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t 

ABSTRACT 

M. Eng. 

The Interaction between dlfferent types of rigld tracks with 

a soil 5ubstrate 15 examlned with a view to development of a better know-

ledge of the manner ln whlch energy 15 transferred and dlssipated in th'e 

f' bearlng 5011 substrate. 

'.~ 

The developmeRt of soil deformatlon patterns, fal~ure status 

and dlssipated energy components durlng multiple grouser motion are " . 
examlned uslng the flnite element method. Two dlHerent sets of boundary 

. -
conditions are consldered. The resul tlng kinds of deformations and 

d isslpated energy components provide the Input requi red for optlmlzlng 

track p,erformance. 

T~ pred Ictlve methods are establlshed for performance eva 1 uatlon 

of tracks movlng on soft 5011, both based on the app 1 1 cation of the 

prlnclple offenergy transfer and conservation. Whlle the-flrst method -uses 

the d~sslpated ener,gy components previously obtalned From flnlte element 

analysis of the multiple grouser element-sail system, the second one 

" predltts the dlssipated energy by,perfonnlngoa flnlte element analysls on 

the whole track-soll system. The resul ts obtained from both methods compare 

weIl wlth measured values for varlous situations te5ted. 
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par 

Nicolas Sciadas 

Départanent de Gênie Civil 
et Mkhanique Appliqœe M.G&Ue 

L'int:&action entre di.ff&-ents models des chenilles rigide et 

le sol est ~ p:>ur developper une meilleur OOtpréhensioo. de la fatpl 

dont l'ênerqie est transfêr~ et dissipe!! dans le sol. 
. () 

Le ~t de la defotmatiooodu sol, l'~tat de la ruptur~ 

et les cx::zrp:>sants ,de l '~ie dissipé dur~t le IOOt.1Ve!!DeIlt des patins . 

multiple sont ~ en utilisant la œtOOle des ~ll'iments finis. Deux 

ensembles diff'rents de limitation sont considerê. Les defoz:mations obtenues 

et les canposants de l' ênergie dissipé donne les conditions nécessaire 

pour optimiser la perfacnaœe de la chenille. 

Deux uéthodes sont ~tablies pour Mluer la perfQIlt\aD:e des 

chenilles mobiles sur sol argileux. ces deux œt:OOdes sont basseê sur 

le' principl.e du transfert et la conservation de l'énergie. La prem:f.êre 

ml!thode utilise les cœp::>Sant de l'~ie diss~, obtenu par l'anal.ySe 

du systeme des patins multiples-sol, en utilisant la œtOOle des ~lênents 

finis .. ra douxiane predis l'ênergie diss~ par utilisation de l'anal.yse 

des ~ts finis sur le systeme de chemille-sol. POur plusieurs si. tua-
(-

tians œst&, les rêsultats obtenu par ces deux ~tOOdes catpare bien 

avec les r6sul tats experimenta.les. 
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CHAPTER ONE 

INTRQDUCTION 

~.l Off-Road Vehicle Engineering 

~ecause ~ cœ.plexJ.ty of the man-vehicle .y.t ..... probl .... 

:in the area of off-road vehic~e engineering are multidisc1plinary by 

their very nature. The abUity to move vehicles over natural terrain 

is of ;pr1màry importance' to- a widé variety of disciplines, for example, 

autolIIOtive, military, mechanic.al, aerospace, construction and agricultural 

engineering. For purposes of definition, ''Mobility" will be defined 

as "the character1stic performance of a vehicle which enabl,es It ta 

travel on 'various types of improved surfaces at reasonable speeds and 

to operate effectively in the natura~, off-road environment, especially 

soft soi1s." (Karafiath and Nowatzk.i, 1978). 

Traditionally, the complex1ty of the problem has deterred many 

researchers fram pur8uing a theoretically rigol'ous formulation. Designers 

have been r~ly1ng on empir1ca~ rules of tria~ and error until acceptable 

designs are identified.. when ~1:le resu~ts are_ judged to be satisfactory. 
Q 

Such simp1istic empirical and- sem1-empirical approac.hes often ignored 

fundamental concepts of so11 behaviour. It i8 only recently that the 

problem. 'of soU-vehic.1e interaction has beèn recognized to be fundamentally "' 

a soil-mechanics problem. The mechan:1.cal properties of the terrain are 

undoubtediy among the most impo~tant factors that affect off-road mobility. 

A logic.al approach to a mobillty problem t'equires a trade between 

theories and field techniques, the main steps of which are: 

-1-
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1) ,Definit~on of the pl!'obl.em with respect to the basic 

parameters invol.ved; 

2) Development of a conc,ept of soil-vehicl~ interactions; 

3) Formulation of a soil-mechanics theory that de scribes the 

soil behaviour involved within an acceptable fT~ork ' 

of assUIlptions; 

4) Definition of the soil properties associated with the sail 

mechanics theory. and establishment of suitable laboratory 

procedures for their determinationj 

5) Validation of the theoretical concepts under control1.ed 

1aboratory conditions; 

6) Deve1opm.ent and establishment of suitable field techniques 

for the evaluation of the 80i1 pr'operties required in the 

theory. The simplicity of f:feld tests 15 essent1a1 within 

acceptable accuracy l:f.m.:i.ts. 

The deve10pment of theoreticà11y rigorous met~ods of analyses 

has been enhance,d by advances in other disciplines. The !DOst sophisticated 

levela of analyses of so1l behaviour are poss1bl.e with the availabllity 

of h1gh speed computations! faci1ities. Thus, soil mechanics predictions 

~ve become an ac.cepted way of :1mproving geotechn1cal. engineering design. 

1.2 Traclc.-Soll Interaction 

Var10us types of tracks used today rlth mUitary, heavy const~uction 

and agr1cu1.tural vehicles have been developed, whenever high trac:t1on or 

travel over soft terrain 1s required. - Their common character1.stic 1s the 

low ground pref;Jsure that enables them to ttave1 over ground not suieable 
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for wheel vehicles.- The average ground pressure (also called nominù .:? 

ground pressure) is determi~ed by the weight of the vehic1e divided by 

the contact area of the track. While the track performance and the 

corresponding nominal ground pressure may be thought to be correlated~ 

it 18 the actual tra.ck-soi.l interaction that controls track performance; 

this il1 far more complex and can hardly be represented by a certain 

magnitude of a hYPÇ)thetical uniform ground pX'essure. 1 The interdependency 

of soil and track behaviour necessitates classification of the various 

types of tracks, according to which appropriate In?dels must be formed. 

if track\;"soil interaction concepts are to be represented .:orrectly. 

Table 1-1 discusses the main features of the gener.al classes of tracks 

encountered today in practice. 

While the geometry of the contact ares and the magnitude 0l., the 

" 
interface. s tresses play, a major role in whee1-soil interaction, the 

sma11 chsnge of the ground contact area of tracks with 'change in sinkage 

affects track-soil interaction concepts in that: 

1) 
, .. 

The SOU response under fallure conditions does not obey 

the laws of plastic1ty theory; and 

2) Track sinkage cannat be determined from equllibi:'1um 

conditions only, even if soil fsilure occurs underneath 

the track. 

The total track si.nkage is dependent on the deformations that 

occur under the particular load1ng conditions iJ1 the so1.1 rather thsn 

changes in the cont;act area during the sinkage process. , Thua, a know-

ledge of the soil deformat1.on mech.a.ns1m 18 nece,&sary; consequently 

j 
j , 
,, 
1 

i 
! 
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j 
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GENERAL 

RICID TRACKS 

Track, where the interlocking of the lin!, 

permit. the track to form a convex but not 

a concave curve vith respect to the soil 

CLASSES OF 

(Rigid Girder Tracka); . Designed ta prevent 

upward flexins of the track and insure a fairly 

uniform ground pressure; Cannot be used with 

a spru~g suspension a~atem t6at vould permit 

the road wbeela to diaplace vertically. 

~: Slovly moving vehicles (ex-track 

machinery used in construction). 

Variations: Use of rubber blocks in the 

joints allowing a 8Iightly convei 

structure; (However, treated as 

rig14 tracks). 

1. 

2. 

\ 

TRACKS 

FLEXIBLE TRACKS 

Continuous Tracka: 

\ 
\ 

\ 
\ 

,,-... 

\ 

<a> Endiess Band type: Continuous curve 

deflected geometry. 

(b) Block and Pin type:Polygon type geometry. 

Spaéed Link Tracks: Differ from Continuous 

Tracts as there are no 

external stressel on the 

soil in betveen the. links. 

TABLE 1.1 Classification of Various Types of Tracks ~for tbê'>Pu~se of 
Formulation of Tract-Soil Interaction Concepts 

/' 

~ 

Y.nS1f~'ht rd_viii' Will!' 'oiiIl!il3.üe ....... ~~ ... '"-" 
" , . ." -, -. ,,~~"-.~~ -.~1A"" ~I. iNI21t ri''li'lMit1:l"m 'IIi 
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it shoul.d fOnD an integral part of any track-soU interact1.on concept 

which undertakes to s1.mulate and predict track performance under any 

soil conditions. 

1. 3 The Bas{c Traction Element 

Experimental information on track-soil interaction is very l:1mited 

in the 11.terature. The main reason 1.s pro6ably the difficulty encountered 

if one wishes to represent the performance of a tracked vehicle by 

contacting laboratory performance tests. On the other band, while field' 

tests on full scale vehicles may throw more light in the actual track":so1.l 

interaction, they lack the necessary control over the 80il conditions, 

which influence the resu1ts. Hence, they are not suitable for concepts 

verifica tion and sys tema tic re8earch. 

These facts have 1ed researcners towards - the study of the inter-

action of one or more single track elements with controlled soil types 

and condi tions • In scarce cases, correlations between track-elements 

behaviour and overall track performance have been attempted. 

AIDong the earliest works dealing with the design of tracked,vehicles, 

which appear ,in the literature, 1s the empirica1 approach of Micklewait 

(1944) • Latter, Bekker (1956, 1960, 1965) examined the problem fram a 

more rigorous point of view. He derived a theoretical expression relating 

the horizontal thrust on the grouser to the grouser parameter~, based on 

approximation of the grouser plate by a strip footing acting on an e11l8tic 
./ 

media (soU). Haythornthwait (1961) obtained upper and lower boundary 

solutions for Beklter's grouser plate using the method of l:Lmit plasticity. 

'tI 
On the experimenta1 side, Cho, Schawanghard and Sybe1 (1969) investigated 



( the effect of spacing of track shoes on the development of traction. 

They determ~ned tractive force-deformation relationships for variously 

spaced track shoes and grouser, plates. In the theoretical evaluat:l.on 

of the grouser problem, Harrison (1972) assumed that the so1.l failure 

"" occurs along slip Hnes, governed by the differential equat:l.ons of 

plasticity, which are either straight lines or logar1.thmic spirals. 

Thus, he arrived at closed form solutions for tbe computations of the 

vértical and hor1.zonta1 components of the uitimate load that can be 

carried by a grouser plate.. 

At McGi11 University, the study of the performance of an isolated 

grouser elem.ent moving through soil ini tiated in the suties (Yong et al, 

1969; Yong and Sylves ter-Williams , 1969) and the early seventies (Yong 

and Chen, 1970). AU of the theoretical approaches mentioned previously 

have used empirical or limit equilibrium methods to arrive at a closed 

form of solution. Their main drawback is the absence of a complete 

pi..cture of the soil deformation process, during grouser-soil interaction, 

to provide a basis for any mobility problem st band. 

Amang ali the methods avallab1e, the most promtsing appears to 

be the we11-known technique known as "Finite Element Method". , During 

the past twenty years, an extensive literature has been produced on the 

6 

his t()ry , foundations, and appl:lcations of this powerful technique including 

over a th.ousand papers an,.d severai books*. 

The app1:lcation of the f1nite element techn:lque to the ana1yuHs 

of s1D1ple soil-grouser interaction, in nearly saturated 80il und~r plain 

* Refs. 17-20,22,29,30,38-40,47,49-53,. 60,63,.,67,69,71
0
,75,76 

, 
J 
'0 
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J 



( strain conditions, was verified by Yang and Hanna (1977), and proved to 

be successful... ~ubsequently. mobil1ty slludies were continued by Yo~. 

Youssef and Elmamlouk (1979). and Yang, Elmamlouk and Della-Moretta 

(1980). They investigated the interaction of a grouser element (two 

or more grousers connected together) and deve10ped a method of eva1uation 

of track-terrain interaction, b~ed on the principle of energy transfer 

and conservation. However. the model vas based on the application of 

the semi-analytical technique of visioplasticity, bound by the necessity 

of a long experimental testing program. 

1.4 Objectives of the Present Study 

The present study is a continuation of the McGill program in an 

effort to develop and evaluate a rigorous method of approsch to the 

7 

overaU track-grouser soil system interaction problem. Previous research 

has set the grounds to a rational analytical means for pred1cting track 

performance over so~t 9011s. This study aima at developing a numerical 

model, capable of tracing the complete behaviour of the soil under the action 

of a mov1ng grouser element. Upon vali.dation ained resu1ts, 

the calculated dissipated en erg y components input into an 

energy model to further predict the performance of a laboratory sca1e model 

track. A schematic representation of the proposed study involV!ng both 

the experimental and ana1ytica1 phases 1s disp1ayed in Fig. 1.1". 

The factors that are considered perti.nent in traction experiments 

relate to: 

1) SoU: Type, density, and shear resistance parameters; 
v' 

2) Grouser Element: Geometry of grousers. spacing between 

grousers, boundary condi tians. speed of travel; 

11 
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SINGLE GROUSER SOll THEORETtCAl EXPERIMENTAL 
TESTS; CONSTANT STRENGTH PREDICTION PERFORMANCE 
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Figure 1.1 Schematlc representatlon of the analytical and experimental program sequence followed in the 
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3) Track: 
( 

Dimensions, weight, grouser type and spacing, 

-
belt tension, translat10nal velocity, slip rate, drawbar 

pull height. 
) 

The grouser element may be subjected to any combinat1on of 

the follOl«wg boundary conditions: 

(1). Specified constant speed and depth of cut; 

(2) Specified constant horizontal force and depth of eut; 

(3) Specif;Led constant horizontal and vertical forces; 

(4) Specified constant speed and vertical force. 

In the course of this study, the experiments performed at the 

grouser element level were confined to the fourth set of boundary conditions. 

The as.sociated model track tests assumed cons tant translational velocity, 

weight, and grouser spacing while the drawbar pull height and the degree 

of slip were varied. The belt tension was also kept cons tant at a value 

whieh reflects 'rigid track-soil interaction conditions. Identical 8011 

(in properties and preparation) ws used during both experlmental phases. 

The method of analysis, adopted to analyse the grouser elements ,-

soil interaction proces8, i8 the fin1te element technique. Information_ 

concerning the stress and deformation oehaviour of the soil is thus 

possible. Using an i:ncremental form of solution, su ch information 18 

obtained for each displacement iticrement. The analysis is performed for 

both boundary condi tions (1) and (4) as des cribed above. In addi tion, t 

1 
] 

1 

----------disaipated energy fields are calculated fram stress and' strain fields as 

functions of horizontal displacement values; they are applied towards 

prediction of input and output energy levels- of the model track at varying 

drawbar pull heights. 

Il i 
~ 

1 
1 

t 
t 
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Consequently, in Chapter 2 the mathematical formulation is 

preaented including remarks concerning the choice of elements and solution 

techniques. 

Chapter 3 describes 'the proposed model for the grouser element 

soil system for both sets of bQundary conditions. The finite element 

discretization, constitutive relationships an4 boundary conditions are 

discussed as weIl as material and geometric nonlinearity. The adopted 

nonlinear soltltion method 1a presented. 

Chapter 4 and 5 deal with the experimental part of the pro gram. , 

Chapter 4 contains a orief des~ription of the experimental facil1ties and 

techniques used. Chapter 5 con tains results ob tained from single grouser, 

multiple grouser element and model track tests. Single grouser tests 

were necessary in order to account for the leading grouser of the multiple 

gr'ouser element. A dis'Cussion on the method employed 1s presented along , 

with discuss:!ons on selected experimental results obtained in ail phases. 

'Chapter 6 1a concerned with the presentation and discussion of 
, . 

the Finite Element results and comparisons with the experimental results. 

Chapter 7 develops the predictive model based on energy transfer 

and dissipation in the soil substrate. The model track performance 18 

predicted based on energy values supplied by the fini te element analysis, 

and ia compared ta exper:fJnental t'esul ts. The applicablli ty pf the model 

ia estabÜ.shed. 

Chapter 8 i'tltoduces a simplified predictive model for track 

performance. The finite element method 1a used to directly analyse 
.~ 

the mode,l track-soil i.nteraction in conjunction with energy conservation 

principles. Simple laboratory testing provides the necessary input 

Î .. 
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parameters. Input and output energy predictions are applicable to 

!DOst situations concerning low-speed tracked vehicles. 

Chapter 9 containe the summary and 'C:onclusions. 

Chapter 10 refers to further recommenc:lations. 

Four appendices are included in this thesis, wh1ch contain 

pertinent materia1 required to provide the input for the experimenta1-'. 
theoretical study, as: 

Appendix A Soil Prepara tion and Testing Procedures 

Appendix B So11 Properties and Strength Tests 

Appendix C Finite Elements ,for Joints 

Appendix D, - Computer Programs 

" , 



CHAPTER 'l'WO 
J 

FINlTE ELEMENT FORMULATION 

2.~ Introduction 

Modelling has not played a significant l'ole in geotechnical 

engineering. Predictive methods based on physical or numerical modela have 

been traditionally assumed to be uncertain. Most of the approaches to the 

solution o,f geotechnical engineering problems in practice are based on the 

<1 ,"observational method" (-Peck, 1969) or on modèlÜ.ng of ideltlized situations 

st small scale to check theories of bearing capacities or earth pressure. 

Wi~h today's advancement of techno10gy, many geotechnical situations require 

~he prediction of the behaviour of_ lhe structure under critical loading 

conditions. " 

The development of fiuite element techniques has removed some of 

the difficulties of solving soil mechanics problems by means of models, 

that earlier re'searchers were faced with (Rocha, 1957). Nonlinear mate rial 

laws, heterogeneous materials, and comple:x: boundary condidons may be dealt . 
with, using the Finite Element Method. 

2.2 Finite Element Method 

The Finite Element Metbod, which is a computer-based solution 

technique, 'can provide satisfactory answers to problems for whi,"h th~ exact 

answer is impossibly difficult. The basic philosophy of the method is to 
1 

reduce the actual continuum from infinite degrees of freedom to a fiuite 

number of unknowns, by separating it into a number of finite( elements inter-

connected at a discrete number of nodal points situated on their boundaries. 

-12- ( 
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Tbe basic unknowns of the problem ~re the dis placements of these nodal 

points, and the element equations are derived by. using variationai 

procedures bas,ed on the principle of minimum patential energy. 

13 

The J~rmulation of the finite element metbod as applied to a 

continuum may b~ divided, in general, into three basic steps (Chen, 1975): 

(1) Descretization of the continuun into an equivalènt system of 

~ller;continua; 

. 
(2) Derivation of tbe ele~nt generalized stress-generalized strain 

\, 
relations, th~8 defining the properties of a finite element; equilibrium 

equatiQns ; 

~ () Integration o~ the displacement rate equilibrium equations; 

solution of the equilibrium equations upon the application of proper boundary 
:J 
"\\ 

condi1r'1.ons. 
l'\.; 

In so~l mechanics, most of the load deformation problems may be 

approximated by plane strain due to their nature, and are solved by the 

displacemeBt metbod (Raleigh-Ritz method) as it provides aD ~asy formulation 

il 
of tbe: solution. Such a formulation of the Finite Element solution will be 

j 

, , 
bri~fly presented here, as it is this method wbich ia used to predict the 

/ 0 

as1tiple ,grouser element performance and the bebaviour of thOe soil beneath 

it. ' Di8continu~tie8, material and geometric nanlinearities arising due to 
1 

th~;imposed problem will be discussed shortly as, they are incorporated into 

the numerical ~del presented in Chapter Three. 

,2.2.1 Eqpilibrium equations formul .. ti01l .. 
\ 

The combiuation of the generalized stress-generalized strain relations 
l 

and the equilibrium conditions of the individual elements will provide, after 
2 1 

being 'superimposed, tbe complete system of e,quations of the ent~re structure. 

"'~"'--"" ---_.. "" _ ......... _-. 
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c 
Since the derivation of the generalized stre.8-generalized strain relations 

of the individual elements is based on the virtual work equation, th~ 

relationship between the infinite8imal generalized stress increments and 

the infinitesimal ,generalized strain increments of an element will also 

satisfy the equilibrium equations. The superiœposition of this relationship 

over aIl elements, will result in a stiffness relationship between the system 

of the applied nodal forces and the resulting nodal displacements. The need 

of'using infinitesimal stre8S and strain increments arises from the fact that 

the dependency of the plastic behaviour of the material (i.e. the soil) on 

loading path requires step by step calculatians which follow the history of 

loading (Chen, 1975). 
, , 
Compatibility conditions between the states of displa~ement within 

c 

each finite element in terms of its nodal displacements require th~ assumption 

of an admissible displacement function. Suçh displacement functions may be 

found for different'finite element configurations in many publications çe.g. 

Zienkiewicz, 1971). 
1 

Consider now a fiuite element defiued by a :set of nodes and straight 

line boundaries. The displacement rates of increments at any point within 

the incremeut, d {u} , can be expressed as function, [N], of the nodal 

diaplacement increments, d{ô}, i.e. 

d tu} • [N] d {ô} (2.1) 

If the external rate of virtual work done by the incremental nodal 

forces, d {F}, due to an applied arbitrary displacement, d{ô*}, at the nodes 

of the element ia equated,to tbe internaI rate of virtual energy dissipation, 

then: 

(2.2) 

Sipce 

l 
1 

1 
\ 
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d{~} -[D] d{ô} (strain-displace~nt relation) (2.3) 

wbere rB] - strain displiu::e1llent relation matrh. 

and 

d{o*,} -[D] d{e:*} (stress-strain' relation) , (2.4) 

where [D] - matrix containing constants of the mater!al properties. 

equation (2.2) becomes: 

t 
d{ô*}T d{F} - d{ô*}T (IvoI [B]T [D][B]d(vol» d{ô} 

Since d{ô} ls arbitrary: 

d{F} ,- [k] d{~} 

where[k]- IvoI [B]! [D][B] d(vol) - element stiffness matrix. 

(2.5) 

(2.6) 

Then the structural stiffness matru of the contiJ;luum may be 

assembled by proper allocation of the element stiffness matrices as: 

- [K] - L [le] (2. n 
Bence, the equil~brium relationship of the continuum.mày be 

represented by,a set of simultaneous equations of the form: 

d {pl '-[K] d{ô} , (2.8) 

lS 

By applying a proper set of'boundary conditions to the equilibrium 

relations, a .olution will be obtained for the nodal displacement increments 

and thua the stress and strain increments May be determined from equations 

(2.3) and (2.4). 

t ! .tands for transpor~ 

~ " .. _~ "jOLi' t 



( 2.2.2 Integration'of thé displacement rate equilibrium equations 

To incorporate the nonlinear behaviour ~f the material to the 
, , 

closed-form solutions of the equilibrium equations, three main techniques 

May be used for the non-linear analyais (Desai and Christian~.1977). 

(1) incremental techniques; 

(2) iterative techniques; 

(3) mixed techniques. 

Two kinds of mate rial non-linear behaviour may be encountered in 

geotechnicai problems: 

16 

(1) material nonlinearity arising from variable material properties; 

(2) geometric nonlinearity due to significant changes in the 

geometry of the deforming body. 

