkage (Figure 22), where it is observed that most of

the decrease in sinkage takes place for tire widths less than 50 percent

of the radius. The relaticnship between torque and tire width is shown in

Figure 25. The trend in Figure 25 {s similar to Figure 24.

CORRELATION OF TEST DATA WITH MODEL PREDICTIONS

Background

The results of the extensive parameter studies presented in the previous
section indicated that the model predictions are qualitatively in agreement

with the observed performance of flexible wheels on a yielding soil. A

detailed quantitative validation of the proposed model requires controlled

laboratory tests and the measurement of the appropriate soil properties

discussed in Reference 5. A partial validati-n of the model, however, can

be accomplished by using test data already documented in the literature.
The main drawback in using existing data from the literature is the lack

of information on the mechanical properties of the soil used in the experi-

ment. Usually the soil is characterized in terms of simple indices such

as the mobility cone index {Cl). These indices must be translated to the

appropriate soil properties required by the proposed model. This is not

an easy task and requires a separate analysis (divorced from the soil-

wheel interaction model) to make such a translation. Usually one is

forced to determine the numerical values of several material constants
from an index such as the CI.

This inherently introduces uncertainties
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(or a bias) in the numerical values of the consia.nts which, of course,
will affect the degree of correlation between the model predictions and
the test data. In spite of such uncertainties, a partial validation of
the proposed soil-wheel interaction wodel {s attempted for the zero turn

angle.

Test Parameters

Test data for 13 different tires and 2 soil types (clay and sand) were
selected from the literature for correlation with model predictions
(Reference 1). The D/R of the test tires ranged from 0.122 (bicycle tire)
to 1.737. A total of 165 data points was selected (65 test data for clay
and 100 for sand) for different wheel loads and tire deflections. The
tests, however, were sll conducted at 20 percent slip. Soil data for all
the tests were given in terms of the mobility cone index (CI). Using a
methodology developed in Reference 7, the appropriate soil properties
required by the model were estimated from the CI data. A summary of all
the test data and the companion soil properties are given in Reference 5

and for the sake of brevity are not included in this paper.

Model Predictions

The results of model predictions are plotted against the corresponding test
data in Figures 26 through 31 for sinkage, drawbar pull, and torque. Each
figure contains a 45-degree line (line of perfect correlation), a line of
least square fit, and the standard deviation T which signifiea the
deviation between the experimental data and the corresponding wmodel predic-
tions. It is a measure of the deviation of the data points in the figures
from the line of perfect correlation. Comparisons between the least square
lines and the 45-degree lines indicate that the cverall correlation of the
model predictions with the test data‘is very reasonable in spite of two
possible sources of error--that i{s, the general scatter in the test data
and the uncertainty in estimating several soil properties from a single
cone index. The sinkage, which is one of the most difficult parameters to
predict, has the lowest standard deviation. The degree of correlation

exhibited between the test results and model predictions indicates that

;
|

the physical basis of the proposed soil-wheel interaction model is sound

for both cohesive soils and granular materials. Therefore, it may be

concluded that the proposed model is capable of simulating the interaction
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between a flexible tire and a s0il exhibiting both cohesive and frictional

properties,

SUMMARY AND CONCLUSIONS

A mathematical model for calculating the motion resistance, sinkage, draw-
bar pull, torque, and side force of a flexible wheel traversing a yielding
soil has been developed and computerized for numerical application. The
entire soil-wheel interaction process was treated as two springs in series,
one describing the flexibility of the tire and the other describing the
strength of the soil. Mathematical expressiones were derived for the two
spring constants in terms of the load-deflection characteristics of the
tire, the undeflected configuration of the wheel, and the mechanical
properties of the soil. The motion resistance, drawbar pull, torque,
efficiency, and side force for the flexible wheel were obtained from the
equilibrium equations by assuming that the deformed boundary of the tire

is an arc of a circle with a radius equal to or greater than the unde-~
flected radius of the wheel., The model is partially validated by comparing
the results of a large number of laboratory test data for single tires on
both clay and sand with the corresponding model predictions. Efforts are
presently underway at WES to couple the soil-wheel interaction model with
the dynamic equilibrium equations of multi-axle wheeled vehicles for
analysis of the steering performance of such vehicles.
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Efficiency of the tire

Shear modulus

NOTATION

1

i

C Cohesion s
D Unloaded section width of the tire g
DBP Drawbar pull applied on the tire %
d¥ Vertical differential force g

h Unloaded section height N
IMR Internal mction resistance of the tire %
ke Equivalent spring constant fcor soil-tire system i
k8 Spring constant of the soil

kt Spring constant of the tire

Motion resistance in the direction of motion
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In{tial radius of an expanded cavity

Radius of a circle containing the deflected portion of the
Slip of the wheel in the plane of the wheel

Side force Applied on the tire

Slip of the wiexl fn the direction of motion

Torgue applied on the tire
Tire load

Sinksge of a flexidle wheel
Sinkage of a rigid wheel

Generic angle
Maximum deflection of the tire on a hard surface

Maximum deflection of the tire on a yielding 3oil
Deflection of the tire at the generic point
Angle between the direction of motion and the plane of the
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Radial stress inside a cavity

Normal stress at the soil-tire interface

Shear stress 4t the soil-tire {nterface

Shear stress perpendicular to the plane of the wheel
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