In the present study, the int~action of themultiple grouser element 

" and the soil beneath it involve both material and geometric nonlinear behav-

-iOUl;. As the procedures for handling nonlinearities may be applied to both 
,\ 

kinds of nonlinear behaviour (Desai and Christian, 1977), theyare shortly 

discussed here. Comprehensive descriptions and comparisons between the 

various procedures are given by Desai and Abel, 1972. 
~ 

In the incremental method, the sQil loading is considered to be 

applied in small increments_, -so ,that a i'marching" type of approach 18 used. 

It provides a relatively complete description of the Ioad'deformat~on 

," , 

behaviour but the equilibrium path is followed only approximately, (Fig. 2.la). 

In the iterative method, equilibrium i8 approached at aIl stages 
, 

of the computation. It i8 thus capable of representing stress-strain 

relations which e%bibit a definite peak, but ean only give solutioqs for 

the final level of the applied load without con8ider~ng the load and 

deformation history of the sail (Figs. 2.lb and 2.le). 
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(a) rncremental procedure 

(c) tterative procedure 
(constant [k] • [k ]) 
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{ a} 

(b) 1 terat i ve procedure 
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{q } 
(d) Step ite'ratlve or mixed 
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In the step-iterative or mixed method both the incremental and 

iterative methods are combined (Fig. 2.ld), 

2.2.3 Solution of the equations 

The set of the linéar simultaneous equations, represented by the 

equilibrium 'relationship (Eq. 2.9), may be solved using various solution 

schemes, after being modified for the necessary boundary conditions. Two 

methods of solution have been highly developed for the computer solution of 

the linear equations generated in numerical techniques (Zienkiewicz, 1971): 

(1) Direct solution, where an exact solution is sought- Gauss 

elimination procedure; 

(2) Iteration, where a successive approximation techinque is 

~ 
used to converge on the true solution - Gauss Seidel 

procedure. 
} 

Other schemes utilizing "certain special characteristics of the 

\ coefficient matrix have been used successfully in çomputer programs for the 

fini te element" (Hanna, 1975). A comprehensive review and evaluation of 

different methods for finite element equation' s~lut~ns i~ given by Traule 

(1973), and Birkhoff and Fix (1974). For nonlinear analysis, repeated 

applications of the elimination and itera~ive schemes are required. 

2.3 Discontinuities 

In seve~al ins~ances.Jsituation8 are encountered where the deforma-

tion between p~rts of a continuum is not oontinuous. Rocks usually break 

and deform along pre-exisçing planes of weakness-joints, clay partings, 

minor faults and other planar structures. In reinforcing 'concrete, when 

the ultimate bond stress is attained, relative slip between the two materials 
1 



( 
occurs. Cracking of prestressed and reinforced concrete, and propagation 
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, Z " 
of cracks aÉter the ~racking load is surpassed necessitates the introduction 

of discontinuity surfaces in any analysis. 

A discontinuous surface should be regarded as a convenient means 

of representing the limiting case of a continuous velocity field. in which 

one or more velocity components change very rapidIy accross a narrow 

transition layer. Chen (1975) states that "any mechanism is 8aid to be .!!.!.!! 

if the small change in displacement within the body (or velocity field) due 

to the mechanism is compatible or kinematically admissible". Thus. su ch 

discontinuities may be admitted into a mechanism when the plot of load vs. 

variable parameters (that determine the assumed mechanism) has a stationary 

minimum value. In such a case, the Iimit load will represent a least upper 

bound. 
" 

The finite element method has been formulated using variational 

procedures based on the principle of minimum potential energy. It is th en 

concluded that velocity discontinuities are ''kinematically admissible" 

within the Finite Element Method framework. 

2.3.1 Finite element for joints 

Jointed masses can be modelled by soUd elements Ünked by special 

joint elements consisting of rwo lines each with two nodal points (Fig. 2.2), 

There are mainly two approaches to derive the joint element stiffness 

proposed by Desai and Christian (1977). In the firat approach, the strain 

vector for a joint element is defined by the relative displacements and 

rotations of the two watls as measured at the joint center. In the second 

approach (Goodman, Taylor and Brekke, 1968) the joint element stiffness ia 

derived without copsidering rotation ~xplicitly. A linear variation' of 

~ " 
\ 
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, Figure 2.2 Joint element (Finit.;! element model of dlscontlnuity 
-surfaces, after Hanna, 197'5) 
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displaeement along the joint in the wall is assumed. The formula~ion of the 

joint ~~ement s~iffness i8 presented in Appendix C, for the.two cases. 

The methods outlined may be termed explicit sinee the joint 

properties are input a8 distinct numbers in,the stiffness matrix. Al te rna-

tively, the joints ean be taken into account implicitly, as is done in the 

no tension analysis of 'Zienkiewicz,Valliappan and King (1968) or the 

ubiquitous joint deseribed by GoodŒan and Duncan (1971). Desai and Christain 

(1977) state that "the trouble with such ,method~ is that the nonlinear 

bahaviour of each individual joint and the kinematie coustraints on the 

bloeks imposed by the ~ystem of diseontinuities cannot readily be duplieated, 

the latter being a severe limitation". 

) 
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CHAPTER THREE 

NUMERICAL MODELLlNG OF THE MULTIPLE GROUSER ELEMENT-SOI~ 

SYSTEM USING FINITE ELEMENTS 

3.1 Introduction 

The modelling of soil-structure interaction has long been existent 

in geotechniaal engineering. 

The type of problems which fall into this category are varied and 

their different nature ia reflected by a variety of methods and techniques 

employed in the conventional approaches ta their design, substantiated 

by an enorruous practical experience and applications. The design of 

retaining walls has been largely based on the results of classical earth 

pressure theory, whi1e partially buried and cut and cover structures and 

bulkheads are usual1y designed based upon a mixture of classical earth 

pressure theory, beam on elastic foundation theory and past experi~nce 

(Clough, 1972). 

Such classical models can provide de~ig~ information at some limiting 

condition without indica.tion to the deformations of sail or structure during 

the loading stage up to fai1ure. 

The potentiality of the Hnite elemént method, as an analytica1 

method with a minimum of oversimplifying idealizations, has been established 

by many researchers*. It is the only analytical method ~iCh may dea1 with 

linear and non-linear stress-deformation problems in a consistent manner. 

~ , .AS was .discusaed in Chapter 2, the modelling of a /particular situation 

by th~-IEM requires three basic'steps, namely discretization of the material, 

adopti n of constitutive 1a"'s and application of boundary cbnditions" which 
\ J, 

* Refs. 10,15,19,23,37,76 
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coup1ed to equilibrium and continuity equations will result in the most 

suitable numerical scheme. In su eh a formulation, the final aim will be 

the accuracy of the predicted results and the cost of the soluti9n. The 

fact~rs that affect the validity of sueh a numerical procedure have been. 

discussed by Desai (1972) and they are shown schematica1ly in Fig. 3.1. 

The problem at hand fa11s into the category of stress-deformation 

prob1ems dea1ing with non1inear soi1 properites. The need for a non1inear 

Fin~te Element Analysis arises due to the capability of such a scheme to 

mode1 the strain sOfte~g behaviour of the soi1 by the use of ~arying 
~ 

tangent modu1i for each soil e1ement. 

The complexity of the mechanics of grouser-soi1 interâction during 

traction has not been overemphasized by Hanna (1975) for the case of a 

single grouser moving at constant depth. In this particu1ar situation, for 

examp1e, the pressure distribution on the face of the grouse~ is the 

resu1t of occurence of several actions shearing action, friciton and 

adhesion between the sail and the too1, raising and acce1erating the sail 

ib front of the grouser, and cracking if the tensi1e strength is exceeded 

(Hanna, 1975). In addition, the grouser shape and geométry will define 

the regions of high stress concentrations and the shape of the progressive 

failure mode. 

~ In the present study, the problem becomes even more comp1icated due 

to the addition of a second grouser attached to the single '(~irst) grouser. 

Such a system - multiple grouser element - was anal~sed by E1mamlouk (1977) 

for the case of constant depth of eut. lt was concluded that at least.two 

more variables will add ta the comp1exity of the situation: the spacing 

between the grou8ers and th~ rigidity of their mutua1 connection. 

, , 
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The successfûl modelling of the single grouser-soil system 

sit~ation by the finite element method (Hanna, 1975) has led to an effort 

towards a development of an analytical model for the multiple grouser 

element system (which will herein be abbreviated by MGE system) under 

constant elevation boundary conditions by the same method (abbrev~ation 

FEM). Encouraging initial results led the research further to consider 

constant pressure boudnary conditions. 

At this stage, the problem at band becomes more complex as the, 

cutting plane is not at a constant elevation anymore, but is a function 

of the applied vertical pressure at each dis placement increment. 

The enormous amount of effort-and cqmputer memory required for a 

rigorous solution of the two situations, previously discussed, limits th~ 

(------
extent'of the present stu~ ta the following considerations: 

(1) The MGE system"moves on homogeneous soft soil with 

constant low translational velocity, so that the 

MGE-80il intereaction can be treated as a steady 

Btate problem and hence neglect8 the mass inertia 

forces of the soil continuum; 

(2) No tilting of the grouser assembl,y is permitted, $0 

that the vertical displaceme~t of both the grouse~8 

and their connecting mechanism is constant with 

respect ta an arbitrary horizontal plane; 

(3) The vertical boundary pre8sure applied at each 

increment i8 of constant magnitude; 

(4) The, grouaers are considered completely rigid, i.e. 

no deformation of the grouser face is allowed; 

"" 1 
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(5) The mutual connection of the grousers is completely rigid. 

thus allowing both grousers to move at exactly the same 

translational velocity; 

(6) The displacement and loading sequence are contacted in 

an infinitesimal manner, i.e. the incremental displace-

ment of the MGE occurs in a horizontal plane, whereas 

- the applied pressure forces an instantaneous sinkage 

at the end of each increment. 

These considerations should not be regarded as limitations of the 

analytical model ûnder deve~ment. The first three are implications of 

the experimental procedure followed (see Chapter 4, Appendix A) while 
\ 

the fourth and fifth ones may hardly be thought of as approximations if 

we consider the relative rigidity between the nature of the MGE fabr~c 

and the soft soil. Whereas the last consideration 1imits the applicability 

of the modeL to a certain extent, it allows the insertion of a horizontal 

cutting plane between the tips of the grousers, 50 that the need for a 

costly generated slip surface.by the FEM ia avoided. As the input horizontal 
'" 

displacement and load increments become smal1~~~ the approximation i8 

minimized. Figure 3.2 illu~trates the general mechanisms operating in the . 
two cases - constant depth of embedment and constant vertical-boundary 

pressure. 

Due to the nature of the problem, classic~approach solutions will 

be extremely difficult, if not impossible. The visioplasticity meth~d 

(Yong et al, 1978; 1980) can provide useful information, but ia limited 

to a description of soil slip lines and deformation patterns. A numerical 

technique such as the FEM has the advantage of predicting, in addition, 

detailed stress and strain fields (Yong and Hanna, 1977;Yong and Fattah, 1976), 
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which are necessary tools towards a realistic evaluation of the interaction 

behaviour and the performance of grouser assemblies in soft soila. 

3.2 Idealization of the Problem 

The initial step towards the idealization of a soil-structure inter-

action problem is the establishtnent of the complete spectrum of the deformation 

m.echanisms involved. Since the present study is an extension of the single 

g:-ouser-soil system carried out by Hanna (1975) to the case of a series of 

grousers (two grousers) - soil interaction, the deformation IJIechanisms 
1., 

operative are si~lar. 

The soil response behaviour may be represented by three distinct 

regiorw for ease of analytical treatment. without losing ground due to any 

oversimplification of the situation as, in ,fact, this representation takes 

into account a11 the operating mechanisD1S involved in the deformation process. -, 

These distinct ~egions are displayed in Fig. 3.3, typified by soil elements 

(1), J (2) and (3). Element (1) represents àn interfacial region in which 

relative sliding movement occurs between the soil and the grousers. 

Element (2) is a cutting region which simulates the larger shear displace-

ments caused by the motion of the grousers. The third ele~nt (3) represents 

the possibility of local or general shear failure due to the development 

of plastic deformation in the soil. 
\, 

Rence. the MGE-soil interaction idealization has been reduced to a 
~ 

compatJ.ble formulation of the. three elements discussed here, by the FEM. 

The behaviour of the sail tnedium can be mode11ed by a large variety 

of' finite eleroents now available. The c:hôice of the best eletnent is not 
'" ' 

always evident. In the case of the two-dimensional problems, such as the 

one in hand, triangles and quadrilaterals STe the Ihap~s cODllDOnly used. 
c 
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1 

The choice of a "simple" or a "refined" element is aga in a matter of 

some judgement. Refined or higher order elmenets can often produce 

comparable accuracy with a lesser number of equations, qut one has t'o 

t:hink of their relative computer cost as compared to simple elements, and 

the degree of complexity of the medium to be mode1led. In the present 

investigation, however: it i9 felt that, due to the fact that soil cannot 

sustain bending, the choice of "constant strain" elements would be an 

economical one. Thus, it was decided to idealize the soil continuum, 

with respect ta the undeformed unloaded soil surface, using plane strain 

triangulaI' e1ements. Figure 3.4. Constant strain triangulaI' elements have 

been weIl documented in a number of texts, such as Zienk.iewicz, 1971. 

In such cases. the displacements along the boundaries between adjacent 

finite elements are required to be compatible, i.e. no gaps may open or 

relative displacements may occur between adjacent elements. It is then 

evident that such elements cannot model discontinuities in the soil mass. 

The MGE-soil interaction problem requires the development of 

dis~ontinuity surfaces, if the model is to represent the varous soil elements 

shown in Figure 3.3. The two main types of discontinuities which must be 

incorporated in the analytical mode'l may be characterized as: 

(1) Relative displacements on the interface between the grousers 

and the soil, their behaviour being a fucntion of the rôughness 

of the grouser face, and the frict ion and adhes ion charac ter-

lstics of the soil; 

(2) Deformation discontinuity surfaces deve10ped at the MGE tip 

level, due to the cutting action yOd as the MGE moves 

at constant elevation. 

1 ,. 
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The mechanics of behaviour of the interface is much akin t6 that 

of rock joints, or cracks in reinforced concrete, well documented in the 

,~_~ literature (see section 2.), in that relative displacements occur acrosS 
U.~'<.:'~':ii i 
!(r;",\t!'~;/~~a thin discontinuity. Two formulations for finite elements fcir joints 

~ .... v 

have been discussed in Chapter 2 and Appendix C. The choice of the j9int 

element must be such that compatibility is ensured with the constant strain 

triangular elements chos,en to represent the soil IDaSS." The element proposed 

by Goodman, Taylor and Breek (l968) assumes a linear variation of displac~-

ment between two successive nodes which is in accord with the formulation 

of the constant strain triangular elements, leading to the selection of , 
such a joint element to simulate the discontinuity behaviour. 

Joint elements are inserted at the tips of the MGE on the cutting 

surface (Fig. 3.3, elements (2», to represent the action of the MGE as 

it advances at constant elevation for each displacement increment. This 

discontinuity surface was also evident from experimental observati~n fields, 

as they ~ill be discussed l.ater, which prevealed the occurence of large 

soil displacements above the MG~ tip level, 'while litt le happened below. 

The relative displacements between grouser and soil dictated the 

insertion of joint e1ements at their interface to allow slippittg of the 

soil mau (Fig. 3.3, element (1». 
This is true for the firat grouser as the soil surface in front ia 

,free to mave upwards. Experimental deformation fields showed that there is 

yery little Boil slip, if any, in the region 'between the two grousers, 

due to the confinement of the soil between the two grousers and tqe rigid 

plate. AIS a consequence" no interfacial elements were inserted at this 

interface. 

,-
1 
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, 
Summarizing, the insertion of the joint elements implied a predeter-

mined position of the discontinuity surfaces. No distinct failure. surfaces 

appea:t'ed to occur during testing unnecessitating the insertion of joint 

elements to rkpresent the ~evelopment of failure planes and, at the same 

time, limiting the usefulI1:ess of the model by predetermining the faHure 

planes. Instead, an element will be assumed to fail when the maximum shear 

stress induced i8 greater than the soil shear strength at that location. 

The fini te dement idealization adopted in this study is shown in 

Figure 3.6 for a Standard MGE-soil system along wifh the finite element 
i 

discretization discussed next. 

3.2.1 Flnite element discretization 

To apply the FEM as a solution to 'the analytical model previou,sly 

developed, the construction of a finite element mesh becomes evident. 

Hard and fast rul:es cannot be established for drawing the mesh. In general, 

the accuracy of the so'lution will be in direct proportion to the number of 

finite elements employed, up to a limit which is not known beforehand (Lo. 

1979).. In areas of expected stress concentrations in the soil medium, 

the f·inite eiement mesh must be refined, especially in areas where sudden 

changes in geometry OCCU!. However. it must be remembered that the soil 

has al1 infini te number of degrees of ,freedom and it may'deform in a manner 

that is not feasible to have enough e1emertts to simulate the actual 

behaviour accurately. Thus, a. compromise must be accepted between the 

available economic resources and the required solution ,accuracy. 

From previous deformation studies (Elmamlouk, 1977) and from the 

geometry of the ,MeE assembly, it is possible to construct a layout of the 
1 

MGE-soil system, shown in Figure 3.5, which locates the possible distribution 

of tne expected stress intensity areas. The overall dimensions of the finite 

1 
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element meshes were decide'd after an analysis of the photographie records 

of the experimental de format ion fields was carried out for thef\different 

MG.soil systems, as weIl as from energy rate profiles estabHshed previously 

by Yong et al" 1980. 

Figure 3.6 presents the idealization adopted for the Standard MGE-. 

soil system. Similar idealizations for the other systems whieh were analysed 

are shawn in Chapter 5. 

3.3 Constitutive Relationships 

-A central part of setting up a numerical treatment of a physical 

problem is the description of the relations between: physical quantities such 

as stress, strain and time, called constitutive relations. Clough (1972) 

DÏentioned that "for soils not subjected to creep some eighteen different 

models have been proposed si\ce 1968 in which various forms ·of nonlinear 

elasticity and plasticity are utilized". These IDOdels can be divided iuto 

three main groups (Desai and Abel, 1972): 

(1) Representation of the stress-strain curves by curve-fitting 

meth,ods, interpolation, or mathematical functions; 
i 

(2) Nonlinear e~asticity theories; 

(3) Plaaticity theories. 

Several types of stress-strain curves J;J18y result f~om a triaxial 
1 

compression test, a sample of which i5 displayed in Figure 3.7. Discussions 

about these relationships and their possible idelizations may be found in 

severaI textbooks (Yong and Warkentin, 1975; Desai and Christian, 1977). 

SeveraI researchers have utilized nonlinear elastic solutions in which . 
1 <:' 0, 

comp~risons be1:Ween observed field behaviour and ca1cula,ted Hnite element 
\"{ -tP 

results are campared,r,. Il' 

-
tir Refs. 10,14,15.19,30,77 

J 
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~ 

In general, the number of variables rêquired increases with' the 

comp1exity of the chosen mode1. A large nuuiber of variab1e~ will necessitate , , 

numerous theoretica1 assumptions which may affect directly the validity of 

the mode1. A realistic ana1ysis requires variables, which can be dependab1y 

determined either from established analytical mode1s or ,1aboratory testing 

simu1ating -the real situation. 

3.3.1 Soil continuum constitutive relations 

For tne present study, a suit~ble fom of nonlinear elastici'ty wou1d 

appear, for practica1'purposes, to be acceptable since the soi1 is not 

susceptible to creep ,under the loading con,ditions considered in the tests. "'" 

Such a model wou1d be capable of accounting for the nonlinearity of the 

stress-strain curve, the effects of confining pressure and th~ 10ading-

unloading behaviour of the soil. Furthermore, as plane strain conditions ~ 

are aS8umed,_ 1aboratory "true triaxial" plane strain tests were performed 

to' de termine the soil continuum stress-strain relationship',' 

'For the purpose of the present analysis. the sail is treated as a 

éomp1ete1y saturated sail materia1 sub)ected ta undrained loading conditions. 

This ia not unrealistic for a homogeneous pure clay soil with a degree of 

saturation varying between 93% and 98%, under short time testing. As a 

consequence, the loaded sail will show no dependence on the mean normal 

stress (Yang and Warkentin, 1966'. It has been previous1y shawn that 

such a material exhibits very small pepnanent volume change upon load appli-

cation (Han~, 1975). Consequent1y, it is reasonable to assume that the 

stress staCe in the loaded Boil, at yie1d, i8 adequate1y described by the 

Von Mises yie1d criterion (Haythornthwaite, 1963 ; Bishop and Henkel, 1957; 

Abbot, 1966). Such a88ump~ions f~cilit'ate the computer analyses, by 

1 
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considering the behaviour of the soil unchangeél under compre.uion or 

tension. At this point, it should be added that, due to the nature of 

the problem few tension are as may exist, as it will be apparent in th~ 
• 
presentation of the analytica1 results (Chapter 6). 

The stress-strain relations\lips, obtained fram the laboratory " 

plane strain tests, were incorporated in the finite element computer , . ' 

prOgram to predict the load-de~ormation behaviour of the sail continuum. 

The methods developed for the analytical solution of this study (discussed 

39 

later) necessitate the evaluation of. the elastic modulus, E, and the Poisson 's 

ratio, V, for the sail continuum at any state of loading. _ As the clay used 

was ~early satura-ted, it may be considered to be fairly incompressible, so 

that a Poisson' s ratio of 0.5 may be assigned. 

For an isotropie, linear, elas tic material Hooke 'a 1aw in the 

principal plane can be written QG: 

where €i • principal strain, 

and cr.· principal stress 
1. 

[~ 
l 

o 
l 

For the plain strair;l case and fot .... N - 0.5: 

, i • 1,2,3 

Substituting equation (3.2) in equation (3.1) for i • 1: 
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T El 

i.e. the slope of the stress-straj.n curve, then: 

(3.4) 

Since the nonlinear analysis in the finite element method ia carried 
~ 

as a series 'of linear elastic analyses coupled to a nonlinear analysis 

technique, the procedure previously outlirted, can provide us with values 

1 1 

of E from the plain-strain test, results. 

3.3.2 Discontinuities constitutive rel/l:tions 

As mentioned" previoualy, the existence of discontinui tiea in the 
1 

physical model was idealized by inaerting joint elements between the soli~ . " 

elements. Since the no;-mal and shear displacements have been assumed to, 

vary linearly along the element length (Goddman et al, 1968), the normal 

aitffness, K , and the shear stiffness. K , may be related to the normal n . S 

and shear stress, cr and 't', acting on the element, through the average 
n 

relative normal displacement across the element, 6. , and the average relative 
n 

il' shear displacement Along the element, t::.s ' respectively as: 

D.n-il·K n n 

(3.5) 

I!'or the cutting elements. conve~tional direct shear testa on the 

soil will determine the values assigned to 'K~; for the int'rrfacial elements 

shear tests consisting partly of soil and partly of grouser material are 

necessary. 

A technique such as the one developed by Kondneii '(1963) and later 

formalized by Duncan and Chang (1970) may be adopted here to simulate the 
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nonlinear tangential stress-dispacement curves using hyperbolic relations. 

,J Figure 

equation form 

3.8(a) illustrates such a relation, which can be stated in 

as: 

â. 
't • + bA a 

\ 
s 

, â. 
,() .6) 

-- a + bA -- "C 8 

The latter form of the equation plots as a Btraight line with axes 

âs/"C and € (Figure 3.8(b», and can be used to find the parameters of the 

hyperbola. 'a' and lb'. fram the test ~ata o 

From equation (3.6) one may observe that at very .mall strains: 

As 
"C .-a 

',(3.7) 

• '0 that ( lia) h the initial snear stiffness. At large strains the relation 

bècomes: 

't 
l --b (3.8) 

so that (lib) is the asymptotic compressive strength. 

A differentiation of tbe latter form of theequation (3.6) with respect 

to As will yield tangent .tiffnelS v.l~8 as: 

l 2 
K.t • a (1 - 'tb) (3.9) 

representing the slope of a tangent to th, ~~~ar stres',displaceme~t curve~ 

To account for~the dependency of the .hear ,tiffnes. on the value 

of the normal stress acting on a joint ele~nt at a particular increment. 

"the tangential shear stiffne •• vas made to vary with the normal ~tre.s by 

co~idering the values of tbe coeff~cient8 'a' and 'b' as functions of tbe 

exi.ting normal stress. 
1 
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The value of,the normal stiffness, ~~, vas made one order higher 

than the initial shear stiffness, Ksi, in order to ensure transfer of 

vertical sti."esses through the discont,inuity regions. This value vas kept 

constant throughout the analysis. 

Shear failure was assigned to a joint Element by reducing K to a 
s 

small value vith the Element still in compression. 

3.4 Boundary Conditions 

Simulation of the boundary conditions is a1so very important in 

the idealization. Many sail-structure interaction problems are by nature 

three-dimensional, yet these proble~ are most commonly treated as plane 

.. 

strain in finite element analysis because of the large computer cost involved. 

! 
In the tvo-dimensional problem considered in this study, the dis-

r 
placement type of approach has been used to formulate the finite Element 

analysis (see chapter 2). Such an approach can accept either specified 

nodal forces, specified nodal displacements, or both. 

In t~e case of specified boundary loads, these values are ~dded 

to the applied nodal vector. Equivalent nodal forces due ~ surface and 
/ 

gravit y loads are calculated and assembled concurrently vith the element 

stiffness. When specified bbundary displacemencB are 'applied, the BciffnesB 

matrix is suitably altered (Zienkiewi~z, 1971) to account for the specified 

displacements. Finally, when both load and displacement boundary conditions 

are present, the stiffness matrix is modified on1y at the nodal directions 

where specified di.placements are applied. 

In the present investigation, the need of formulation of tvo sets 

of boundary conditions arises in order to account for the ' cases of constant 

'depth of eut and constant applied vertical pressure respectively. 

" 

" '. 
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For both the cases, the top soil surface in front of the first 

grouser i8 considered a stress-free surface. At a distance below the 
" 

multiple grouser element, the bo.ttom boundary 1,\ assumed, to move on1y in the 

X-direction, whereas the sides move only in the Y-direction. The separation 

surfaces, observed during the experimenta1 stage to occur at the tips of the . 
(1 

grousérs, were represented by joint Elements. Such a formulation permits 
1 

, the construction of a reàlistic ~nalytical model, as it simulates the effect 
\ 

of the progressive cutting of the soil at the grouser tips with the possible 

development of failure surfaces wherever the shear 8trength of the soil is 
. 

exceeded. Similar elements were inserted on the face of the leading grouser 

to simulate the soil-grouser interfa~e. The reasons for the selection of 
/ 

the types of joint e1ements and their relàtlve position in the Hnite element 

discretization have been previously discussed id Section 3.2 and Figs. 3.2 and 

3.3. 

3.4.1 : 
-' 

Constant elevation boundary condition 

As this situation implies horizontal motion of the MGE, the boundary 

condlèions at the surfaces of both the grousers are specified horizontal dis. 

placements, while the Y-direction is fixed. 

In order to avoid complete relative rigidity of the soil continuum 

confined in the area between 2Re gro~sers, two points are considered: 

(1) The surface of the soil in contact with the- rigid plate 

is assumed smooth in the X-direction, whi~e fixed in the 

Y-direction (to restrict the upwards movement of the soil); 

(2) The interface behind the firet grouser is assigned as a 

free-stress surface. ~xperimental investig~tions revealed 

a slight separation of the soi1 from the grouser, wbich i8 
1 

thus taken into account, also al10wing for no tensile 
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S~gth of the soil in this regiQn. 

Constant pressure boundary condition 

An attempt to model the experimental behaviour of the MGE-soil 

system as closely as possible resulted in the following scheme: 

(1) During experimention (see chapter 5), the uniform vertical 

pressure was applied on the MeE-soil system before Any 

horizontal displacement was introduced. This is simulated 

in the initial part of the finite element analysis by applying 

the pressure in inéremental form up"to its specified value; 

(2) Upon equilibrium of the system, incremental horizontal 

, displacement was introduced with the value of the boundary 
: 

pressure remaining const~nt in each increment. No rotation 

\ of the MGE was allowed at Any time. -...,-
Due to these different stages employed in each test" the finite 

46 

element computer program was modified to accommodate for twd' sets of boundary 

condi t ions. 

The model simulating the initial stage was based on the following 

assumptions for the boundary conditions: 

Along the MGE-soil interface, the boundary pressure is applied as 

distributed nodal loads in the Y-direction, while the X-directiôn is fixed. 

One and four increments were used, respectively, for the lower and the 

higher boundary pressure inve~tigated. This number of increments was 

chosen as such, in order to keep computer requirements down and because the 

high~st applied pressure was four times greater than the lowest one. 

An alternative approach would be to introduce the vertical 
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displacement measured experimentally, in an incremental forme lt was 

decided that such'an approach would limit the predictability of the model 

so it was not considered. 

The formulation adopted in this stage assumes that under the 

action of the uniform pressure, the vertical disp1acements of al1 the nodal 

points of the MGE-soi1 interface are equal during each increment. This 

assumption avoids the inserti~n of addition e1ements which would idealize 

the rigidity of the structure, thus saving computer storage and time. A 

prel'iminary analysis reveal:ed neg1igible differential vertical movements 
, 

to account for any gross effects on the predicted resu1ts. Bence, i t was 

conc1uded that the ab ove formulation was adequate for the purposes of this 

thesis. 

The second and final stage idealizes the horizontal movement of 
~t 

the MGE under the influence of the boundary foad. The boundary conditions 

adopted here are similar to those assumed for the case of constant elevation, 

with one difference: along the Y-direction on the MGE-soil intecface, they 

are ehanged from c~mpletely rigid to applied vertical loads. 

This formulation thus provides predictions of the developed hori-

zontal forces and sinkage of the MGE as a function of"~,rizonta1 disp1ace-

ment. ComparisoD of the predicted with the experimentally measured resu1ts 

will serve as a base for validating the proposed mode1 (section 2.4). 

3.5 Materia1 And Geometrie Non-linearity 

In general, two types of nonlinearity materia1 and geometric -

may be encountered in geoteehnieal problems. In the present study, mate rial 

nonlinearity results fram the nonlinear constitutive laws (diseusaed earlier), 

whereaa finite changes in the geometry of the deformed soil induee geometrie 

nonli~ari ty. 
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For an isotropie nonlinear material, such as the clay here, the 

material·properties of each element at a particular state may be defined by 

'E~ 'v' and the state of stress or strain. Starting with assumed values of'E' 

and'v~ the stresses and strains for each element can be computed; on theA 

basis of the new values, 'E' can be modified by an iterative procedure. 

Such a reQltitive anatysis willfinsure that the modulus values correspond 

to the stress conditions for each eleme~ in the system. 

Chapter 2. 

, ---' 

The techniques for nonlinear analysis have bee~ discU8sed in 

It was th en concluded that the incremental procedure provides 
1 

a relativel! complete description of the load-deformatWnbehaviour, as 

results are obtained for each of the intermediate states.corresponding to an 

increment of loading. This ability of the incremental technique for non-
.' 

linear analyais justifies its adoption in the present study, as it is essential 

that the deformation and str~ss fields are obtained for successive positions 

of the MGE in the soil. 

The geometric nonlinearity problem arising during the course of the 

study will not present sreat difficûlty, if an incrementa~ procedure ia 

adopted, because it may be assumed that the strain incrementa, resultins 
1 

from "smaU" load increments, are infinitesimal in the usual sense. How-

ever, the same may not be true for the accumulated values (FunS, 1965). If 

the nodal coordinates are continuously updated for each load increment, by 

adding the increments of displacement at each node to the coordinates of 

the node, the calculation follows precisely the same pattern as used in small 

displacements - infinitesimal strain analysis. In the limit of infinitesimal 

increments of loading, this procedure gives the lo~rithmic strains,instead of 

simple displacement gradients. While this is considered as an approxi~tion 

tp include large strains (Fung, 1965; Green, 1970), this ,formulation is 
11 

adopted in the study as the degr~!. of approximation seema to be consistent 

_." --- -- . - _. - 4- .• ~ 

} , 



( 

--

~ith that of the oversl1 ~thod. 
J-

3.6 Adopted Non1inear Solution Method 

The solution of the fioite e1ement ana1ysis adopted for the MGE

sail inte~action study may be summarized in six'steps as: 

(1) The starting value of the modulus of elasticity, Eo, ,is 

taken as the initial &lope of the 'plane stress-strain 

curve at zero confining pressure. The stresses and strains 

in each element are computed in the first increment using 

the,elastic ana1ysis. 

50 

(2) A new value for ,the modulus of elasticity is computed by using the 

nonlinear curves based on the confining pressure acting on the 

element. 

(3) Since this oew value of the modulus will be used in the second 
, , 

increment, it 
,~ . 

is necessary ta iterate a ~ times in orde,r to reduce 

ert'ors due t,o increment size and/or abrupt slope changes in the 

stress-strain curve. Two or three iterations after each increment 

will bring the a8sumed'E'values close to the actua1 ones. 

(4) Then, the npde coordinates are updated to account for geometric 

n~nliDfarities • 

(5) The analysis then proceeds to the next increment using the 
-1 

modified'E'va1ues and the updated coordinates~ 

(6) These steps are repeated for the number of approximations 

specified. 

Stresl-strain curves at different confining pressures are direetly -

used in a digital form to' compute the value of E during each increment. The 

value of Poisson's ratio i8 kept constant throughout the analysi8. The 
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. , 

number of iterations at each load increment are reduced by predicting the 

values of'E' for a load increment b~sed on the stresses and strains attained 

in the previous increment~ and using this,value of'E'as B, first trial in 

the computations., The computer program u8ed a linear prediction which 

was considered satisfactory for this study. The linear prediction ~thod 

la shown diagralÎllDatically in Figure 3.10. Finally, the solueïon of 'the 
~ 

linear simultaneous equilibrium equations ~t each incre~nt was carried out 

by the Gaussian elimination procedure (see chapter 2). 
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Slope of OA - First trial value of E without prepiction for 
second Increment 

Slope of AB - First trial value of E with Ilnear prediction' 
for second Increment 

Slope of A~ - Actual E va'lue for second Increment after 
i terat ions. 

" 
Figure '.10 IncrementaI Iterative method wlth P-redlction (after 

Radhakr i shnan, 1969) 
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( CHAPTER FOUR 

EXPERIMENTATION 

4.1 Introduction 

The main objective of this thesis is to develop an analytica1 

model, based on the finite element method, that May be used for evaluating 

the interaction of the chosen ~ltiple grouser elèments with 80ft cohe~ive 

soil under plain-strain conditions. Consequently, the experimenta1 program 

presented in this study has been developed mainly so as: 

(1) To provide the analytical model with the required 

(2) 

constitutive relations; 

To evaluate the incremental nature of the a~a~ical 

resul1=S through, an investigation of the load-displace-

ment response of ,the soi1; 

(3) To investigate the validity of the representation of 

discontinuities (insertion of joint e1ements) in the 

analytica1 model, by enabling the study of the physica1 

deformation fields and failure mechanisU1S. 

MOst of the work done up to the present time has analysed the situation 

of e-ither single grousers (Yong and Hanna, 1977) or multiple grouSer e1ements 

IDOving at a prespecified constant elevation equal to the height of the grousers 

(Yong et al, 1979, 1980). The situatiort of a grouser which âinkage is 

changing (increasing) as it moves from the 1eading point to the rea!', of the 

track has been simulated by perfonning simu1taneous horizontal and vertical 

grouser disp1acement tests a10ng a predetermined trajectory. In a rea1 situat-

ion the embed~ent of a grouser or a series of grousers is a direct resu1t of 

-53-
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the existing pressure distribution on the grouser or the asso~iated linkage 

mechanism. ' 

Based on moment equilibvium considerations,~it has been demonstrated 
,~ 

< 

(Elmanlo~k, 1980) that the height of the drawbarpull ar~ of a section track 

model can considerablr affect the pressure and hence the sinkage distrib-
• 

ution beneath the track. Consequently, the ~evelopment of an analytical 

technique which could successfully predict the deformation mechanism of. 

the soil involved, based on a simple multiple grouser element, would be 

justified. since no such experimental investigation was even mentioned 
.! 

in the literature, a short experimental program was set up to put light into 
1 

this situation. The obtained results (discussed in Chapter 5) set the 

need of performing multiple grouser element tests that could simulate the 

behaviour of the soil under a range of applied pressures. Single grouse:r 

tests were also performed in order to exclude the effect of the first grouser 

on the horizontal force developed by the multiple set of grousers. 

Mention should be made here of the different grouser geometries employed 

during the course aof the study. These grousers have b~en described previously 

by Yong et a1.(1976,· '78, '80), so that only théir main characteristics 

are displayed here for reference': 

(1) The Standard grouser: a conventionsl right angle grouser 

frame filled with rubber, currently mounted on tracks manufactured by 

Bombardier Ltd.; 

(2) The Aggressive grouser: 

due to its exaggerated height; 

\ 
\ If) 

it ensures full tractio~mob)lization 
"-'J 

(3) The Passive grouser: developed that its shape minimizes the4 

disturbance or provocation of the ground surface tofulfill the protection 

requirement of the surface cover integrity. 

L 

\. 
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Both the Agressive and Passive grousers have been developed at 

McGill Soil Hechanics Labbratory during recent traction studies. The three 

grouser shapes are shown in Figure 4.1. lt should be noted here that the 

intent of this study is restricted solely to' the evaluation of the applica-

.... bility of the proposed method of analysis and will not establish suitability, 

efficiency or performance of individual multiple' grouser element shapes. 

Briefly, the experimental program is divided into three main parts 

sUmmarized in the subsequent divisions (Of this chapter. The detailed 

descriptions of the main experimental 'considerations can be found in 

Appendix A. 

The experimental and analytical program . sequence lS illustrated in 

Figure 4.2. 

4.2 Single and Multiple Grouser Element Tests 

This phase of the experimental research program may be subdivided 

into two distinct groups: single grouser and multiple grouser element 

tests. The experimental facility used in both test series consisted of a 

grouser "carriage aasembly moving through a soil sample in a bin with trans-

parent lucite walls. The dimensions of the bin were such as to permit full 

development of the devel~ped ,failure zones and to ensure no interference, 
J 

betveen the deforming zones and the holder boundaries. A square gr id waa 

inscribed on the side surface of the test specimens which provided the 

meana "of specifying the deformation patterns at successive positions of 

the grouser elementa, after plotting and superposition of the deformed 
" l, "-

grid photograpu. The grouser elements were pushed for a maxilDUlll of 6.0 cm 

di.placement and the deformed grid was rec~rded at aubsequent intervals 

of. 12.0 -sec. The velocity was maintained constant throughout this series of 

, , . 
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Il EXPUIMENTAL PIOGaAM Il Il A"ALTTle AL "ppaOAC N 

501 L ST RENGTH TnTS; 
SOIL - GROUSER MATERIAL 
INTERfACE 'TESTS' "-

t 
FlNITE ELEMENT ANALYS'S 
OF MULTIPLE GROUSER 

SINGLE GROUSER TESTS; ELEMENT; CONSTANT 
~ 

ELEYATION IOUNDARY CONSTANT ELEVATION 
IOUNDARY COND~ION; CONDITION; VARIAILE 

YARIABLE DEPTH F S'ACING 

EMIEDMENT ~ Il 

+ FINITE ELEMENT ANALYSIS 

MULTIPLE GROUSER' ELEMENT 'OF MULTIPLE GROUSER 
TESTS; CONSTANT PRESSURE .. ELEMENT; CONSTANT 
IOUNDARY CONDITION; ,';' 'RESSURE IOUNDARY 
YARIABU PRESSURE AND ~ CONDITION; VARIABLE 
SPACING - • <, 

'RESSU" AND S'AC 'NG 
'" t t 

FULL MODEL TRACK TESTS; MODEL TIAC K ENElGY 
YARIABU HEIGHT OF :... ANALYSIS, IASED ON 
DRAwaARPULL APPLl(ATION ..".. CALe ULATED, VALUES 
POSITION 

, 
nOM THE FIHITE 
'ELEMENT ANALYSISr ) 

MULTIPLE GROUSER ELEMENT 
TEST RESULTS; CONSTANT 
ELtVATION IOUNDARY 

""-
III 

CONDITION; VARIABLE . 
SPACING • 
(Elmamlouk ,,1980) , • , 

L .... ncI 

----I~. Indlcat ...... u.nc. 
----1.,. Indlcat •• input 
---•• Indlcat •• corr.latlon of r •• ult. 

, Figure 4.2 Experimental and Analytical approach sequence for the three 
9 rouser types 
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tests at 5.0 cm/sec. in order to minimize the number of the e~eriiaental 

variables. 

The soil tested was a compacted kaolinite clay, with a ~ifiC 

gnvity of 2.62 and a liquid and plastic limit of 54.5 and 37.5 pei'-~nt, re-

spectively. The water content for the test conditions ranged from 42.0 to 

44.0 per ce~t, representing a saturation range of 93.0 to 98. per cent; 
/ 

its conventional engineering propertie,~r be found in Appendix B, while· 

'\rrl ,,' 
tbe test equipment i8 described id AppeEtlJa A. 

Single grouser element te.ts were conducted. in order to account for 
/'.l 

the effects of the first grouser in the multiple grouser element soil inter-

action • Since it was expected that during the latter tests. tbe elevation 

.of the element would vari,ate as a result of the imposed boundary condition" 

, tbe single grouser.tests were cartied under a number of different ~levations 

with respect to the undisturbed soil upper boundary, under constant e'levation 

condi t ions during each one tes t • 

Tbe lIIUltiple grouser element tests simulated the condition of applied 

constant boundary pres.ure. The primary R,urpose of these tests was to 

provide information regarding the interaction behaviour of a series of 

grou8ers with a plastic material as a function of spadng between adjacent 

grousers and applied pressure. For this reason, four spacings (12.5 cm, 

18.75 cm, 25.0 cm & 31.25 cm) and four pressures (3.75kPa, 7.0kPa, lO.5kPa, 1 

a/ld 14.0 ltPa) applied uniforllilyon the rigid element surface, were" 

selected. A sample of the latter series of experiments is displayef in 
- '\\ 

Table 4.1. An examination of tbe alJplicable bulk densities and water 

, contents will .ho. that both wer7 very weIl reproducible over the entire 

experimentU seri~ •• The various ëlements lUed in this phase of tests are 

shown in Figure 4.3. 
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TEST NO. 

1 

1 

4 
13 

14 
15 
16 . 

19 
23 

27 

29 
31 

33 

34 

35 
; 

37 

45 

47 

) 

GROUSER SPACING. PRESSURE, . Wc· % DENSITY 
in cm in kPa in T/M3 

Standard 12.5 3.75 42.0 1.75 
Il 25.0 3.75 43.2 1.63 
Il 31.25 3.75 43.0 1. 76 
Il 12.5 14.0 41.8 1.76 .. 18.75 14.0 43.1 -
Il < 25.0 14.0 43.0 1.65 

Passive 12.5 3.75 42.7 1.60, 
Il 25.0 3.75 43.9 1.55 
Il 25.0 7.0 42.9 -

-" 25.0 10.5 42.6 -.. 12.5 14.0 43.8 1.61 
Il . 

25.0 14.0 43.3 1.56 
Aggruaive 12.5 3.75 42.5. 1.69 

" 18.75 3.75 42.75 -\ 

" 25.0 
3.75 \ 

42 .. 6 1.71 
" 12.5 7.0 43.0 -
" 12.5 14.0 42.7 1.70 
Il 25 .. 0 14.0 \ 42.8 1.12 

-

TABLE 4.1 Representative Initial Data for Multiple Grouser Element 

Testa under Constant Pressure Boundary Condition 
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Fig. 4.3 Grouser Element assemblies. Top: (a) Aggressive, 

(b) Standard, (c) Passive single grouser. Bottom: 
Aggressive mult,iple grouser Element, spacing = 
12.5 cm ..... 
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4.3 Full Track Model Tests 

To investigate the effects of the drawbar-pull eccentricity on the 

horizontal forces developed ~nd the aecompanying track sin~age» tests were 

run on a full track model eonsisting of a reduced seale of the real track, 

mounted by full s ize grousers. The drawbar-pull eecentricity» e', ab ove the 
y 

level of the track assumed ta vary fram 18.0 cm to 40.0 cm by ass igning 

fou'r different hitch positions. Figure 4.4(a) and 4.4(b) show schematieally 

the model trad arrangement. The testing arrangement (Elmamlow<, 1980) 

was such as to prevail plain-strain boundary conditions (as in the grouser 

element tests) and the soil was identical to that used during the whole 
: 4 

experimental program. 

A summary of the two phases of the experimental program diseussed, 

is displayed in Table 4.2'. < 

4.4 Soil Strength' Tests 
... 

,A prerequisite of the finite element formulation is the knowledge 
. 

of the constitutive relations of the soil. Hence, strettgth tests were 

performed on samples obtained from compacted undisturbed' blocks of soil, 

cut from the test bin away from the loading region, to establish the required 

stress-strain relationships. The obtained results are presented in Chapter 

5., while complete descriptions and techniques are discussed in Appendix 
, . 

B. 

The na~ure of the present study necel8itated two types of tests to 

simulate the behaviour of the soi1 mass and the discontinuity regions, 

'represented by triangular and joint elementa, respectively, in the Finite 

Element model (Chapter 3): 

(a) Behaviour of the soil continum; stresa-strain relationships. 
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VARIABLE 

Soil 

Types of grousers 

Grouser spacing 

Max. displacement 

Uniform appl.pressure 

Vertical weight 

Weigbt eccentricity 

Slip rate 

Drawbar pull eccentricity 

Boundary or Belt tension 

OBJECTIVES 

AND 

MEASUREMENTS 
\-

MGE TESTS 

Kaolin, S - 93-98% 

Standard,Passive, Ag~ressive 

12.5,18.75,25.0 and 31.25 cm 

6.0 cm 

3.15,7.0,10.5 and 14 kPa 

R~gid 

1. Horizontal force -
horizontal displacement 

C"">-

relationship 

2. Sinkage - horizontal 
disp1acement relationship 

3. Deformation behaviour 

TABLE 4.2 Experimental Traction Program .. 

~ 

-il.n7'm~)TÏwt5 'r rfff'ÜSrit'f'Hiri* Itct ...... - ~,--.. ......,~~- -- -->~~--"""'" - ,~-

~ 

FULL TRACK MODEL TESTS 

Kaolin, S 93-98% 

Standard, Passive, Aggressive 

12.5 

680.0 N 

0.0 cm 
t' 

0.60% 

18.0 to 40.0 cm 

1.0 kN 

1. Traction and drawbarpull-

slip relationships, for 

different hitch positions 

2. Rear sinkage 

3. Track inclination 

Â"., 

, '-
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"In order to reproduce as much as possible the constitutive behaviour 

of the soil continuum,\riaxial tests were conducted on prismatic samples 

under plane-strain c,onditions in a modified triaxial chamber. A prelim-
o 

inary study showed some gain in strength with speed, when tests were 
\ 

run at four rates of speed, nameIy, 0.005, 0.4, 2.5 and 5.0 cm/sec(Appendix 

B) • This fact led to the decision of using the triaxial test results 

which corresponded to the loading speed of the grouser element tests. As 

the obtained stress-strain curves di~ no't exhibit a weIL defined peak, a 

failure cri terion represented by 15.0 per cent s train was assumed. Finally, 

to account for the gain i~ strength, as the confining pressure incl"eases, 

in the analytical model, the triaxial tests were l"un under three confining 

pl"essures (O.OkPa, 25.0kPa, 70.0 kPa). 

(b) Behaviour of the discontinuities; Load-displacement relationships. 

The joint elements are characterised by a shear stiffness, K , and ô s 

a normal stiffness, K , which express the l"ate of change of shear stress with 
, n 

.-' shear de"formation and that' of normal stress with normal de fonnation , 

respectively. As they represent discontinuities along predetermined planes, 

their constitutive behaviour may be obtained froJ.D direct shear tests. The 

stiffness properties of the joint elements which simulate cutting surfaces 

," ~, '1 ~ f • 

• 

were determined from results of conventional direct shear tests. I~ contrast t 

tests in which the lower part of the shear box consisted of a specimen of 

grouser _terial determined the stiffness values assigned to the joint 

ele1lU!nts inserted along grouser-soil interfaces. On both'test series, 

the normal load was varied from O.ON to 68 .ON, to account for the dependence 

of the ~bear stiff?'modU1US, Ks' on applied normal stresses. 

\ 
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CHAPTER FIVE 

EXPERIMENTAL RESULTS AND DISCUSSION 

5.1 General Considerat ions 

As- stated previously, the construction of the analytical technique 

was based on the observation of tl1e behaviour of the physical model during 

testing. Simultaneously, the'experimental results served the validation of 

the proposed method of analy9Îs. The experimental test program described 
", 

in the previous chapter was s,et to provide the necessary requirements for 

the ana\ysis, i.e. establish the constitutive performance. 

This chapter, presents the measured experimental results and discusses 

the methods employed to obtiin a set of results not directly available due 

to testing equipment implic~tions. It should be emphasized here that 
" 

as the soil material in the study was an essentially "plastic" materia1, 

and hence aIL the associated results were of a plastic flow nature, the 

solution technique cannot be considered ,as a general solution to the wide 

sprectrum of soil behaviour; rather, it will simulate situati9ns which 

encounter similar soil material types. 

In Chapter 4, it was mentioned that single grous~r element tests 

were necessary in order to account for the effects of the first grouser on 

the multiple grou&er element behaviour. Since the test facility did not 

allow direct recording of the force developed in the second grouser during 

multiple grouser element tests, the method discussed next was proposed. 

Method to obtain tbe force-displacement relationship on the Second Grouser 

During MGE* tests 
, 

It may be reasoned that "the first grouser of the multiple grouser , 

"'}(GE stands for Multiple Grouser Element(s) 

-66-

." 



( 

67 

• 
'. set ean be considered to behave free1y since the s..oil mass is extended 

~, 

without limitation behind it". Renee, "the restricted force of the first 

grouser is considered the same as obtained from the single grouser tests, 

and the force on the second grouser will be the difference between the 

total force, obtained from MGE tests, and the force obtained from single 

grouser tests at all displacements". This method was applied by Yong 

J 

et al (1977) to study the MGE-soil interaction under l constant elevation 

cond i t ions. The same reasoning may be extended to the constant vertical 

applied pressure condition, if one thinks that the multiple grouser 

element is considered to move' w.ith j.nfinitesimal horizontal and vertical 

displacement, for a08lY8is purposes J without allowing for rotation (Chapter 

3). Due to the fact: that contrary to the, condition investigated by Yong 

et 'al (1977. 1980) t the sinkag~ is a variable here J single grouser 'tests 

under constant elevation conditions were carried fo: various sinkages of 

the grouser_ Consequently, the force on the second grouser, F 2 t cou Id be 

calculated for a given grouser type, from the following experimental 

information: 

(1) Horizontal displacement of the MGE, D 

(2) Vertical sinkage of the MGE, z (D) ; 

(3) Total horizontal force on MGE t F (D, z)j 

(4) Horizontal force on the single grouser. F s (D, z) ; 

as F2 (D, z) - F(D, z) -Fs(D,z)- (5.1) 

The force Fs(D, z) can be obtaine'li by uSlng some method of inter

polation on single grouser force-displacement relationships or by simply 

plotting the results as nonlinear ,force-sinkage relationships for different 

grouser displacements. The outline of this approach is shawn in Fig_ 5.1, , 

white the results are presented in a later section in this chapter _ During 
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th~ comparison l1etween experimental and analytical resutts, in Chapter 6" 
, 

a brief discusai~n on the validity of the presented approximate method 

will appear. 

The resutts and associated discussions preaented in this chapter are 
lo,.. 

divided into three main parts, i.e. Grouser Element, Full model Track and 

Strengtb test reaul,ts. 
, , 

5.2 Grouser Element Experilllental Resulta 

Pt'Ïor to ,the presentation of typic~~ experimental results, two 

important considerations ahould be mentioned:' 

k; -c~ grouser element tests weré performed 

/ 
at a const~nt 

5.2.1 
t 

(2) 

horizontal speed (5.0 cm/min).. It will be assumed that the 

effect of speed on the devetoped forces is included in the 

stress-strain relations obtained from laboratory plain strain 

tests~ performed at the same speed as the grouser element 
t 

tests. The validity of tbis· ass~ption bas been discussed 

by Hanna (1975), and it is adoptea in the present study. ,. 
. ~ 

The need for prediction of t~~e force-displacement history of 

different grouser element arrangements ~nd boundary conditions, 

necessitated the recording of forces and displacements for a 

total movement of 6.0 cm. \. 

Sinsle grou8~lement test results 

As previously mentioned, constant elevation single grouser tests 

were run for several grou8ér embedments. The minimum grouser sinkage was 

taken equàl to the height of the grouser, white test results were obtained 

for two further grouser embe~ments. . These results are shown in Figs. 5.2, 
~ 

5.3,and 5.4 for the standard, passive and agressi\e grouser, respectively. 
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The effect of grouser sinkage on the horizontal mobilized force is illus-

trated cleady. However J it seems that there is a limiting value of 

sinkage, after which the increase of the developed horizontal force will 

be 'negligible. This fact may be attributeâ to a local shear failure 

at increased grouser sinkase as eompared to'general shear failure conditions 

that prevail at embedments near to its height. These relul ts are consis-

tent for aIl values of horizontal displacement and aIl grouser types. 

To provide for a realistic comparison Qf the mobiUzed forces, , 
l 

the experimental results were normalized with respect to individual grouser 

heightzs, a,s shown in Figs. 5.5, 5.6 And 5.7. As expe c t'éd, the pas s ive 

gr9user developes the maximum normalized resistance due to its design 

geometry features (Elmaœlouk, 1977). 

Finally, the (horizontal) force - (vertical) sinkage relationships for 

> 9 different displacements were plotted in Figures 5.8,5.9 and 5.10, to' 

provide the basis for excluding the effect of the first grouser in the 

multiple grouser element mobilized horizontal forces. 

, 5.2.2 Multiple grouser element test results 
.. 

It may be recalled, that the finite element method was employed to 

provide a means for deformation analysis of the MGE - soil system in both 
/} 

the cases df constant elevation and constant app1ied pressure boundary 

conditions. Cq~stant elevation MeE tests were carried for a two groUler 

rigid connected element by Elmamlouk (1980) and hence, were not repeated 

during the course of the prelent investigation. 

Instead, the MG! - soil interaction wa. studied under constan~apPlied 
pressure. In this type of teàt a constant uniform pressure, intended to 

simulate a specified pressure distribution 0\ the v.hicle - soil contact 
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Jnterface J is applied at the top of the grouser element and maintained through':' 

_out the entire test. The 

allows ftee h"orizontal and 

grouse13. element is mounted, on a ènriage which 
1 

vêrtical translation, but cons trains rotation. 
~ 

Hence,' the measurable parameters are the horizontal displacement, the h'briz-
. 

ontal force and the vertical displacement. The details of this part of the 

experimental program have been listed in table 4.2. 

This series of tests was executed at two stages: 

(a)_ Sta§e 1: The uniform 10ad was app1l:ed at4tlthe. top of the element 

and it was allowed to sink until equilibrium was attained. 

this stage the vertical 1iisplacement was recorded, thereafter referred 

to as "static sinkage". 

(b) Stage 2:. The horizontal .disp,lacement was applied under the influence 

of the boundary load. The total horizontal force was measured simultan-

r ~ 
eoualy with the yertical displacement. referred to as "dynamic sinkage" 

during this stage. Hence, the total sinkage of the element ia con-

sidered to be the combined results of the static and the dynamic 

sinkage. 

Typical results from the MGE experiments are shown j,n Fi~s. 5.11 to 5.18 

for the case of the passive grouser. In Figs. 5.11,5.13, 5.15 and 5.17 

thé horizontal forces dev~loped on the element are plotted, while in Figs. 

5.12, 5.14, 5.16 and 5.18 the total sinkages of the element are plotted as 

a function of(the horizontal distance travelled, for different element 

apacings (12.5. 18.75. ~5.0 and 31.25 cm) and applied boundary pressures 

0.75,7.0,10.5 and 14.0 kPa). Similar resu1ts were obtained for the other 

two types of grousers. 

Comparing the forces deve~oped on the MGE und~r the influence of differ

ent applied pressure~ ia noted that the force consistently increases 
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for an increase in pressure (e.g. Fig. 5.11); at the same time the total 

sinkage increases (e.g. Fig. 5.12), which~shows that ~ incraasing soi1 

area is mobi1ized by the element. Whi1e this exp1ains the increase in 

force with pressure for a specifie spacing, the additiona1 effect of the 
r 

soil mobilization between the grousers' must be considered in order to 
~ 

account for the force increase,between different spacings under the same 

presaure conditions. For small spacings, an examiqation of the displace-

ment patterns Ihowed that the loil confined by the two grousars and the , 
rigid plate maves coherently with the element, so that formation of failure 

sur~aces is prevented in this region. As the spacing increases, the 

force on the second grouser will increase as the degree of the soil 

mobilization increases. In the limit, the second grouser will b~have as a 

single grouser unde~he i~fluence of a top rigid boundary. As a clarifi-

cation aid to the above discussion, Table 5.1 compares horizontal forces 
8 

developed on the second grouser for the ttpical arrangement of the passive 

multiple grouaer element. 

Previous considerations divided the total sinkage of the multiple 

grouser element into a static and dynamic part. From the sinkage-di.placement 

relationahips, it is noted that the dynamic sinkage representa a small 

part of the total sinkjge. In most casea, it ranges betveen 0.0 and 20.0 , 

percent of the total sinkage at maximum values of displacement. Conaequently, 

it may be stated that it ia the incraase of static sinkage with increa.ing 

applied"pres8ure which contributes mostly into larger developed horizontal, 

forces when the Ipacing i8 kept con.tant. For the situation of small 

applied pres.ure., it i. evident from the re.ults that the dynamic sinkage 

ia minimum. Thua, the motion of the element approache. t~t of a con.tant 

i 
1 

1 
1 
; 
1 

l 
1 , 
1 

l. 

1 

elev.tion boundary condition at a prelpecified depth of embedment appro~tely j 
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SPACING • 12.5 cm 

PRESSURE 3.75 kPa - 14_.0 

DISPLACEMENT 2.0 cm 4.0 cm 2.0 cm 

HORIZONTAL FO~, 50.0 N 83.0 N 79.0 N 

VERTICAL SINKAGE: ~ 

Total ,\ 5.0 cm 5.0 cm 19.2 cm 
~ ..... 

Static 4.0 cm 4.0 cm 18.0 cm 

Dynamic 1.0 cm 1.0 cm 1.2 cm 
,. 

PRESSURE. 14.0 kPa , . 
1 

S~~CtNG 18.75, cm 31.25 

DI,SPLACEMENT 2.0 cm 4.0 cm 2.0 cm 

HORIZONTAL FORCE 125.0 N 185.0 N 215.0 N 

VERTICAL SINKAGE: 

Tot.1 18.5 cm 19.0 cm 21.4 cm 

St.tic 16.8 cm 16.8 cll1 19.6 cm 

Dynamic 1.7 . 2.2 cm 1.8 cm 

TABLE 5.1 Multiple Grouaer Element Tests; Force on Second 

Grouaer (Passive Element) 

90 

lePa 

A.O cm 

102.0 N 

19.8 cm 

18.0 cm 

1.8 cm 

cm 

4.0 cm 

287.0 N 

21.9 

19.6 cm 

2.3 -
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èqual to the associated value of the sta,tic sinkage. 

Plots of the static sinkage' versus, pressure,~~dwn in Figs. 5.19(a) 
" \ 

to 5 .19,(c),' re~ea1 linear relatio~ships f,Ot; a11 three ~rouser types. This 

is in accord with previous investigations of pressure~sinkage relationships 

for elements of 

that there is a 

point where the 

the same grouser types (Elmamlouk, 1977), which 

transition region on 'the load-peoetratio~ curve 
"~ ~\ 

element embedment is equal ta the height of the 

postulated 

st the 

rousers. 

Neàr to this region (as in the present case), the curve May b close1y 

approximated by a straight line. If the inclination of t e straight 1ioe 

with the pressure axis is demoted ~Y 'e', it i8 demonstrated io Fig. 5.19 

that 'a' is maximum for the passive grouser (results are plotted on equa11y 

spaced horizontal and vertical axis), as this arrangement approaches more the 

case of a smooth plate. 

Final1y, a sample of results showing the calculated force on the 

second grouser (after excluding the effect of the first grouser using the 

single grouser results) is shown in Figs. S.20, to 5.25 for all the grouser 

types and the seleèted spacings of 12.5 cm and 25.0 cm. The same remarks 

a~ply here as discussed previously for the total horiz~tal force - dis-

placement relationships. Until now, it appears that the forces developed 

for an aggressive element have been proven to be' superior,to ,those of the 

other types, for a given pressure - spacing value combi~~tion. 
if the calculated force on the second gr9user is normali~d with 

However, 

respect 

to the grouser height, the superiority of the passive grouser is evident 
\. 

as in the case of a single grouser. Figures 5.26 to 5.31 present the 

normalization of the relationships previously shown in Figs. 5.20 to 5.25. 

5.3 Full Model Track Results 

As introduced in Chapter Four, this experimental series was organiz.d 
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in order to provide experimental evidence of the-effects of t~e drawbarpull 

eccentricity on the overall track performance and validate a set, of resuttS' 

obtained previously by Elmamlouk (1980), based purely on a theoretical 

approach. As it will be seen in Chapter Seven, the results of this section 
-

also served in the evaluation of the analytical approach proposed. to 

predict the track performance. The proposed modei will b~ based on FEA* 

energy calculations, as presented in the following chapters. 
\ 

The findings of the drawbarpull t~sts conducted on each of the three 

grouser types May be expressed as force and sinkage - drawbarpull eccen-

tricity relationships for different degrees oflslip. Figures 5.32 

through 5.34 show the 'traction (applied torque),- drawbarpull and rear sinkage 

drawbarpull e~centricity relationships, re~pectively for an aggressive and a 

standard track section. The main observations are: 

(1) Traction, drawbarpull ~nd rear sinkage were found to increase steadily 

with incr~a8ing slip rate; 

(2) rraction and drawbarpull were 'highest for the minimum value of the 

drawbarpull eccentricity tested while, at the same time, sinkage 

attained minimum values. 

These results are in agreement with the moment equilibrium considerations 

discussed in Section 4.1. The highest sinkage measured for the largest draw-

barpull eccentricity tested, as a result of the large moment produced, 

caused the pressure distribution to cha~8e so that higher motion resistance 

w,,-s produced. Consequently, a decreased value of d~awbarpull resulted as 

compared to values obtained for the other three positions '(see Fig. 4.5 for 

position definitions). Figures 5.35, 5.36 and 5.37 show comparisons be~een 

* FEA stanas for Finite Element Analysie 
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experimental and theoretical results expressed a8 a re1ationship bt~een 

dra~barpull coefficient (drawbarpu1l/~eight of track"P/W) and draw~rpull 
eccentricity ratio (height of drawbarpull above track 1evel/length of 

track, ey/L in %). The theoretical results were obtained by E1~louk 

(1980). He developed an energetics model for off-road track perfo~nce 

based on energy conservation principles for the entire grouser - s01l 

system. These Figures illustrate that the experimental and predicted 
~ 

results are in good agLeement. The optimum pull eccentricity ratio 

which produces the maximum pull coefficient for any specifie degree of slip 

seats in the 20.0 percent value for mast of the caSes studied. Finally, 

Figs. 5.38 through 5.40 summarize the present discussion on revealing the , 

calculated efficiencies of the three track sections. 
~ 

For the aggressive 

track, efficiency values dropped by an average qf 16% from the lowest to the 

highest drawbarpull eccentricity value. Simi1ar results were obtained for 

the standard ~nd passive track sections with the efficiency dro~ping 9.0 

percent and 6.5 percent, respectively. Higber efficiencies and lower 

drawbarpull values~ere obtained for the passive track over the other two 

for a11 drawbarpull eccentricities and slip rates. The ressons for such 

behàviour are due to shap~ differences which control the soil reaètion and 

deformation mechanisms (Elmamlouk, 1977) 

5.4 Strength Test Results 

5.4.1 Plane strain and axisymmetric test reaults 

In order to reproduce as closely as possible the constitu~ive 

behaviaur of tne soil represented by the solid triangular elements in the 

finite element analysis, unconso1idated undrained tests were performed under. 

plain strain conditions dn ~ismatic sampLes. The tests were cQnducted at 
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axial deformation rates of 0.005 cm/sec, 0.4 cm/sec, 2.5 cm/sec' and 5.0 cm/sec 
, ~ 

and under three different confining pressures of O.OKPa, 35.0KPa and 70.0KPa. 

Typical test results are shown in Fig. 5.41 for the axial strain rate of 

5.0 cm/min. Furthermore, in order to verify that the nonexistence of a 

weIl defined failure condition (absence of strain softening behaviour), is 

not a result of the plain strain, "True Triaxial", test' boundary conditions, 

triaxial tests were performed, typical results of which are shown in-Fig.5.42.' 

Since the s:ress-strain c~es dtd not exhibit a definite peak to 

failure, but instead the stress difference increaseq with axial strain, no 

approximation of th~ stress-strain curves was needed in the numerical incre-

mental procedure. For the same reason, an axial strain of 15.0 percent was 

chosen ta define failure. 

The- nonlinear stress-strain curves derived from the' laboratory tests 

were incorporated directly into the finite element formulation in a digital 

forme Several points on the curves wer,e selected and were input in the 

form of number pairs denoting stress and $t~ain at those points. The 

initial values of the madulus of elasticity, E , and Poisson's ratio, v, 
o 

were selected as follows: 

(1) 
, , 

The starting value of E was taken as the initial slope of the 
o 

stress-strain curve a~ zero confining pressure. Further values of'E'were 

calculated in the computer program from the stress strain curves by suitable 

interpolation. 

(2) As the kao~inite clay, used in this study" is fairly incompressible 

and nearly saturated, alreasonabl~ value for 'v'is 0.50. To avoid computing 

difficulties associated with this value, the value Qf 0.48 was 8ssumed and 

kept constant through, the entire,de!ormation process. 

While, in the present problem, axisymmetric conditions are not valid 

l 
, i 

,< 

1 

l • 



// 

1 

/' 

/'''!l 

'--.. 
"../ 

/ 

C't 

E 
" --z 

1.0 

• 1.5 -tr 
1 
o -

1.0 

,\ 

Figure 5.41 

Cr 

~ 

~ 

0"3 1 N/cm
l 

0.0 0 

3.5 • 
7.0 0 

18 

Stress-straln reJatlonships from plane strain tests for the Kaolinite clay el· 

~ 

..... 
N ..... 



a' 
('le 

ù 

--z 
~ 

~ 1. 

1 
tr -

o.~· 

8 

,. 

! a3 ' N/çm 

0.8 0 

3.5 • 
r 

7.0 0 

~ 

Figure 5.~2 Stress-strain relationships from triaxla~ tests for the Kaollnite clay 

" 

=mn_ .sewr? -ft r, ~M4rtt ; .. -if wc *:t.i~""'-'"--"'-':>- -",,-..---" 

....... 1 , 

.. 

~\ 

e1' 
~ , 
N \ 

\ 
J 



( 

the confinement of an element, in this analysis, is approximated as 

the average ~f the magnitudes of the intermediate, O2 , and minor, 03, 

principal stresses induced at the centroid of the element. 

The finite element program computes the values of the stresses, 

strains and confining pressures in each element and then interpolati~n8 

are performed to compute intermediate values in a curve and also between 

curves at different confining pressures. 

5.4.2 Direct shear test ~esults 

123 

As previously mentioned in Ch"'er 4, two types of dir~ct, shear tests 

were performed te determine the properties of the joi~t elements used in 

idealizing the cutting and the interface behaviour. The first type was a 

conventional direct shear t~st which is referred to as a soil-to-sbil,shear 

mode, while the second type was conducted with the lower part of the shear 

box consisting of a specimen of grouser material. As the Aggressive grouser 

was manufactured by aluminum and the Standard and Passive grousers were 
J 

manufactured by a hard non-deformable smooth rubber, the second type of 

direct tests represented soil-to-metal and soil-to-rubber shear modes, 

respectively. 

The shear st~ess-displacement curves for the soil-to-soil mOde are 

shawn in Fig. 5.43, while the curves applying to the soil-to-me tal and the 

soil-to-rubber mode are shown in ~igs. 5.44 and 5.45 respectively. In a11 
\ 

Figures, it may be noted that the shear 1tress values increase with 

increasing di.placement up to a displacement value of approximately 0.5 

after which the shear stresses remain neariy constant. For aIl cases, 
) 

cm, 

the maximum value of the shear stress and the steepness of the curve increases 

as the normal load increases. 
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The three nonlinear .hear - displ~cement: relati~n8hips may be 

conveniently represente~ by recta~gular hyperbolae, as discu88e~ in Chapter 

3, section 3.3.2.- From the transformed plots, sh<?Wll in Figures 5.46, 5.4,7 

and 5.48, respectively, for the soil-to-soil, soil-to-metal and soil-to-

rubber shear 'modes the values of the parameters 'ct' and 'b 1 (defined in 

section 3.3.2) may be obtained. Parame ter 'a' is the intercept and para-

meter 'b' is the slope of the line. Computer linear regression was used 

for thelPevaluation of the two parameters. The values of the coefficient 
, 

of regre~,sion (denoted as C.L.R. in Figs. 5.46 to 5.48) il1ustrate that , 

the 8Ssumption of a hyperbolic shear stress - displacement relationship is 

vaUd 'through the entire displacement range. Table 5.2 lists the values 

of the two parameters for -the three shear modes as a function of the applied 

noriDal loads. 
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Curve Normal' CLR 
Load,N 

1 0.0 .999 
2 - 9.0 .999 
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4 45.0 .999 
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Figure 5.~6 Hyperbol ie transformation of' the ,shear str~ss-displaeement 

eurve for the soil-to·soll mode 
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Figurè 5.47 Hyperbol le transformation of the shear stress -displaeement 

curve for the soi I-to-meta] mode 
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Figure ,5. 48 Hyperbolic transformation of, the shear stress-dlsplacement 

curve for the soi I-to-rubber mode 
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. 
NORMAL LOAD 0.0 N 9.0 N 22.5 N 45.0 N 

a • 0.084 0.083 0.081 0.071 

Soil-to-soil mode b 1'.130 1.011 0.947 0.912 

. , 

a - 0.096 0.095 0.092 
-

{Soi1-to-metal mode b • 1.1223 1.141 1.093 

. ' 
0.090 0.086 0.077 a • , 

Soi1-to-rubber mode b • 1.496, - 1.424 1.326 

! 

TABLE 5.2 Parameters (a) and (b) Obtained" from the lIfpe r b6li'c 

Strell-Displacement Re1ationships 
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.. CHAPTER SIX 

FINlTE ELEMENT ANALYSIS OF THE MULTIPLE 

GROUSER EL'EMENT SOlL SYSTEM 

6.1 Introduction 

Previous analyses of the multiple grouser element - soil 

interaction using the visioplasticity method (Yong et al, 1979.1980) 

-examined the kinds of deformation and shear patterns- developed in the 
. 

soil, when such an element is forced to move into the compacted clay at 

constant elevation. T bis type of approach, however, cannot provide for 

a complete stress analysis' of the system, necessary to the overall eva1-, 
, ' 

uation performance of the traction Pfoblem. Following ffom the analytical 

considerations of Chapters 2 and 3, ,Jhis Chapter presents the results 

obtained from the fini-ce eletnent model adopted for the solution of toe 

sta~ed problem. Then, it compai."es them t~ the èxp'erimental results, thus 

providing a ,rational basis for· evaluating the adopted method of analy~is. 

Furthermore, the finite element results are used to calculate 

the dissipated energy du~ t~ grouse;s' - 'soil iD:teractton, which fom'an 

input to the 'predietive methods, ,for the model tràck performance, handled 

in Ch,apter 7. 

Recognizing the fact ~hat the situation of ,grouser elements '. 

moving under constant eleyation does not repre.ent the whole spectrum of 
~ L~ ) 

the actual f,eld problems, the, analy~is has been extended to the case of 

grousers moving und,er a range of constant pre s'sures " These two "types of 
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approach simu1ate most situations whicb arise in practice. The re'sulU 

obtained, therefrom, sbould be represenutive of the soil U1aSS behaviour 

under the mast common loading systems which can be applied to a mult'iple 

grouser element. 

Accordingly, this chapter has been divided into three main 

sections, two of which cover the finite element' ~nalY9is Qf the two situa~ 

ti01;lS mentioned above, the third intenlied ta serve as an evaluation of the 

model~irig technique. 

Finally, it should be'mentioned tBat a selected sampIe of 

typical results is displayed in this chapter, as representative of the 

numeraus results 'obtainep due to the introduced variability of grous~r 

type, spacing and applied pressure. The emphasis of the presented results 

1 has bean directe~ towards t;he Passive multiple grouser elé~nt - soil 

int'eraction for reasons discussed tater inthis thesis. 

6.2 Constant Elevation Boundary Condition-- FEA'Results 

As mentioned earlier in this thesis'. this condition represen,ts 

free horizontal tranà1ation of the grouser' system at a const~nt height 
1. 

, 

in relation ta the initial soil surface, thus ~estraining sny vertical 

motion. At al1 times, the dept'h of the grousers emberJment is equal ~6 

their respective heights. 

The meshes adopted for the three grouser, systems (i.e.,Aggressive, 

Standard and Passive) are shown i~ Figs. 6-1 to 6-6. In all idealizations, 

cutting joint elements are placed on the plane where the cutting,is~ 

anticipated~ which is ass~~d .Fo start at the level oftbe ,grouser tLp. 

No interf~ce elements were p1aced be~ween the soil 'and the face of the 

/, y, 

i 
f 
1 
i 

1 '. 
î 

l 
l 
i 

j 

~ 

j 
~. 



, ' 

1 

1 
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second grouser, since experimental observations showed that the confine-

ment of the soil, due tO the rigidity of the connect~ng top pla~e, 

created a "dead" zooe between' thé two grousers (Fig. 6.7). Interface 

elements were inserted on the leading,grouser-soil interface in the 

cases of the Standard and Passive e'le~nts. As it was found t int.,erface 

elements are not ~equired for the leading grouser in the Aggressive , 
- i 

element because the horizontal plate on the top of the grouser creates a 

no-slip condition on the grouser face. 

Since the sides and 'the bottoll1- of th~ box containing the soil 

were greaseâ, it was assumed that these boundaries were smooth and hence 

they were placed on rollers. 'The boundary conditions have been also 

discussed in Chapter 3 fnd Fig. 3.9(a). 

In the finite element analysis implemented herein, uniform 

horizontal movement was applied to aIl the nodes on both grouser surfaces, 

in ten increments of 0.5 cm, for. a total displaceme~t of 5.0 cm. For 

each ~ncremental forward movement of the multiple grouser el~ment, suffic-

ient itentions for appropriate elastic moduli were provided to ensure ,.. 
convèrgence and accuracy. - The input data requireâ in the finite element 

solution are illustrated in Fig~ 6~8 along with the associated functions , 

of. the computer programs. A more detailed description of the finite 

ele~nt computer program is ,discussed in Appendix'D. 

The overall grid dimensions were chosen so that they covered 

the, whole d~formed soil region and are shawn in Table \ 6~L 

6.2.1 Horizontal and veLtical veiocity fields 

To atudy the defo~t~on behaviour of the soil in the vicinity 
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Fig. 6.7 
( 

Multipl~ grouser element tests' under constant elevation 
boundary conditions. (a) Passive MGÊ, s = l2.S'cm, 
D = 2.5, cm; (b) Passive MGE, s = 2~.O cm, D - 4.0 cm. 
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GRID NO. MULTIPLE GROUSER ELEMENT SPACING. cm 

-

-

1 PASSIVE 12.5 
> 

2 - STANDARD ' 12.5 
-$ 

~ 12.5 ~ 3 AGGRESSlVE -

4 PASSIVE - 25.0 

~ 

5 STANDARD 25.0 
, _.-----~-

6 _ AGGRESSIVE ' -25'.0 

--" ---- - -

TABLE 6.1 Ass~gned Ove~an Grid Dimensions 
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LENGTH, cm 

41.05 

41.0 
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40.5 -

53.55 

53.50 
-
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" 53.0 , 

/"", 

- . 
" DEPTR, cm 

16.6 
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16.6 
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of a moving grouser element, tbe horizontal and vertical podal point 

ve10city cqntours were drawn, from the finite e1ement resu1ts. for the 
, 

,cases of the Aggressive and Passive e1ements. (Figs. 6.9 to 5.14). 

,Sinçe the velocity fields for the Standard e1ement were similar ta 

the Passive, they ~ere de1eted. Ta illu~t~ati the e~fect of the 

spacing, the velocity fields were plotted for the spacings of 12.5 cm 

and 25.0 cm at respective horizontal displacements, D, of 1.5 cm fOf 

the Aggressive, and both 1.5 cm and 3.0 cm for the Passive element. 

From the se Figures, the fo110wing observations are made: 

1. In the case of the shortest spacing (s-12.5 cm) the 

soil in the area'bounded by the rigid plate, the two grousers and the 

cutting plane behave a1most as a rigid body, independent of grouser 

shape or horizontal displacement of the multiple grouser element (MGE) 
. '. 

(see Figures 6.9, 6 10 and 6.13). 
1 

horizontal soil velocity appears ta 

The maximum variation ol\the 

be in ~he order of 10% w~t~~~~~t 
t 

ta the MeE velocity (5.0 cm/min) for the Passive e1ement, and occurs 

close to the cutting surface. 

As the spacing increases, the rigidity of the "confined" 

.oil reduces. This is evident from the horizontal ve10city fields of 

bath the Aggressive and Passive elements for a spacing of 25.0 cm. 

Agairi, this behaviour ia independent of grouser dement displacement 

(see Figures 6.11, 6.12 and 6.14). The horizontal ve10city contours 

'reveal a reduction of approximately 40% close to the tip of the leading 

grouser:. 

Such soil response behaviour suggests that, as the spacing , , 

between the two grousers increases, the second g~ouaer will 'respond as 

-----------------

.. 
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the leading grouser; i:e. after a limiting valu~ of the spacing is 

surpassed, a complete fai1ure' of the soi1 will resume'. However t ,the 

failure mode will not resemble complete1y to the leadtng grouser 
" 

fai1ure mode because:of the boundary effects of the rigid connecting 
'" 

plate. 

2. In a11 situations, the horizqntal ve10city in front of 

the leading grouser and above the discontinuity plane is shown to 

decrease with increasing distance from t~e grouser-soi1 interface. 

The v'elocity reduction is slower in the case of the Aggressive grouser 

due to the exiStence of a "dead" zone,' which creates a rigid body zone 

near the grousar-soil interface having about the same ve'locity as the 

MGE. 

Below the cu'tting pIaoe, the sail vèloc~ty is in the direction 
. '1,'" 

of the grousers IPOtion. 
~ 

,", 

, ) ~;.. 
The highest velocities origin~ in the zone 

-
between the grousers tips, wfth decreasing values behind the second _ 

grouser and close ta the righthand boundary. The effects of the assumed 

cutting p1~ne ,are cléarly shown in the horizontal velocity plots as the 

values and-directions of the contours change very rapid1y a10ng this 

plane to neg1igib1e J'alues at some depth. 

3. An exaœination of the ve~tica1 ve10city fields shows 

that the soil~between the two grousers,as well as the soi1 be10w the 

cutting plane and behind the leading grouser, experiences downward . 
motion while aboyé the separation plane and in front of the leading 

-
$rouser i~ mayes upwards. For the minimum value of the' spacing analysed, 

'the downward motion of the "confin~d" soil ocèu~s in the viciniey of 

the' cutt~ng plane (e.g. Figs. 6.9 and 6.10), while at a apacing value 
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Figure 6.11 Horizontal ,and Vertical velocity fields (cm/min) at D - 1.5 cm. 
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Figure 6.12 Horizontal and Vertical veloclty fields (cm/min) at 0 • 1.5 cm. 
lasslve MGE,'S • 25.0 cm, constant elevatlon 
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of 25.0 cm the vertical velocities of the sail mass are higher. Th~s 

behaviour is again attributed ta the dependence of the sail failure mode 

on the distance between the two grousers. 

... 
From the plots of the vertical velocity field of the Aggressive 

element, Fig. 6.9, it may be seen that a contour of zero vertical velocity 

intersecta the leading grouser close to its tip. Below and behind-

these zero vertical velocity contours the material experiences downward 
\ 

motion while above and in fron~ ther soil moves upwards. This zero 

velocity contour is s~en to start from the leading top edge of the 

Passive element (Figure 6.10), thus 1reating a larger zone of dofd' .. 
moving soiL 

o 
Such behaviours are direct results of geometric differ-

ences between these grousers. 

4. The influence of the horizontal displacemen~ of the 
, , . 

grouser element to the shape ,of the horizontal and vertical velocity 

fields between the grousers shows clearl:r 'as the grouser spacing is 

increased. A comparison of Fig. 6.1,2 and 6.14 (Passive MGE) reveals 

the fo llowing : 
-

(i) As the 'M~E displacement incr.eases. the horizontal 

velocity contour values Decom~ closer. Hence, the soil between the 

grousers behàves almast like a rigid block, thus creatin~ a shearing 

failure on the cutting plane between the tips of the grousers; 

(ii) At the same time, similar behaviour is observed for the 

vertical velocity contour values. This supports the increasing rigidity 

of the soil between the grousers concept (mentioned above) as downward 

soil motion is observed only at the vicinity of the second grouser toe. 
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Horizontal and Vertical velocity fields (cm/min) at 0 - 3.0 cm. 
Passive MGE. S ~ 12.5 cm, constant elevatlon 
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,6.2.2. Stress analrsis 

The distributions of the horizontal, vertical and shear soil 

stresses in front of à moving multiple grouser element are presented 

in this section. The stress contours for the Passive element are 

presented at .displacements of 1.5 cm and 3.0 cm, for both the spacings 

of 12.4 and 25.0 cm, through Figures 6.15 t06'6.Z0. 

While at the MGE displacement of 1.5 cm typical stress 

distributions are in the elastic range, the 3.0 cm plots are considered 

to indicate distributions in the zone of the onset plastic deformation. 

, 
Typical results for the Aggressive element are shown in 

Figures 6.21 and 6.22. The distributions of the horizontal and vertical 

stresses are shawn for a MeE disp1acement of 1.5 cm. for a spacing of 
.:"" .. ,....,' .. 

12.5 and 2S.0 cm respectivèly. 

lt should be kept in mi6d that the stress distributionspresented 

here are "direct results of the assumed boundary conditions discussed 

previously. The final jus~ification that the assumed analytical model 

will predict the physical response will be the correlations between 

aoalytical and experimen~al results which are attempted in sectiap 6.4. 

Examination of Figures 6.15 through 6.22 reveal the following 

obaervations : 

~l. In tbe zone between the grousers._ the compressive 

horizontal .tress ia maximum close to the face of the second grouaer with 

values decreuing with increasing distance for aIL ca.es. In addition. 

tbese value. increase as the grouser element displacement increases. 

For tbe .paeing of 25.0 cm a stress concentration develop. near tbe 

\ 

1 

) 
! 

\ 

1 

l 



( 

154 

l' -.7 

~ 
J 

Il 

J ". . D=1.5cm OX 

'''., 
"-

/ ~ 
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D=1.5cm CT. 

D=3.00 

Figure 6.18 Hdrizontal stress fields (N/cm2); Passive MGE, S • ·25.0 cm, 
constant elevation 
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( top edge of the second grou8er (Passive element) 8S the displacement 

increases from 1.5 cm to 3.0 oœ, whereas in the Aggressive element 

horizontal stress concentrations appear near the tip of the second 

grouser even at early displacement values for both sp.cings. Such 

behaviour is attributed to the different configurations of the two 

grousers. Similar results are obtained for the stress distributions 

adjacent to the first grouser. In aIl the horizontal stress fields, 

the discontinuation of stresses across the cutting plane is evident. 

2. The horizontal stress contour values below the dis-

continuity show similar soil response independent of grouser type, 
y{ 

spacing or horizontal displacement. That is, tensile stresses appear 

in the zone between the grousers which gradually change into compressive 

stresses. The zero co~tour value line constantly initiates close ta 

the tip of the leading grouser. 

3. The vertical compressive stresses are very nearly ta 

zero values for the Passive elèment for the spacing of 12.5 cm (Fig. 

6.16), while they seem to increase as the spacing increases (Fig. 6.19), 

creating a small tension area around the tip of the second grouSér. 

The difference in the mode of failure between the two spacings ia 

i ~<clearly indicated, suggestlng that the rigidity of the 'confined' soil 

reduces at large spacings. Again, the verti~l stress contour values 

show similar behaviour for the Aggressive element (Fiss. 6.21 and 6.22). 

4. The shear stress plots drawn for the Passive element 

(Fig8.6.17 and 6.20) indicate positive (anticlockwise) shear through-

out. Identical reBults were found during the whole course of the 

( 
investigation with the exception of the Aggressive case, in the region 
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2

) at 0 • 1.5 cm; 
Aggrèsslve HGE, S. 12.5 cm, constant elevation 
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where a small dead zone is located between the grouser interface and 

the line connecting the grouser toe with the lesding edge of the top 

horizontal plate of the first grouset. A similar dead ~one appears 

to exist in the vicinity of the connection between the rigid plate and 

the second groùser at the early stages of displacement, but it conse-

quently disappears in later stages (Figures 6.17 and 6.20). 

The behaviour of the joint elements placed'on the cutti~g 

plane is demonstrated in Figs. 6.23 through 6.32, at MGE displace-

ments of 0.5, 1.0, 2.0 and 3.0 cm. Figs. 6.24, 6.25 and 6.26 show' 
, 1 

the variation of the tangential stiffness values, KSI the tange~tial 
l , 

stress, T,and the average relative shear displacement, respectively, 

as a function of the horizontal distance from the tip of the leading 

grouser. These data have been calculated from the fini te element 

analysis. The initial average she,!lr displacement, 'A~, in any increment 

is calculated from the stiffness formulation of the FEM (Chapter 2, 

Appendix C) based on an assumed value of the initial tangential stiff

ness " K.'. Subsequently the tangential stress, T is obtained as: 
81 

T • 6 • K . (6.1) 
8 81 

Hence the tangential stiffness value~'~~ may be back 

calculated as: 

Ka - l:. (1 - tb)2 ' (6.2) 
a " 

where parâmeters 'a' and 'b' describe the experimental formulation 

of the parabolic stress-displacement curves obtained in Chapter 5. 

J •• 1 1. 

After a few iterations, the final values of Ks' T and As 

are established for each joint element for the particular horizontal dis-

tPlacement Increment. 

1 
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Similarly, the behaviour or the cutting e1ements betwéen the 

two grousers is summa~ized in Figs. 6.27\hrough 6.29. The shapes of 

these relationships remained the same for all the grouser types and essen-

tiaUy unchanged for different spacing considerations (Figs 6.30 to 6.32). 

This section illustrates typica1 results for the 'Passive multiple 

grouser e1ement for a spacing of 12.5 cm. 

--fIf} 

Examination of a11 the figures ment ioned ab ove reve~l a ~.t:~d1) 

difference between the two sets of the cutting e1emeq!ts. While the 
~J 

tangential stiffness va1ue$ reduce in short distanc~ in tront of the leading 

grouser and the corresponding tangential stresses increase, indic~ting a 

possible 'failure' re'gion, the reverse behaviour is observed for the 

• 
elements between the two grousers. This is a direct result of the finite 

e1ement model. As a).l the e lements are connected to eacp otber, the 

e1ements in front of the second grouser are 'pushed f and those behind the 

Leading grouser are 'pulled' ,with the ~otion of the e1ement. Thus, the 

in-petween elements do not sense great shearing stresses immediately. 

However, as the displacement of the element incireases, the 10w stress region 

seems to move forward, with increasing tangential stresses and decreased 

stiffness. The fact that the cutting elements in the vici~ity of the tip 

of the leading grouser do not experience maximum shearing stresses is due 

to the shape of th'e Passive grouser. !ts inclined surfS:ce (close to 450) 

creates a small relatively 'dead zone' of soil near' to its toe with little 

dis turbance deve loped • Such behaviour is also revealed during .the examin-

ation of the failure zones, discussed later in this section. 

The results demonstrating the behaviour' of the interface eleuients 

~e shown in Figs. 6.33 and 6.34, again for the Passive multiple grouser 

e1ement, at displacements 0.5, 1.0,,,2.0 and 3.0 cm. While the ,cutting 
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elements were aSSig{e:~\)1operties determined from direct shear test resultli 
.g 

of the soU-to-soil mode, the interface elements reflected the. soil-to-materia! 

particular behaviour. , . The hyperbolic formulation (s~ction 3.3.2) was included 
\~ 

in both types of elements ta allow them to simulate the cutting or inte~face 

behaviour. 

"The distributions of the tangential relative displacements and 

stresses along the interface elements do not markedly differ between_the 

Passive and the Standard grouser (no such elements wel'e empl()yed in the 

case of the Aggressive grouser - see section 6.2) due to the similarity of 

their inclined surface in con-tact with the soil. 

Ouring the study,i(-the failure zones are located by examining the 
< 

maximum sbear stress induced in each el'ement after each increment. Simir-.r 

appcroaches were undertaken previously by Hànna (1975) and Elmamlouk (1977) 

. using the finite element method on single grouser and the visioplasticity 

method on multiple grouser element, respectively. Whenever'" the stress value 

exceeds the shear, strength of the soil at one location, the failure i8 ~ 

indicated by a reduction or. the 'mpdulus value, 'E~ to a small magnitude. 

ThUs., a failure pattern may be established, indicating plastic flow of the 

material rather than distinct separation surfaces, aince, in the plain strain 

tests the samples exhibited bulging def?rmation at large ~train8. 

A seleC,ced sample of -the onset and.. subsequent propagation of the 

failure zones,is displayed in Figs. 6.-35 through 6.38 for the Asgressive 

and the Passive multiple grouser systems at two spaeinga, namely 12.5 and 

25.0 cm,' For bath the spacings, yielding seems to i:nitiate in two differ-

ent locations:(i) the top edge of the leading grouser and (ii) the toe of the 
<, 

second grouser. These~s can be considered as localized areas of maxiJllUll1 

1 
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shear due to stress concentx-ationa. At subsE!quent increments, the faHed 
, 1 . 

zone propagates downwàrds and to., the "l~ft in front of the le_.ding grouser, , . 
and at the 'same time move forwards from the second grouser along the cutting 

plan~ , Two main differences exist between the two 6ypes of grousers: 

1. Some yiefding iniVates at the toe ot the leading Aggressive 

grouser which joins rith the ma+n fai1ure zone as the displaceme'nt incr~ases. 

Such a. phenomenon i8 not observed for the case of the P.assive grouser, 

which prove~' the existenc;e of a definite dead zone, as has been revea~ed 

previoualy in this section, during the examination of the cutting and inter

face é~ements behaviour. . 
2. The failure zone in the region confined between the grousers 

is extended below the cutting surface for the A~gressive element independent 
1 .~. ""'';;', 

of spacing, while Jhis dosa not occur for the Pas'sive one at s'mall spacing 

of the grousers. 

'\ 
~oth finding8 substantiate the fact that the soil disturbance 

ia min,imized during the action of the Passive element. Finally, whereas the 

ëevelopment of the failure zone is not disturbed ahead of the leading grouser 

by intre~sing ~he spacing. it shows a tendency fO:;!UP ard propagation' near 

i' the face of the second grouser. This is in acco with previoulJ ~indings 
(f . 

suggesting thac the sail confinement between the grousers reduces as 

the spacing becomes 1&rger. 

6.2.3. Normal preuure distribution 
, 

\ 
\ 
\ 

Resulting normal pt'8ssure distributions on the grouser face, as 

clisplacement ia increased, are shown in Figs. 6.39 and 6.40 for typical cases. 

The effects of ~he position and shape of the grou8er, the relative spacing 
,.). 
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and the value of displ~cement are i1lustrated for the cases of the Passive 

and Aggressive grouser. 

Comparisons 'between these figures illustrate the following points: 

1. The pressure increasès with increasing grouser displacement. 

Whereas the shape of the distribution remains basically the same, the rate 

of the pressure distribution increase is a function of the grouser shape and 

the relative location on the grouser surface. As an example, , the pressure 

close to the top edge of the grouser increases at a slower rate th an that 

corresponding to 'the contact area in the vicinity of its toe, refer~ing 

to plots of contact pressures for the second grouser - Aggressive case 

(Fig. 6.40). The same is not true for the Passive where the rate of increase 

seems to be more uniform along its lace (Fig. 6,39). 

\ 

• 

2. The effects of the grouser shape on the normal pressure dis-

tribut ion are evident from the plot~ of the Passive and Aggressive grouser 

(always concerning the second grouser). The rounding shape of the Passive 

grouser toe allows for reduced pressure concentrations in comparison with 

the Aggressive grouser for'similar spacing and norizontal displacement 

(Figures 6.39 and 6.40).' 

3. As expected, the normal pressure increases as the spacing 

increases, inde pendent of grous~r shape. It may also be noted, that some 

pressure appears on the top leading edge of the grouser (Figs. 6.39 and 

6.40) indicating a reduced 'rigidity' of the soil material contained-between 

the grousers. 

4.' As the leading grouser is assumed to behave a~ a single 

grouser (the ,validity of such an assumption is discuss~d in ~ection 6.4), 

\ 
\.'-1" 
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• Figure 6.39 Normal ~re5sure distribution, Passive HGE,- constant elevation. ~ 

(a)' Leadlng grouser, 5 - 12.5 cm. (b) Second grouser, S - 12.5 'cm. 
(c) Second grouser, S • 25.0 cm. 
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a situation investigated previously by Yong, Yousef and Elmamlouk (1978)~ 

less attention was pa id to its corresponding normal pr~s~re distribution. 

A typical plot is shown-in Fig. 6.39 for th~ Passive ele~ent. Pressure 

concentrations occur at both edges pf the grouser, with higher values indi-

cated for the leading edge, as 8 result of the particular surface inclination 

of the grouser. 

AlI of the above mentioned considerations seem to be in good 

correlation with findings discussed previously in the stress analyais section 

(Section 6.2.2) 

6.3 Constant (Uniform) Applied Pressure Boundary Condition - FEA Results 

Under the present boundary conŒition the multiple grouser element 

(MGE) i8 free to move'ln bath horizontal and vertical directions but it lS 

restrained against any rotation. The initial depth of embedment of the 

grousérs js considered equal ta the height ~f the element. 

The meshes adopted for the three grouser systems were the same 

as in the case of the constant elevation boundary condition case; however, 

their depth was increased by 30% to 21.6 cm, 21.1 cm and 24.1 cm for the 
, 

cases of the Passive, Standard and Aggresaive element respectively. to 

account for the increasedodepth of soil volume affected due to any MeE 

sinkage resulting from'the applied pressure. 

Cutting and interface elements were inserted at the same positions 

" as in the previou. ana1y,ie and hence, will not be discussed bere. 

The boundary conditions were similar to the constant elevation 

situation with one basic difference: 

" 
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In Chapter 3, it was mentioned that the interface behind the first 

grouser and the soil was considered as a free surface in order to avoid com-

pIete rigidity of the soil eontained between the two grousers. Although, -

the adoption of condition showed reasonable agreement between 

experimental results for the case of constant elevation 

(see Section 6.4), same was not true for the constant pressure case. 

lt was found, that \ r the application of the uniform pressure, the soil 

was eonstantly in contact with both the grousers during the experiments 

(F ig. 6.41). Consequently, in the finite element analysis, the above 

mentioned surface was assigned both horizontal displacement and vertical 

pressure (Fig. 3.8(b». 

The uniform vertical pressure was applied inerementally as equivalent 

noelal' loaels on the fini te element mesh in the vertical direction. The ' 

inclination of the line representing the grouser surfae~ between two 

successive nodes was taken into account, as, itlustrated in Figure 6.41 (a). , 

As in the previous case, the horizontal displaeement was applied in increments 

of 0.5 cm to a total value of 5.0 cm. Figure 6.42 illustrates the solution 

approach in the present situation. 

, 
In this section, finite element results are displayed for the 

caBe of the Passive grouser element with a spacing of 12.5 cm and applied 

pressures of 3.75 kPa and 14.0 kPa which represent the lowest and the 

higheBt values employed during experimentation. The conclusions drawn 

may be generalized for a1l the variables considered in thia srudy (i.e. 

type of grouser, spacing and applied pressure). 

JI. 



,Fig. 6.41 Multiple grouser e1ement tests under constant pressure 
boundary'conditions. Ca) PasSive MGE, s = 25.0 cm, 
D 2.0 cm, P 3.7'> kPa; (b) Passive MGE, s = 25'.0 cm, 
D = 3.0 CID, P = 14.0 kP?~ 
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6.3.1. Horizontal and vertical vel0<7ity fields 

.. 
Figu't"~s 6.43 and 6.44 show the ho't"izontal and ve't"'tieal velocity 

t 
fields for the 3.75 kpa 

an~3.0 cm respectively~ 
... -,.../ 

applied pressure for an el~ment displacemenc; of 1.5 cm 

In Figure 6.45, the results for a pressure of 

14.0 kpa at 1.5 cm disp1acement are p1otted. Examination of these figures 

leads to the following observations: 

1. In aIL cases, the sail between the two grousers behaves as a 

'rigid' body. This·is ta be expected as it is a direct implication of the 

applied boundary conditions. The relative rigidity of the 'enclosed' ~oil 

seems to reduce slightly close to the discontinuity, being a result of the 

cutting action of the~rousers which may temporarily produce a miscontact 

of the soil with the rear bottom edge of the leading grouser. 

2. The action of the cutting surface is shawn to reproduce a dis-

continuity of the horizontal velocity as in the case of the constant elevation. 

However, the velocities below the tip of the grousers are ,s~ill compar~ble 

to the element horizontal velocity in the vicinity of the discontinuity. In 

this instant, it should be r~minded that the grouse'[" system displays the 
,) 

soil vertically as weIl as horizontally ,due ta the induced movement, so that 

the soil i8 accelerated twice, i.e. once due ta the forward action of the 

element and then due ta the accompanied sinkage (the inclination of the grOuser 

/contact surfaëe determines the amount of ~the additional horizontal velocity 

indueed on the soil). 

3. The ve~ticai veloGity contou~s reveal that the soil between 

the grousers and below the cutting surface accelerates downwards with the, 

velocity reducing to small values after some depth. It ia clearly shown 
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Figure 6.43 Horizontal and vertical velocityoflelds{cm/min) at D· 1.5 cm. 
Passive MGE, S • 12.5 cm, pressure • 3.75 KPa, constant 

pressure 
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Figure 6.45 Horizontal and vertical velocity fields (cm/min) at 0 - 1.5 cm. 
Passive HGE, S - 12.5 cm, pressure· 14.0 KPa, constant 

a pressure 
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that the affected depth increases as the pressure increases (since the sinkage 

of the element lS greater) from a comparison between Figs". 6.43 and 6.45. 

While in the case of low pressure _ the ze -~Nelocity contour intersects the 

leading grouser hal fway from its top le ding corner, as the pressure increases 

this zero vèlocity contour ia found lose to the top edge, revealing that 

a11 of the soil in contact vith the grouser moves downwards. A-,z same 

time, the upward a'~eration of the s~il in front of the leading grouser 

shows a marked inwJ as the value of pressure changes from 3.75 

to 14.0 kPa (Figures 6.43 and 6.45). 

4. As a general conclusion, it seems that the soil below the 

grousers i8 pushed under the leading grouser and th en it changes dir~ction 

toward the free surface. Such a movement iB hardly detected for the case 

of the constant elevation boundary condition, since the soil velocities below 

the discontinuity are close to zero values in both directions. 

6.3.2. Stress analysis 

Horizontal, vertical and shear soil stt;esses are plotf!ed as contour 

lines, representing tbe analytical values obtained from the finite e1ement 

modelling of the DlUltiple grouser el~ment behaviour under a constant pressure 
Zl 

boundary condition. Figures 6.46 to 6.51 concentrate on tbe Passive case, 

illustrating the stress situations under the action of two pressures, name1y 

3.75 and 14.0 kpa(minimum and maximum values tested), for horizontal dis-

placements of 1.5 and 3.0 cm. 

The stress contours show significant differences,. if compar!!d 

to the s,tudY of the constant elevation condition. The main analytical 

n 
, 1 

, 
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( , find-i-ngs are discussed, herein: 

1. The' rigid' behaviour of the soil material in the in-between 

the grousers, area is clearly demonstrated in a11 cases, 'showing slightly 

higher rigidity in the y - direction. As the whole grouser-soil interface 

und~rgoes horizontal displacement in this' region, the soil in the central 

point shows lowe,r horizontal s'tresJ distributions thl:ln the contact surfaces 

(Figs. 6:46,6.47). However» these stresses tend to equilibrate as the 

pressure increases (Figs. 6.49 and 6.50), with the exception of the zones 

, , ' 

located close to the grousers' toes where stress concentrations existe A 

similar behaviour is observed for the vertical stresses, although in a less 

pronourtced lève 1 . The shear stress contours indicate some conce'ntration 

close to the cutting surface. being almost zero in the remaining part. 

The values genera11y increase with horizontal displacement and vertical 

pressure, being mostly positive. A 'small discrepancy appears for high 

pressure values f as the y become negative (clockwise) near the face of the 

second grouser. , 

2. In the zone located in front of the leading grouser, the 

horizontal and vertical stresses ate negative as in the constant elevation 

case. The ba,1i\! ic difference is the shape of the contours. Fig~res 6.46, 

6.47, 6.49 and 6.50 clearly indicate higher stresses in the region of the 
~ Q 

grouser toe, with a tendency to form concentrations as the element dis-

placement increases. This behaviour is simi1ar for the whole range of 

applied pressures, the only difference being thé intensity of' the stress 

contour values (obvious1y higher values correspond to the case of 14.0 kPa , 

applied uniform pressure). The explanation is simple, if we recall the, 

applied boundary conditions which dictate the' movement of the grouser 

( 
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ngure 6.46 Horizontal ,and vertical stress fields (N/cm2) at 0 - 1.5 cm. 
Passive MGE, S - 12.5 cm, pressure - 3.75 KPa, constant 

pr-essure 
'. 
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Figure 6.47 Horizontal and vertical stress fields (N/cm
2

) at 0 • 3.0 cm. 
Passive MGE, S - 12.5 cm, pressure • 3.75 kPa, constant 

pressure 
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Figure 6.48 Shear stress fields (N/cm
2
). Passive MGE, S - 12.5 cm, pressure" 
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\.l 
element; i.e. in the ptesen.t situation horizontal and vertical displacement 

of the element i8 allowed under imposed horizont,a1 displacement and vert ical 

pressure boundaries, whereas only horizontal disp1acement was involved in 

modelling constant e1evation movement. 

The corresponding she~r stresses are positive (anticlockwise) 

immediately next to the grouser face changing to negative (clockwise) at an 

avérage distance of 10.0 to 13.0 cm, as the grouser disp1acement approaches 

the 3.0 cm value, indicating the formation of a dead zone. The contours are 

shown to attain maximum values on the upper half face of the grouser (Figs. 

6.48 and 6.51), with the concentration spreading more for the 'higher pressure 

situation, since the vertical disp1acement of the element is the greatest. 

3. Below the cutting surface, the horizontal stress values 

increase from left to right, white a tension zone is formed below the toe of 

the second'grouser (Figs. 6.46, 6.47). Tensile horizontal stresses are 

non-existent when the applied pressure is high (Figs. 6.49,6.50) as the 

element siaks considerable during movement. 

~ 
Simu1taneously, the stresses 

below the· toe of the leading gl'ouser are of comparable values to the se 

occurring above the cutting plane in the 1eading zone, suggesting considér-

able stresslng of the soil mass. 

These findings, along with the fact that the vertical stresses 

are observed to decrease very slowly in the region confined between the 

grousers t lead to this conclucion: in an extended region, ahead of the second 

grouser and below the first, the soil undergoes considerable deformation 

below the cutting surface. These results are considered reasonable, due 

to the combined elemenF action in both x and y- directions. The plots 
\ 
, \ 

J 
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Figure 6.49 Horizontal ahd vertical stress fjelds (N/cm2) at 0 - 1.5 cm. 
Passive MGE, 5 - 12.5 cm, pressure ~ 14.0 kPa, constant 

pressure 
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Figure .6.50 Horizontal and vertical stress fields (N/cm~) at D· 3.0 cm. 
Passive MGE, S - 12.5 cm, pressure. 14.0 kPa, constant 

pressure 
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Shear stress fields (N;cm
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of the shear stress support these conclusions aince concentrations appear 

in the'~bove mentioned zone (Fig. 6.51). For the greatest pressure tested, 

the soil shear stresses suddenly change from positive to negative below 

the toe of the leading grouser (Fig. 6. Sl)~.' A similar change is evident 

in' the vicinity of the toe of the second grouser, which becomes more Evident 0 

at greater horizontal displacements. 

A typical example of the propagation o~ failure zones with combined 

horizontal and 'vertical motion ia shown in Fig. 6.52 for a Passive Element 

under' the' inf1u~nce of a uniform applied pressure of 3.75 kPa. In these 

figures, the behaviour of the finite elements is illustrated for horizontal 

displacements of 1.5, 2.0, 2.5 and 3.0 cm. Cons~derable differences in the 

mode pf failure, may be ~oted. if compared to a similar mul tiple grouser 

" system und,er constant Elevation boundary condftion (Fig. 6.37). The follow-

ing points are of particular interest: 

L Failure of the finite Elements iB observed to occur earlier, 

under combined boundary conditions of vertical pressure,and horizontal 

displacement, especially in the zone between the grousers. Such failure 

initiates below the toe of the second grouser and at the ~op edge of the , 

leading grouser. 

, 
2. While the failure mode initiates in a similar manner in front 

of the leading grouser during the application of either set of boundary 

conditions, in the latter situation studied, the failure spreads downwards 

with increasing displacement, before it assumes a forward - upward course. 

3. The propagation of failure below the cutting surface ia very 

much pronounced in the constant pressure situation. Corisi~erable distance 
"" 

\ 



-.. 

'" 

\ 

Figure 6.52 Development of failure zone. ~assive HGE, S 
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has been co~ereéi by the grouser "element before some finite elements fail 

above the cutting plane in-between the two grousers. 

It is clearly indicated from Fig. 6.52 that the 'confin~d soil' 
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behaves as a rigid body under the influence of the vertical pressure. Little 

deformation occurs in this zone during motion, resulting in a d'irect transfer 

of stress to the region ,below the separation surface, thus induèing 'deep' 
" , 

failure due to exces§ive deformations.~ It should be Mted that the failure 

observed below and behind the second grouser is~ the resutt of the' imposéd 

boundary conditions which play a significant role in the performance of the 

proposed model. 

6.4 Comparison of Analytical and Experimental Results 

This section presents comparisons between the multiple grouser 

Element experimental results reported in Chapter' 5 and the fini te element , 
analysis ones discussed previously in the present chapt-er. The admissi-

bility of the finite element method, as a means of predicting the ,performance 

of a multiple grouser Element and the consequen't application of these resulçs 

to predict and evalu,ate track-soil systems, i~ permitted th1;'ough such compari-

sona. In addition, the constraints and requirements i11lplied by the proposed 
, 

analytical technique are examined, and the discrepancies between the physical 

and theoretical model are discussed. 
, 0 

,The correlations between the theoretical resu~tl,l and the -physical 

mea8u~ements which will serve in the evaluation of the proposed model may 

be summarized as follows: 

1. t'he horizontal reactions on the leading grouser as obt:ained 
" 

î , 

l-
i 

l,: 
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from the finite element anal~ses for diff~rent spacings and pressures are 

compared to experimental values measured for the single grouser case. 

, Such correlation wÜI permit the viability of the assumption of the leading 
( 

grouser acting as a 'single grouser. 

2. The calculated and experimental horizontal reactions for the 
, 

multiple grouser element are compared to provide an indication of the extent 

, of 'similarity between the stress fields. 

3. The contours of the nodal displacements obtained from the 

finite element model are,superimpoSed on the contours obtained from the 

experimentally recorded grid de format ion to demonstrat~ deformat~on pattern 

similarities and discrepancies, for the constant elevation case. 

4. The predicted values of the dyn\mic sinkage are compared to 

G ~ 

those ob~ined from the multiple element tests under the condition ~f con-
.( 

" .\ 

stant bo~rtdary pressure. to evaluate the pe~formance of the analytical solution 

in this case. 

5. Finally. the energy deformat~on values of the multiple grouser 

element system are examined for both analytical and experimental models 

ainee the deformation and stress fields are reflected on the scalar values 

of the energy fields. 

lt is re~ognized that such correlations between the stress-and 

veloeity fields must be compatible, as there is no apparent independence 

between the two fieldS in situations ~uch as the present problem which 

involves mixed,boundary conditions, specified in terms of both displace-

ment and stres~., To avoid a voluminous repetition of results similar in 

their main aspects, a typical sample will be presented and discussed 

. ) ~ _.~---- \----~" 

, 
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hereinafter. It should be noted here that ~ince constant elevation tests 

were oot iocluded in the e~perimental program of this thesis, the measured 

load-displacement curves, used throughout this section for this c~ndition, 

were obtained from the work previously carried 'by Elmamlouk (1980). 
,.. 

6.4.1. Comparison of measured and calculated horizontal forces 

The load-displacement curves obtained from the finite element 

models are compared to the experimental results-in Figs. 6.52 through 

6.57. The loads record~he ones acting in the horizontal direction 

only, as no provision was made for vertical force measurement during 

testing. Figures 6.53 to 6.55 concentrate on the behaviour of the leading 

grouser. As was mentioned previously, it was assumed that the leading 

grouse~ action resembles that of a single grou$er with the Same depth of 

embodiment. Comparisons between exper~ntal results trom single grouser 

tests and horizontal" force-displacement relationships from the finite -

element analysis are displayed in Figs. 6.53 and 6.54 and Table 6.2 for 

the constant elevation boundary condition. Two different spacings and 

two' types of grousers are involved. It is clearly indicated, that the 

finite element models predict very close the values for the horizontal 

force, independent of spacing, for both the Aggressive and Passive grouser~ 
<. ' 

This is reasonable, since the insertion of the cutt1ng surface in front 

of the leading grouser obliges 80il separation at a predetermined surface. 

In addition, the fact that the multiple grouser element behaviour. including 

the soil between the grousers, ~esembles rigid bo~y,motion (iittie deform

ation in the contained sail for the spaçings 'tested - 'see Sections 6.2 and 

6.3) supports the above findings. The agreement between the èxper~ntal 
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CONSTANT ELEVATION' BOUNDARY CONDITION 

Multiple Horizontal Horizontal Force, Newtons , 

grou8e~ Displacement. 

e1ement Measured, Predicted Predicted cm Single grouser S ," 12.5 cm S = 25.0 cm 

Aggressive 1.0 117.5 175.0 ' 170.0 
-

2.0 180.-0 233.0 230.0 

3.0 225.0 262.5 260.0 

4.0 247.5 275.0 .275.0 

5.0 257.5 ~O 287.0 

6.0 260.0 280.0 291.0 

Passive 1.0 ,84.0 92.0 - 102.0 
2.0 132.0 143.0 150.0 

3.0 162.0. 172.0 l80.0 

4.0 176.0 185.0 192.0 
- 5.0 183.0 195.0 , 193.0 

6.0 184.0 198.0 194.0 

TABLE 6.2 Comparison of Measured and Calcu1ated Forces on the Leading Grouser 

iri' .Urtb 'lm :;'~'~ ,,-"'~. ~, ..• 

, \\ 
'-I-~ 

"'-..J 

~ "--- --- ..... ~~. ~I 

~. 

Average 
Error, % 

+ 31.8 

+ 22;2 

+ 13.8 

+ 10.0 

+ B.85 -

+ 8.9 

+ 13.4 

+ 0.9 
, 

. + - 7.4 

+ 6.6 

+ 5.7 

+ 6.1 
0 

N .... 
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and the finite element results in the case of the horizontal forces 

for the leading grouser are rated generally satisfactory, with smaller magni-

tude errora found for the Passive grouser. The avérage error is 16% for 

the Aggressive case and 8.2% for the Passive case, with the analytical 

results lying always above the experimental curve. The better correlation 

of results for the Passive grouser may be attributed to its reduced height 

which minimizes the effects of the soil deformation behind and below the 

grousers during testing, that have not been considered in the finite element 

idealization. 

Figure 6.55 and Table 6.3 summarize the experimental and analytical 
\ 

differences involved for the constant pressure boundary condition. The 

average error i8 of the order of 5.0% for the 3.75 kPa pressure and Il.8% 

'~ 

for the 14.0 kPa pressure, both involving Standard multiple grouser action. 

lt should be recognized that the experimental values for the force-

displacement relationship are not dire"ct results in this case', but rather 

deduced, as discussed in Chapter 5, due to the constantly changing grouser 

penetration height. Since under low values of uniform pressure, the 

grouser, element dynamic sinkage lS minimum, better corrélation of results 

are obtained. 

. The second grouser of the MeE may_thus be considered as a typical 

grouser in a track grouser chain. Subtracting the effects of the leading 

grouser from the multiple grouser element behaviour, load-displacement 

relationships for the second grouser may be obtained from the experimental 

results ànd compared to the values calculated from the finite element , ' 

ana1ysi8 based on the propo8ed model. Figures 6.56 ~hrough 6.58, 

, 1 
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Uniform 

Boundarj 

Pressure, P 
kPa 

-
P .. 3.75 

, 

-

P = 14.0 

(\ 

,1 

~~~'m1:~lnrwè~~~,,~"":":t .... ' ~ 

, . 
CONSTANT PRESSURE BOUNDARY CONDITION 

; STANDARD MULTIPLE GROUSER ELEMENT 
, 

Horizontal Horizontal For~e, Newtons. S = 25.0 cm, 

Displacement, 
Measured Predicted Predicted Difference, , _ cm 

Single grouser P • 3.75 P = 14.0 % 

1.0 112.0 120.0 + 6.7 
, 

, 
2.0 154.0 163.0 + 5.5 

3:0 - - 172.0 181.0 + 4.9 

4.0 184.0 192.0 + 4.2 
-5.0 190.0 199.0 + 4.5 

-" 6.0 195-.0 204.0 + 4.4 

1.0 125.0 140.0 + 10.7 
, , 

2.0 168.0 190.0 + 11.6 

3.0 187.0 216.0 - + 13.4 

4.0 198.0 " , 227.0 + 12.8 

5.0 205.0 232.0 + 11.6 

- 6.0 ''Z09.Q- r 235.0 + 11.0 
- ----- ~ - ,-- " -- ---

TA~LE 6.3 Comparison of Measured and Calcu1ated Forces on the Leading Grouser 
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" illustrate the two sets of values, which are also reported in Tabl~s 6,4 

and 6.5 for the sake of comparison. Th~ effects of assumed boundary 

condition, typ~ of grouser, spacing and boundary pressure are included in 

the above comparisons. Thé agreement' between the experimental and fini te 

element results, considering the numerous assumptions made, i8 generally 
] , 

very satisfactory. The maximum and minimum individual errora (at a 

specifie value of displacement) are 22.2% and 0.9% respectively, while for 

a specifie situation the average values are 13.3% and 2.7% respectively. The 

overall error ia 6.4% and ~pplies ônly to the cases discussed in this 

section. These statistical results are typical of the averall behaviour 

of the finite element ~delling technique. 

6.4.2. Comparison of analytical and expermental deformation fields 

As it~was pointed out earlier, correlations 

added to the previous1y discussed stress distribution 

of the soU def~\ation ' 

correlations will ~ 

provide a framework of judgment for the applicability of the proposed tech-

nique. ln this section the soil de format ion mode is presented in two 

stages: 

1. C~mp,arison of measured aJci calcu1ated dynainic sinkages for 

the constant pressure boundary condition; 

2. Comparison 'of measured and calculated displacement fields 

for both boundary'conditions. ' 

Figure 6.59 and Table 6.6 present typical co~arisons concerning 

the dynamic slnkage of a Passive multiple grouser e1ement under the 

maximum and mini~ pressure values considered, i.e. 14.0 and 3.75 k~a 

, , 

, 
j 
j. 
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Multiple 

Grouser 

Element 

,Aggressive 

Passive 

ÎSi!I11Ui : •• WI' UfÇ.Û;'"lp!~>:;"~.s..-·~P~ .. :. 

CONSTANT ELEVATION BOUNDARY CONDITION 

Horizontal 

Displacement, 

cm 

'1.0 

-2.0 

3.0 

4.0 
5.0 

6.0 

1.0 

2.0 

3_.0 

4.0 

5.0 
6.0 

Measured 

72.0 

101.0 

115.0 

124.0 

129.0 

132.0 

44.0 

68.0 

81.0 

86.0 

90.0 
92.0 

'" 

Horizontal Force, Newtons 

S - 12.5 cm 

Pre-dicted 

82.0 

116.0 

134.0 

145.0 

149.0 

151.0 

50.0 

74.0 

87.0 

92.00 

93.0 
93.5 

-li 
Error, % 

+ 12.2 

+ 12.9 
+ 14.2 

+ 14.5 

+ 13.4 

+ 12.6 

+ 12.0 

+ 8.1 

+ 6.9 

+ 6.5 

+ 3.2 
+ 1.6 

S co 25.0 cm 

Measured 

117.0 

166.0 

200.0 

224.0 

240.0 

248.0 

108.0 

146.0 

168.0 

185.0 

196.0 

202.0 

Predicted 

132.0 

181.0 

206.0 

222.0 

234.0 

240.0 

122.0 

159.0 

180.0 

196.0 

205.0 
213.00 

TABLE 6'.4 Comparison of Measured and Calculated Forces on the Second Grouser 

,....... 

Error. % 

+11.4 

-+ 8.3 

+ 2.9 

- 0.9 

- 3.5 

- 3.2 

+11.4 

+ 8.2 

+ 6.7 

+ 5.6 

+ 4.4 
+ 5.2 
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CONSTANT PRESSURE BOUNDARY CONDITION 

PASSIVE MULTIPLE GROUSER ELEMENT ~ 

Unifo1:Jll Horizontal Horizontal Force, Newtons. S = 12.5 cm 
" 

Boundary Displacemenf, 
Measured Predicted Predicted Difference 

PressUre, P cm 
P = 3.75 ' P = 14.0 % 

,~ 

kPa , 

P .. 3.7$ 1.0 28.0 36.0 + 22~.2 --
~ 

2.0 53,.0 58.0 , + 8.6 . 
3.0 70.0 74.0 

, 
"\ 5.4 + 

/ 

, 4.0 83.0 82.0 - L2 

5.0 90.0 89.0 - LI 
6.0 V 94.0 91.0 . - 3.2 - , 

P - 14.0 1.0 55.0 >. 60.0 + 'S.3 

2.0 79.0 ~ 84.0 + 5:95 
a 

3.0 94.0 ' 97.0 + 3.1 

4.0 102.0 106.0 + 3.8 

5.0 - 101.0 109.0 + 1.8 , 
,6.0 110.0 111.0 + ,0.9 

-
- , 

TABLE 6.5 Comparison of Heasured and Calculated For~ on the Second Grouser 
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CONSTANT PRESSURE BOUNDARY CONDITION "-

PASSIVE MULTIPLE GaOUSER ELEMENT 

Uniform Horizontal Dynamic, Sinkage. DUn. S - 12.5 cm 

Boundary Displacement, . 
Pressure, P , cm M~àsured Predicted Predicted Difference. 

kPa , 

P - 3.75 P = 14.0 % 

. 
P - 3.75 1.0 0.72 0.,78 - + 5.1 

i ," 

2.0 1.20 1.24 ... 3.2 

3.0' 1.40 1.45 + 3.4 

4.0 1.46 1.52 , + )'.9 

5.0 1.46 1.54 + 5.2 

6;0 1.46 1.54 + 5.2 
r 

, 

< 

P • 14.0 1.0 1.00 l.1O + 9.1 

2.0 1.58 
.:; 

, 1.70 + 7.1 

3.0 1.96' 2.10 + 6.7 

4.0 2.24 2.36 + '5.1 . 
5.0 2.44 2.48 + 1.6 1 

~ 6.0 2.60 2.53 - 2.7 
'"' 

TABLE 6.6 Comparison of Measured and Calculated Dynamic Sinkage 
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respectively. The agreement of anâlytical and experimental res~lts is rated 

satisfactory with a typical average error of the order of 5.0% and maximum 

error never exceeding 10%. ,Such correlations validate the comparison of 

the load-displacement relationships between the leading grouser of a 

multiple element and the action of a single grouser for the constant pressure 

boundary situation, Binee the indirect experimental load-displacement 

curves for the single grouser are obtained based on the measured sinkages of 

multiple grouser elements during testing. 

Typical deformation fields are shown in Figs. 6.60 and 6.61 plotted / 

at l. 5 cm grousers displacement. The experimental de'formation fields 

were ca1culated on the buis of the change of particle position in the co-

ordinate directions. with the aid of an x-y pIotter and a process control 

, computer. The particle displaceÎnents, were obtained from photographie , 

records of a deforming grid. inscribed on the soil, at 12-second intervals 

of motion. The displacement fields illustrate correlations 'in the horizon-

tal direction for a passive element accounting for the effect of increasing 

the pressure on the horizontal and vertical displacement fields for 

constant pressure and an associated spacing of 1~.5 cm. 

The corre8pondence between the analytical and the experimental 

fields for bath the horizontal and vertical diaplacements ia generally 

satis factory. 

Comparing the nodal displacements, the finite element model shows 

more rigidity in the x - direction than the physical mode!, white the 

opposit~ is gl!nera11y true in the y-direction. Bath the ~xperimental and 

-
analyticaL plots reveal discontinuous horizontal displacement fields in 

( ) 
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p = 3.75 kPa, constant pressure r 
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p = 3.75 kPa, constant pressure • 
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the region between the grousers and in the vicinity of the leading grouser. 

At a distance from the l~ading grouser. the experimental field shows, con-

tinuity while the finite element solut:i.,~·\t."'!iiscontinuous a11 the way ~o 
t .. : #$ , 
'\) l. ~.~ '''''t ,1 

th~ right boundary. as a result of the inlit\rj,Jti cutting elements. Suçh 

behaviour reveals that while the discontinuity prQpagates with t?e grousers 

movement ~n front of the element. it builds up quickly' in between the 
{ 

grousers as the 'confined' soil shows a high degree of rigidity increasing 

with decreasing spacing. 

Examination of the vertical displacement fie~ds indicates that the 

Boil below and oehind the leading grouser moves downwards while it accelerates 

upwards in front. The 'zero value contour is located half the distance from 

the top of the soil to the leadin~ grouser toe at the grouser-soil interface. 

However. past the cutting interface, ~ location'of the experimental zero 

'" ' value contour deviates from the analytical~ being tocated further 

forwards. 

6.4.3. Deformation energy predictio; 
~ 

The prediction of the deformation energy is discussed" in greater 

extent in Chapter 7,. Hence, only an outline will be shown here, to serve 

the purpose~ of comparison. 

The d~fo~tion energy for the multiple grouser element-soil system 

is obtained here by two methods: 

1. Expe~imental; by integration of the areas under the experi-

mentally measured t'orce-displac'ement curves; 

2. Theoretical; by calculating the deformation energy of the 

finite element idealizations proposed during,a time interval, as (Desai and 

.1 
j. 
1 
1 

J 
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Abel. 1972 ) 

D - f (6.3) 

where: 

, , 
element stress matrix; .a, 

• 
d : E: ~ 

t -element incremental strain matri~; 

increment 
Î. 

t :or duratlon; 

V -element volume. 

The results ~btained from their applications are shown in Figs. 6.62 

and 6.63 for' an A~gressive an~../Passive multiple grouser system,. respectively. 

In Figure 6.62, twb spacings of 12.5 and 25.0 cm under constant elevation 

ar'e CO~B idered; wh île two spacings and two pres sure combinat ions. as suming 

maximum and minimum values for both variables. are shown in Fig. 6.63 for 

constant boundary pressure. ' The energy values for aIl the ab ove combinations 

are reported in Tables 6.7 and 6.8 at 1.0 cm intervals of horizontal dis-

placement up to'6.0 cm. These results show that the finite ele~nt results 

overestimate the experimental in a11, cases with a maximum error of 16.7% and 

an overall average value of 7%, thus demonstrating that the developed analytical 

model provides a reasonable pre-diction of the el1ergy dissipated in the soil. 
--./ 
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Comparison of measured and predlcted deformation energies. 
Aggressive l'IGE, constant elevat(on 
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- CONSTANT ELEVATION BOuNDARY CONDIlION , 

~ AGGRESSIVE MULTIPLE GROUSER ELEMENT 

Spacing, Horizontal· 
cm Displacement, Deformation Energy, N cm/cm width 

cm -Measured Predicted Predicted 

S :1 12.5 S = 25.0 

12.5 LO 20.0 24.0 
2.0 53.0 61.0 

3.0 98.'0 109.0 

4.0 145.0 156.0 

5.0 195.0 205.0· 

6.0 244.0 257.0 "--
, f ~ e 

25.0 1.0' 30.0 
~ 

, Y.·33.0-
2.0 - -73.0 80.0 -

7'- . 

3.0 128.0 
-

139.0' 
" 

4.0 187.0 - . -198.0 
5.0 245.0 258.0 . , 

6.0' 308.0 ' . 320.0 -

/~ 
.TABLE 6.7 Comparison of Measured and Ca1culated Defor~tion Energy' 

--

~ '9nr Wh;$'iltr'2'''ttzY~~'';', ,~'\,~ - ,r ';.-
• _n , _, .. ~_ ..... _ ! ____ ~_ ~ AI • 

.._~ _ --..01" ............. ~I- .. ~_ ....... ~ .. -~ 

~ 

~ 

• 

Difference 
, % , . 

'+ 16.7 

'+ 13.1 

+ 10.1 

+ 7.0.5 

+ 4.9 

, + 5.05 
, 

,+ 9.1 
- + 8.7 

+ 7.9 

+ 5.55 

+ 5.0 

+ 3.7 

1 

-

N 
N 
\0 
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Figure 6.63 Comparison of meas,ured and predicted deformation energies. 
, Passive MGE, constant pressure 
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,CONSTANT PRESSURE BOUNDARY CONDITION 

PASSIVE MULTIPLE GROUSER ELEMENT 
< 

, 

Uniform Horizontal Deformation Energy, N. cm/cm width -
Boundàry 

Displacement,S -
Pressure', P Measured, - Predicted predicted' Difference 

kPa cm S .. 12.5 S = 25.0 % 

S = 12.5 -
~ 

P = 3.75 1.0 17.0 18.5 + 8.1 

2.0 40.0 43.0 + 6.9 
3.0 - 71.0 _75.0 - '+ 5.3 , , 

" 

4.0 107.0 110.0 + 2.7 

5.0 ' 142.0 149.0 + 4.7 
6~0 181.0 188."0 + 3.7 

S "" 25.0 

P '" 14.0 1.0 28.0 -
33.0 + 15.1 - -

2.0 72.0 . 78.0 + 7,,7 - -- 3.0 123.0 128.0 + 3.9 
: 
1 4.0 180.0 187.0 - + 3.7 l 
1 -! 5.0 235.0 247.0 + 4.9 ! -
( 6.0 295,0 - 315.0 + 6.3 1 . 

-

TABLE 6.8 Measured' and Calcu~ated Deformation Energy , 

P i'tCh5A'" ff"" 37 "M ~ - ~ f ._ * :"§'dIü$~,,,,,,,,,,--- ,1 '-";' ----,-- ' --";"-'--, ~-----'------
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CHAPTER SEVEN 

PREDICTION OF TRACK PERFORMANCE BASED ON ENERGY 

CONSIDERATIONS 

1.1 Introduction 

The evaluation of'the performan~e of off road vehicles ia 

based on the maximum tractive effort developed it of fuel expendi-

ture. The'recent concern of energy resources availa ility has necessi-

tated the establishment of the kinds of mechanics invplved in, energy 

transfer and expenditure in a typical vehicle-terrain'interaction situation. 

In ~he present àtudy, the Finite'Element Method was used for 

the determination of the ener~, losses; su ch losses result frdin the 

deformation' and distortion of the sail .substrate which is due to the 

thrust'de~eloped by a mo~ing grouser element. 

A subsequellt adaptation of the energy conservation prin'ciple 

made possible the prediction of the uaeful drawbarpull energy, as th~ 

difference between the applied input energy_and the total energy losses, 

calculated irom the Finite Element Analysis of representative multiple 

grouser element models. ,Results reported
o 

bY,jIYong et al (1969,1980) 

indicated that the same principle has been successful1y applied to wheel 

and track-soi1 systems. 

7.2 Energy Considerations 

Experimental ~bservations of multiple grouser elements, moving 

in soft soi1 under both constant e1evation (Yang et al, 1979, 1980) and 
/ 

constant boundary pressure conditions" (present study), have 1ed to the 

-232-

~\ 

, , 
\ 

\ 
1 
1 
! 



( , 

233 

divi~ion of the deformed soil mass, beneath ,~he track, into three distinct 

zones; hence the dissipated energy can be divided into three compo~ents 

aceordiugly (Fig. 7 .1) • Their . correspon'di;,g ,'dèscriP tians are summari zej 

in Table 7.1. , 

The energy balance equation for the track/grouser soil system 

can be written as: 

(Input) torque energy - pull energy + dissipat~d energy 

where 

dissipated energy - distorsion energy, D + compact ion 

energy, C + shear slip energy 1 S 

Equations (7.1) and (7.2) ean be written as: 

M-c.I. p·v + DE + CE + SE e ' 

where M - input torque applied at the sprocket; 

L 
w - angu1ar ve1ocit:y of the sprocket; 

~ 

P - usefu1 drawbar pull; 

v - carr1age (vehic1e) vel.odty; 
c 

DE - dis tortion energy tate; 

CE - compac tion energy ra te ; 

SE - éhear slip energy rate. 

(7.1) 

(7.2) 

(7.3) 

For" reasons or compar~son, 'equation (7.3) may be normalized 

by dividing both sides ~ Vc as: 

E • P + D' + C' + S' 1 

where 

Ei • specifie input energy • 

r • sprocket wheel radius; 

M 
r(l-i) - T . 

(1 - i)' 

(7.4) 
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• DESCRIPTION ZONE POSITION 
-

(A) Between the grousers 
0 

Crouser motion forces soil displacements 

above the cutt'ing tip 
----... --.1 

re8~ting in soil distorsion with very 

levei little volume change r 

, , 

(B) Below the grouser tip' Zone of small displacements or distortion 

levei 
.. 

with no shear failure evidence. It 8ustains 
( 

1 - , sinkage resuiting from horizontal movement 
- and/or vertical Ioading ~ 

(C) oLocated in a very thin The slippage or cutting mechanisms produce 

,. 

layer at the grouser a noticeable discontinuity in the displace-
" tip level ment and ve10c~ty patterns between Zones , 

-- (A) and (B). 
--- ---

l 
TABLE 7.1 Characteristics 'of the Three Distinc~ive Zones into Which the ~eformed Soil Mass 

Beneath the Track ia Divided 
~ ... 

N 
W 
\JI 
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i - slip degr,ee; 

T • total horizontal mobilized traction; 

D' - specifie dist~rstion energy - DE/V ; 
c 

C' - specifie compac tion energy - CE/V ; 
• c 

S' - specific shear slip energy - SE/V • c 

The specifie components of the energy dissipated in the soil 

between two successive grousers can be evaluated from the finite element 

solution by the foll~ng equation: 

where 

{cr} '" e1ement stress matr~; 

die! • element incremental strain matrix; 
• J 

v - element volume; 

b • track width; 

v • carriage (vehicle) ve1ocity. c 

(7.5) 

Such an evaluation 6f th~ diss1pated energy components 'allaws 

the prediction of the drawbar pull, for a specified input energy, frOlll 

the energy equations (eq. 1.3 or 7 .A) • 

7.2.1 Experimental and analyt1cal prediction of the total energy rate 

for the 1IIUl.tiple grouser eleiDent {"'''-
AB dUcU8sed prev1oU8~Y. the Finite Element Method can provide 

the computation of the various components of the diasipated eoergy by 

integrating the strain rate field over the volume of each finite element. 

o 
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Hence~ distorsion energy, compaction energy and shear slip energy are 

calculated for the finite elements in zones A, Band C (see Fig. '7.1), 

respectively; their cumulative sum over a number of horizontal displace-

ment inerements represents predicted values of the total energy dissipated 

in the deformed sail mass. Measured values of the total dissipated energy 

Ji 
ate obtained by integrating the area under' the experimental foree-displace-

ment curves. A flow chart, illustrating these concepts is shawn in Fig. 

7.2. Comparison between exper1mental and predieted results shows very 

good agreement, thus validating the suggested method of approach to the 

grouser-so,il interaction problem. 

Figures 7.3 to 7.7 are displays, of the measured and predicted, 
.' 

dissipated energy rates versus multiple grouser element displacement. . . 
While Fig. 7.3 applies ta 'constant elevation boundary conditions, Figs. 

7.4 to 7.7 show the total dissipated energy rates (experimental) as weIl 

as the dissipated energy rate components (FEA) for the four cases of 

applied constant boundary pressure. Due ta the vast number of situations 

tested, results are presented only for the case of the passive grouser 

element under the spaeing of 12.5 cm. This spaeing has been chosen sinee 

it coincides with the spacing of the grousers mounted on the model section 

'track. The selection of the passive grouser was based on the belief taat 

it will constitute the grouser of the future due to its high performance '. 
(Elmamlouk, 1977) as contrasted to minimum sail disturbance; bot~ are 

resul't,\ of the grouser's geometric features. Based on the same reasoning, 

all predictions conceming the performance of the mode1 track will assUme 

passive grousers,spaced 12.5 cm apart. 

( 
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DISSIPATED ENERGY CALCULATED 
FOR EACH ELEMENT BV INTEGRA 
TING THE STRAIN RATE FIELD 
OVER THE ELEMENT VOLUME. 
SUM OVER ALL INCREMENTS 

Ex~ffIMENTAL FORCE 
DjSPlACEMENT CURVE 
FOR THE MGE 

INTEGRATION OF THE 
AREA UNDER THE F - S 
CURVE 

SUM OF DISSIPATED ENERGY SUM OF DISSIPATED ENERGY SUM OF DISSIPATEO ENERGY 
RATE FOR ELEMENTS IN 
REGION 'A' 

" , 
DISTORTION ENERGY RATE + 

RATE FOR ELEMENTS IN 
REGION 'B' -

. , 
COMPACTION ENERGY RATE, 

PREDICTEO Ol5SIPATED 
ENERGY RATE 

+ 

RATE FOR ELEMENTS IN 
REGION 'c' . l 
SHEAR SlI t:a ENERGY RATE 

EXPERIMENTALLY MEASURED 
DI5SIPATED ENERGY RATE 

COMPARISON OF PREDICTED 
TO EXPERIMENTAL VALUES 

Fig. 7.2 Methods of measurement and prediction of the dissipated energy rate 
for a MGE 
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Shear Slip 
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/ .....-- -- --- -- -- -Distorsion 
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HORIZONTAL DISPlACEMENT, cm ,f 
1 

'Fig. 7.3 Dissipated energy rate vs. horizontal displacement. 
Passive MGE;, Spacing - 12~5 CUl; constant elevation. 
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HORIZONTAL OISPLACÈMENT, cm 

Fig. 7.4 Dissipated energy rate vs. horizontal displacement. 
Passive MGE; spacing· 12.5 cm; pressure • 3.75 kPa; 
constant pressure 
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3' 4 5 6 

HORIZONTAL DISPLACEMENT, cm 

Fig. 7.5 D1ss1pated energy rate vs. horizonta1·d1splacement. 
Passive MGE; spa'c1ng. 12.5 cm;' pressure. 7.0 1cPa'; 
constant pressure 
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Fig. 7.6 Dissipated energy rate vs. horizontal' displacement. '. 
Passive MGE; spacing· 12.5 cm; pressure • 10.5 kPa; 
constant pressure 
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HORIZONTAL DISPLACEMENT, cm 

',Fig. 7.7 Dis'sipated energy rate vs. horizontal diEJp1acement. 
Passive MGE; spacing· 12.5 ~; pressure - 14.0 kPa; 
constant pressure 
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7.3 Track Performance Prediction Based on the Finite 'Element Analysis 

of the Multiple GroUàer Elements 

At this stage, a simplified procedure can be employed to 

predict the averal! track performance characteristics, such as traction 

effort (input energy), useful drawbar pull (output energy) and energy 

lasses, from available information pro~ded by the analytical model 

adopted for the grauser element-sail system. The ~uccess of a totally 

/ analytical approach could eliminate the need for extensive testing which 

may be regardèd,as t~e consuming and, if not praperly done, unreliable. 

However, as the present analytica~ model requi~es the eXperimental stres8-

strain curve of the soil as input, ~arefully conducted strength tests, 

representative of the physical situaçion in hand, will be necessary. 

A further' effort af mod~lling 'the constit~tive relationships for a materia~,' 

or a group of materials, would render the approach cOmpletely independent 

of any testing whatsoever, but this 1s beyond the purpo\e of this study.' 

o 

7~3.1 Methads of prediction 

Any reasonable prediction procedurè mue.t sstisfy both the 

force and moment equilibrium relationships. If, st the extreme, the 
l 

aS$uméd pressure distribution is the true one"tben a simple application 

of the energy conservation equation - total los,ses deducted from the 

input energy - will yield the useful drawbar pull en~rgy. 

,~ 

A free body diagram of ,the track section, as shawn in Fig1 

7.8, shows that if~ll variables are assumed constant, a variation~of 
7 

the drawbar pull eccentricity,'e', will affect the momept equilibrium y 
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relation for the track. For stability, the point of application of the 

total normal contact pressure will change position (i.e. 'e'will change) 

and hence the sinkage and pressure distribution beneath the track,' 

according to the relation: 

W(e - e ) + M - poe x y 

where 

W - the trac~ weight acting vertically at distance'e 'fram the 
x 

center line of the track loaded area (positive toward the 

reat), 

T a mobilized traction forcè at the level of contact area 

between the track and tQe supporting soil, , , 

R - motion res1stance; assumed to act at the same contact level, 

P • useful drawbar pull" assumed to act horizontally at height 

'e 'above the contact lev~l, 
y -

Q - total normal con~act pressure beneath the track, 

M • applied torque- to the sprocket, equal ,to the traction 

force mul~iplied by the radius'r'of the s~rocket, 
1 

-e • ecc~ntricity of the total normal pressure from,the center 

line of the tr~ck'loaded area. 

(7.6) 

Such behaviour has b~en~eviousl~ demonstrated experimentally 

(Section 5.3). Figures 5.32 and 5.33 show the dependance of the traction and 

drawbar pull forces on the drawbar,pull eccentricity value (and slip rate). 

Aécordingly, the rear sinkage of the track ,varies as in Fig 0 5.34 ,(since 
l ' 

tbe inclination of the track changes in order to satisfy equilibrium) 

resulting in a redistribution of the contact pressure beneath the track. 
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As was stated in the beginning of the section, if the pressure 

distribution is knoWtÎ at a certain instant (or 'assumed), the application 

of the energy conservation principle alone will render a satisfactory 
l' 

method of prediction. Hence, two sfmplified methods of prediction are 

possible at, this stage, if a uniform gr~user sinkage, equa1 to the grouser 

height, ls as~umed oyer the track 1ength: 

1. Based on the constant elevation model energy relationships, and 

2. Based on the constant pressure model energy relationships 

for the multiple grouser e1ement. 

Neither of thes~ two methods takes into consideration the 

drawbar pull eccentriei ty, 'e' ; 
y 

hence, it is assumed that the contact 

pressure distribution remains constant for aIl values of 'e ' and slip, 1. 
y 

From these assumptions, the mobilized" traction force, develope'd 

by each grouser according to its disp1acement in. the clay soil, ca~ be 

obtained utilizing the energy-displaeement relationspips presented in 

Section 7.2.1, as follaws: 

If, horiz~ntal diàplacement of the nth grouser, J • i·x 
J n n 

where, 

i • degree of slip, 

x • the distance from the track contact point at the front to 
n 

, th 
the position of the n grouser,' 

then: 

Specifie Input Energy • 
(N.cmicm width/cm trave!) 

T (J ) / (l-i) 
n n 

wher~, 

T • tot41 horizontal mobilized traction developed by the n th , 
n 

grouser due to its horizontal displacement,'J', into the 
n 

(7.7) 
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soil beneath the track, and 
v 

:t. .. l - ~ 
v 

v • carriage velocity c 

,v - theoretical track velocity. 

Theitot~~rénergy los ses (distorsion, compaction and shear 
- 1 

-"' 
slip) beneath the t~ack may be computed from the finite element analysi~ 

results to 7.7), by summing together the participation of each 

grouser 

(Fig. ,7/3 
accord~g to its horizontal displacement. Applying the equation 

of energy conaervation (eq. 7.4), the total los ses can be deducted from 

the input energy to yield tbe useful drawbar pull energy. Since the o , 

moment equilibrium of the track is not considered, the simplified prediction 

meth~ds are only as good as the assumption of the sinkage (and hence, 

/ pressure, dis tribution) • 

'" 

---

A rigorous method of prediction, accounting for both force 
, 

a~d moment equilibrium may be achieved, if an 1teration scheme 1s employed, 
\ , 
\ 

wheie a trial and error technique ia utilized to satisfy both equilibrium 

conditions within a des1red range o! accuracy. 

q 
Rigorous Analys1s 

Referring to-the moment equilibrium equat10n (eq. 1.6) and 

Fig. i.8, the three possible cases of pressure distribution wh~h can 

result from the applied forces and moments depending on the value of 'e' 

are summari~ in Fig~ 7~9 and Table 7:2. 

The solution begins by an 1nitial assumption of the pressure 

distribution. A value of' e' .. 0.0 ,and hence, an even pressure distribution 

1s taken as tbe s tsrdng point. A value for the drawbar pull enérgy may 

thus be obtained from' the energy can8e~ation equation (as previously 

discussed) based on the energy relatianships obtained from the constant 

----
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Form of Pressure 
Distri but ion 

Trapezo i da! 

Triangul ar 

TriangulaI" 

where 

'L - length of track; 

Normal Pressure 
Eccentr i ci ty 

L e<r 

L e-r 

e > L 
~ b 

Le • effective 1 ength of bearing area; 

W - weight of t:he track; 

b ". w.dt:h of the track. 

.. 
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Fron t and Rear 
Pr:essure Val ues 

(t 6e 
qf ". qm - -) L 

Qr ,. 9m 
(1 + 6e) 

l 

Le ". l , 

Qf - 0 

qr -2Q' m 

Le ". L 

qf < 0 

q(at' A) .. 0 

qr .. 2qm (L~) 
L"'" Le .. 3(- ~'e) 
2 

TABLE 7.2 Possible Pressure Dlst:ributions Beneath the Traclç. 

1 
'v 

l' 
1 
1 

, 
1 

1 , -. , 

, 1 
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pressure bounqary condition finite e1ement modelling. Fo1lowing an 

-equilibrium analysis ia performed yielding a new 'el value. If the 

difference ,between the .initial and ealculated 'e' value 18 net acceptable, 

the new ,pressure distribution ia taken as a a tarting. point,; input and 

output energy val~es are recalculated, according to the pressure acting 

on eaçh grouser. 

Thts prediction ,technique ia easy to set up in)a simpl~ . ' 
compu ter pro gram, a' flowchart of which 1.s shawn in F~g. 7.10. 

However, the exactness of the rj,gorous prediction analysis 

is s.ubjeeted to a number of assumptions, for simplification purposes, 

as fol1owa: 

1) The pressure distribution beheath 'the track and along its 

... 
length i8 1!near; 

0-< 2) The siokage distribution varies linearly for the asaumption 
, 

of a rigid track; 
r' 

3) The grousers are fully embedded at all t1mes along the 

ef~ective length of the track bearing area (the effective 

length varies accordingly to the shape of the pressure 
o 

distribution; Fig. 7.9, Table 7.2); 

4) The l1near sinkage distribution of a rigid track, under 
, 

, a specifie, pressure distribution and for a given degree of 

.. 

al.ip, may be approximated by the average linearized sinkages 

of 'a series of œJltiple grouser elements. under a similar' 

pressure distribution and correaponding displ.ac;ements, in 

accorc:lauce to the degree of slip ... umed. for the: track. 

l ' 
J 
1 
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PRESSURE - TRACTION 
RELATIONSHIPS AS 

FUNCTJON OF DISPLA- -

CEMENT 

t 

ENERGY LOSSES 
,BASED ON TYPE OF' 

GROUSER, SPACING 

AND AP~EP PRESSURE l, -eq 7.5 

DISTORTION 
CqMPACTION 
..6HEAR SLIP 

1 END l 

INPUT: 

-GEOMETRY 
-WEIGHT 
- TRANSLATION AL of TRACK 

VELOCITY 
-SLIP RATE 
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ASStJME UNIFO~M INITIAL PRESSURE DISTRIBUTION: 

-.-.~·O.O 
-q =TRACK WEIGHT/CONTACT AREA 

\ 
MOSILIZED TRACTION - section 7.31 

~ , " 

TOTAL INPUT ENERGY - eq 7.7 

~ 
~ PREDICTION OF DRAWBAR PULL ENERGY 

, " 

FROM CONSERVATION. PRINSIPLES - eq 7.4 

, ~ 
MOMENT EQUILIBRIUM ANALYSIS - eq 7.6 

. 
NEW P,RESSURE DISTRIBUTION, 

•• enew 

"c-} 

'-new-e.' < TOLERANCE ,enew - ei 1> TOLERANCE 

FiS. 7 .10 T~ack performance prediction procedure based on energy 
analysis - Rigorous method 
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The third -assumption does' not account for any partial pene
~ 

tration of the grousers resulting from the tlltin~ of the track, particu-

larly under high degrees of slip and/or drawbar pull eccentdcity values. 

\ The effects 'of grouser entry have not been ac!;ounted for, either. 
~'" 

The last assumption is a gross simplification of the situation 

in hand, as it 1s widely proven in the geotechnical engineering fiéld for 

the case of plate tes ta. The degree of approximation of such an , 

assumption will be ,discussed 1n the next section. 

lt 1s important to remember that the application of the 

previously discussed energy models have been examine'd for a passive track 

only. Whereas the comparison of the predicted to the experimental results 

may be rated as acceptable (w1th1n the limits of approximation) for the 

passive track, it may not be the case for an aggressive track; the 

aeeute shape of the grousers and their greater heights produce severe 

tilting of the track, even at low values of slip and drawbar pull eccentricity, 

as has been previous 1y demons tra ted experimental1y in Section 5.3. 

7.3.2 Comparison of experimenta1 and predicted specifie energy results 

for the track section mode1 

For the predietioll of the input and output specifie energies 

of the' track/ grouser systems, the three modela discussed in the previous 

sec tion were employed. Iwo of them considered on1~ force equiJ-ibrium 

condit1otul (:1.e. input energy • output energy + d18sipated energy), and 

were based on the constant elevat10n and' constant pressure multiple grouser 

element analytical raults. respective1y. Figures 7.11 through 7.13 
. 

1llustrate input and output (drawbar pull) specifie energies for the 

i 

i' 
i 

J 

'f~ 

f 
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situations of 1) constant e1evation, 11) constant pressures of 

3075 and 1400 kPa respectively 0 ~ comparison of these values to 

experimenta1 results, shawn in Fig. 7 olt for thé drawbar pull hi tch 

positions land 4 (i.e. the lowest and the highest), reveal the following: 

1) The input energy i8 overpredicted in a11 cases by a wide 

margin for aIl drawbar pull eccentriciti~s. 

2) Whereas the output energy (drawbar pull energy) is over-

~r" predicted from the simplified method based on 14.0 lePa 

constant pressure resu1ts, the approximation seems to 

be better when constant e1evation or low uniform pressure 

1s assumed, the error being minimum for the smallest 

drawbar pull eccentricity tested. The rea80n for this 

behaviour 1s due to the fact that for small pull eccentri-

cities, the passive r1gid track system does not deve10p 

~pprec1ab1e t11ting, thus approximating a constant e1evation 

movement or that under a uniform pressure a10ng its contact 

1ength. lt may be noted here ttiat a uniform contact 

pressure of 8.0 kPa is generatad by the track before motion. 

3) Summarizing the above points, the dlscrepancy between 

experimental and predicted energy values may be attributed 

to the fact that the 'effective grouser slnkages &ssumed do 

not reflect the real behaviour of the track motion situation, 

as moment eqùilibrium conditions are not satisfied. In 

Tables 7.3 and 7.4, the energy values are reported a8 

obtained from the application of the simp11fied methods. 

Also, the values calculated from the experimental foree-slip 

're1ationsh1ps for the section traa are inc1uded. 
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INPUT ENERGY 
-

Degree -
predicted 

" 
Experimental 

of 
, 

values, ft • cm/cm t1'8vel/cm width _ values. N'/cm/cm travel/cm width 
Slip, 

% position 4 Position 1 Constant elevation P - 3.75 kPa 
, ' , 

" Q 

10 39.0 47.5 62.0 57.5 

20 57.0 64.0 ~ 79.0 78.0 

30 71.0 78.0 92.5 95.0 . -- -
40 84.5 93.0 108.0 110.0 

50 102.0 115.0 , 13()..0 126.0 

60 134.0 151.0 159~0 146.-0 

-
j 

Predicted vs. Experimental results for: vs. rosA vs. Pos.l vs. Pos.4 vs. Pos.l, 

, - -

Maximum errpr. % , + 37.1%' + 23.4% + 32.2 + 17.9 
- -

Hini ... -error. r% , + 15.8% + 5.0% + 8.2 - 3.3 -
Average errar, % .. 24.5% + 14.7% , + 22.5 + 12.8 , 

.. 

TAlLE 7.3 Comparison of Experimental and Pre~icted Input Energy Values 

'-rnTnsm,.- 87 r if"iHtmîT't*' 1 Hi ·_r~~'--"""-'""-~·_~- .,. -~- -/"._-~~---~-~ ~ .-- , 

" 

f*t' 'r 

P ... 14.0 kPa 

70.0 

92.0 

109.0 

127.0 

148.5 

175.0 

-

, 

vs. Pos.4 vs. Pos.l 

+ 44.3 

+ 23.4 

+' 34.2 

J 

+ 32. (. 

+ 13.7 

+ 25.6, 

N 
\.11 

'" 

! 

1 
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. 
OUTPUT EHERGY (DRAWBAR PULL) 

., 
. 

Degree 
Exper~mental Predicted values, 

.rÉ of values. H cmlca travel Icm-width H cmlcm travel/cm width 
sl~p , 

• 
% . 

Position 4 Position 1 Constant e1evation P - 3.75 kPa 
. 

la 26.0 32.0 41.0 35.5 
. . 

20 45.0 53.0 55.5 53.0 

30 58.0 68.0 65.5 65.0 

40 67.5 .78.0 74.0 74.5 
-50 72.0 . 85.0 82.0 83.5 

-60 75.5 a 89.0 87.5 89.0 
< 

- ' 

Predicted vs. Experimental results for: vs. Pos.4 vs. Pos.l vs. Pos.4 vs. Pos.l . 
, 

Maximum erroi. % + 36.6 + 21.9 + 26.7 + 9'.8 
-

-'-. Miniawa error. "% + 8.8 - 1.7 + 9.4 0.0 

Average error, % + 16.9 + 2.0 + 15.1 + 3.4 . 

TABLE 1.4 Comparison of E~perimental and Predicted.Output Energy Values 

"-

-

~, 

P = 14.0 kPa 

40.5 -
-

59.0 

74.0 

88.0 

" 99.Ô -
106:0 

vs. Pos.4 . vs. Pos.1 

+ 35.8 

+ 21.6 

+ 26.7 

. 

+ 20.9 

+ 8.1 

+ 13.4 

N 
(J\ 

o 

, "7' 'te. fi l' 1"'............., ..... ,~~~"'''I.:( ............ _...,._ .. :. ... .1. 1 OJ~' .... ~l. ... io>K-<_ - - ~ .. ~ ,.,. .... _ .. _0... ~ ;<1 " ... ...-.-_-,,-~~ ~ .. :1;"1' r; pp""'-' 
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The application of the rigorous me~od of analysis yielded 

satisfactory-predietions of the input and output energies as il.lustrated 

in Figs. 7.15 and 7.16, for the l.owest and the highest drawbar pull 

eceentr1cities tested, designated as positions 1 and 4 respectively. 

Based on this analysis, the energy loss c~mponents (shear slip, compac tion, 

distortion) are plotted in Figs. 7.17 and 7.18 for the same drawbar pul.l. 

eccentricities. For a11 degrees of slip, the shear slip energy assumes 

the highes t energy losses t while distortion energy 1088es are m:1nimum. 

This behaviour is a direct consequence of the analyt1cal modd employed 

for' the solution of the present problem. The dev1ations between the 

predicted specifie energy values and those obtained from the traek section 

tests in the tow bin. are' shÇ)Wn in Tables 7.5 and 7.6. lt 1s then observed 

that the maximum error 18 in the order of l3.3%~ while the minimum value 
, 

1s '0.9%. Hence. it is concluded that a solution of this form provides 

better' estimates of the useful (drawbar pull) energy, subject to the 

appro'ximations made in the theoreticâl 4evelopment. 

In an effort tcf investigate the variation of the contact 

pressure distribution beneath the track with drawbar pull eccentricity 

and degree of slip, the values of the press1:'re a t the leading and the rear 

end of the track are plotted in Fig. 7.19 (assUming a tr.pezo1dal. or 

triangular l~naarized d1stribut~on), expressed as a ratio of the contact 

pressure befora, the b~8inning of motion (i.e. 

The plots clearly ind1cate that the value of the prelSure at the leading 

-edge of the track generally decrease with increasing pull. eccentrici~y 

and slip. while the trend is reversed for the pressure values at the , 

traek ~ear.. The rate of chanse of the pressure dis'tributio~ i9 very 

slow for the minimum height of the drawbar pull eecentric:l.ty. so that' 1.t 
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l 
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, 
1 

-

, Degree . 

of 

slip, 

%' 

10 

20 -il 

30 i<-

40 
50 

60 

\v .. 

1" POSITION l 

INPUT ENERGY .. N cm/cm trave1/cm width' OUTPUT ENERGY (DRAWBARPULL) 

Experimental Predicted Experimental 

Values Values . % Error· Values 

, 
~ 

" ---- v 
47.5 54.0 + 12.0 32.0 ~ 

64.0 71.0 + 9.8 53-.0 

78.0 83.0 + 6.0 68.0 
.,r ~ 

93.0 96.0 + 3.1 , 18.0 ... 
115.0 116.0 + 0.9 - 85.0 

151.0 144.0 - 4.6 89.0 
~ 

~ r 

~ 

N cm/cm travel/cm width 

Predicted 
, 

Values % Error 

-

35.0 + 8.6 

54.0 + 1.8 

66.0 - 2.9 

16.0 - 2.6 
84.0 - - 1.2 

90.Q + t·1 
'. 

Average error" % + 4.5 
J 

Average error, % + 0.8 .' 
'1\ 

JI 

a 

'~ 

-_._-~ -_._----

TABLE 7.5 Comparison of Experimental and Predicted Energy Values for 

Dravbar Pull Position 1 (e • 18 cm) , y 

• 
'io._31,'.a p# 'dtn .. ,.. -----..-.....-------
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C'\ 
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J 
! 

c... --,-~--~ 
-

POSITION 4 
0 

INPUT 'ENERGY, N cmlcra travel/cm width OUTPUT ENERGY (DRAWBARPUIIL), N cm/cm travel/cm width 

1 
1 
1 

V 
/-

i 

1 

-
..Degree Experbllental Eredicted /- Experimental Predicted 

V;·dues 
- , 

of Values % Error Values Values 
slip, 

/'/ -n 

% . 

~.o • 
10 45.0 + 13.3 26.0 23.0 

20// 57.0 58.0 + 1.7 45.0 42.0 
3Ô " 71.0 \ 

--
/ 69.0 - 2.8 58.0 55.0 , 

40 84.5 " 80.0 - 5.3 67.5 65.0 
50 102.0 '100.0 - 2.0 72.0 70.0 
60 134.0 140.0 4.3 75.5 73.0 - + " 

~ 
Average error, % + 1.5 Average error. % 

TABLE 7.6 

~ 

-

Comparison of Experimental and Predicted Energy Values for 

Drawbar Pull Position 4 (e - 40 cm) y 

.?' 

1_ r ..... ~_ ..... '-... ,.. ___ ............ __ .......... _ ......... ..!_-"""' __ '-'-...... __ ......... .t_"I0~ 

% Error 

- 11.5 

- 6.7 

- 5.2 

- 3.7 

- 2.8 

- 3.3 

- 5.5 

---' 

N 
0\ 
'-1 



{ 

\. 

( 

.. 
268 

cou1d be safely stated that the section track essentially remains in a 

horizontal position~ during movemEmt, for a11 degreea of slip tested. 
-, 
:The maximum tilting of the track is achieved for the highest drawbar pull 

eccentricity. Figure 7.19 shows that the pressure at the front of the 

track approaches zero over 50% slip, for this s:f.tuation. Excessive 

t 
sinkage i9 expected at the rear of the track thereof, as the pressure 

distribution changes from trapezoidal to triangu1ar. These considerations' 

are strongly demonstrated by the variation of the normal pressure eccentr1-

city value! e, with drawbar pull eccentric1ty and slip. The ra sul ts are 

illustrated in Fig. 7.20 where the ratio of the normal pressure eccentric1ty 
\ 

to the half contact length of the crack (e/L/2), denoted as the pressure 

eccentricity ratio, is plot,ted versus degree of slip. As it has been 

discussed in Sec tion 7.3.1, the pressure dis tribution becomes triangular 

when e ~ L/6. For the conditions tested, the critical value o~lis 

14.1 cm resulting in a pressure eccentricity ra tio of 0.315. At that 

instant, Fig. 7.18 indicates a value of slip of about 52%. 

, . 
7.3.3 Evaluation of the methods of prediction and discuasion 

The good agreement between the predicted values, using the 

rigoroUi predictive method, and the measured ones 18 therefore rea1ized 

over the considered range of slip; whereas the 1ess sat1sfactory values 

obtained fram the other two s1mplified methods are evident. 

UDtl1 DOW, the evaluation of the propo •• d meth.da of fdiCtiOD 

have been coneentrated on the values obtained for input and output specifie 

energies. No mention, whatsoever, is made concerning the sinkage of 

the model section track. The s1mpl1fied methods of prediction, based 
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on unchanged elevation or pressure conditions, do not allow for differential 
J 

sinkage between t,he two edges of the track (i.e. no tilting). This is 

due to the imposed methods o~solution which disregard the moment equili-

brium conditions. The uniform track slnkage 18 assumed to be equal to' 

the height of the grousera (ful.lY penetrated grousers), when constant 
Î 

elevation boundary condition ene,rgy val.ues are used.' However, It. Is 

considered to vary according to displaceJllent (or degree of sl.ip) when the 

other simpl1f1ed method of prediction. is employed, where energy values are 

9btained from the c()nstant pressure idealization. 

Based on the previous discus'sion, the l1udts of a simplified 

method of approach are recognized. H~ever, such an approach will justify 

for rough estlmates of the associated energy expenditure during the track 
"1 

mo,on pro°cèss. As a fact, the pred~c,tions obtalned will represent 

good estimates of the actual valu,es, given that: 

i) The track la light, so that Its sinkage does not greatIy 

excead the height of the grousers; 

2) The degreé of slip la low enough to ensure a minimum 

amount of energy 108ses; 

3) The drawbar pull eccentricity 18 small and hence the moment 

involved will not encourage differential slukage of any 

Appreciable amount. 

lt ahould be remembered here that the present study is 

, concentrated on cases where the track belt tension la such that rlgid 

tt:'ack motion may be r~nably assumed. lt appl1es only to slow moving 

vehleles, where the strain rate affects do not have ta be considered. 
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Following the S8me reasoning, the rigorous method of 

prediction can be evaluated. with respect ta the actual model track 
~ 

slip-sinkagê relationships. for different drawbar pull eccentricities. 

" In Section 7.3.1, the assumptions to which the method is subjected were 

stated as: 

1) Linear Pressure distribution; 

2) Linear Sinkage distribution; 

3) Full embedment of the grousers along the tracK contact length; 

4) Approximation of ·the track dnkage distribution by a linearized 

average of the sinkages of a number or multiple elements. 

according ta a pressure distri~ution. 

. .~ 

The first two assumptions are reasonable for,the present 

purposes. as such approximations are frequently encountered in the engineering 
'" 

field. The third assumption will certainly missinterpret the situation. 

since each grouser i~ given only two opthns: either fully penetrate 

the soil or be eompletely free of contact. The choiee of option depends 

on its relative position under tlle track and the extension of the contact 

area between the track and the soil, according to the pressure distribution 

at that instant. No intermediate situation Is allowed. The candi tions 

under which it 1s applicable are: 

1) The combination of track weight. type o.f sail. drawbar pull 

eccentricity and degree of slip. results in a sinkage dis tri-

bution for which the ,minimum value 18 equal or exceeds the 
p 

height of the grouser; 
~ 

2) The ratio of grouser height to the spacing of the grousers 

does not allow partial penetration under a givèn sinkage 

dis tribu~ion., 
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Neither of the two conditions ia true in-the case studied. 

However, the second one approximates quite ciosely the interaction of the 

passi~e track with the solI examined in thia chapter, if the action of the 

entering~rouser ia no~ conaidered. .These concept~ are illustrated in 

Fig. 7.21. 

Finally, the last assumption is the-weakest point of the rigorqus 

method and could easily raiae doubts cortcerning its applicability. As 

- " has been mentioned, the track sinkage distribution 1s assumed to be 

adequa~ely ?escribed by a piecewise linear distribution resulting from a 

series of connected rigid multiple'elements. Each element is under the 

influence of a uniform pressure, .the value of which is determined from the 

calculated pressure distribution through energy considerations. Based 

on the hypothesi~~~at the grouser ~lements act ~dependently" such'arrange

ment does not account ~the interaction between elements rigidly 

connected to each other. ~nce, ~he track sinkage di~tribution ia in 

error and conseque~ the pr~cted values of th,e contact pressur~ distri-' 

bution. Figure 7.22 ~are, ~~xperiment'l a~d the.predicted rear 

sinkage of the track. as obtain~d fr~~he pre~icted pressure distribution 

and the displacement-sinkage-pres rel ionships, calculated b~ the 
J!' 

Pinite Element model. (Fig. i~22) that at higher values of 
" 

slip and/or drawbar.pull eccentricity, predic ted ~1n'kage is in serious 

error. The ~easo~ is that while the pressure distribution 1s aImost 

uniform along- the contact track length for low slip and/or drawbar pull 

eccentricity (thus eliminating any interaction between adjacent grouser 

elements), the same is not tru~ otherwise as the moments involved become 
, 

significant in the overall equ1librium state of the traak. 

Overall. the rigorous method of analysie may be considered 
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276 , 
sat1sfactory over the otner simplif~8d methods mentioned. It is a f1rst 

step ,towards the development of a· complete1y ~lyt1cal procedtn'e for 

track performance over 80ft so11s. 
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CBAPTER EIGllT 

PREDICTION OF TRA'CK PERFORMANCE 
! 

USING 'fINITE ELEMENTS 
.. !'-> •• 

8.1 Introduction 

In deve10ping a theoret1cal model wh1ch can predict the track-

soil interaction and thus evaluate the performance of low speed tracks 

over soft s01l, a two-stage approach was attempted in Chapters 6 and 7" 

i.e •• 

1:) The finite element method was employed in order to analyse 
o 

multiple grouser element-soil interaction, which provided: 

(i) An insight into the var10us mechanisms operating 

from the initiation of motion to the final stage 
, , . 
when complete soil mobilization occurs; 

(ii) Horizontal force as weIl as dissipated energy -

4isplacement relationships. 

2) An epergetics approach (force and moment equillibrium analysis), 

using FEA-MGE predicted dissipated energy components as input, 

evaluated track performance as a function of drawbar pull 

eccentricity. 

Analyses of MGE-soil interaction, using FEM and a displacmenet 

boundary appr~ach, revealed that mast of the input energy is dissipated 

in sbearing an4 compacting the soil (Section 7.2.1). Very 11ttle energy 

expenditure lB experienced in the soil conflned by the two grousers, 

1!ltpec1ally for 81IUIll grouaer spacing and/or under the influence of an applled 

boundary load. 
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These findings suggest that if the soi1 confined between the 

grousers i8 assumed ta act as a rigid body, a much simpler track model may 

be developed with no conside~able approximations involved. The mechanics 

of track-soil interàction may then be demon~trated in terma of ener~y eransfer 

at the track-soil interface and the substrate. 

, Analysis of interface and substrate behaviour in rigid-wheel/soil 

interaction using the finite e1ement method have ~een performed previously 

(Yong and Fattah, 1976) using various rigid wheel surface properties as 

variables and a displacement boundary approach; while, f1exib1e-whee1/soi1 

performance has been investigated (Yang, Fattah and Boonsinsuk, 1978) by 

int~oducing the variable mechanica1 propetties involved and the nature of 

the tyre .surface, coupled ta a 10ading boundary approach. 

In the.l~mit, a rigid track may be considered as a rigid wheel 

of infinite radius. Then, the angu1ar ve10city of the whee1 is replaced 

by the angular velocity of the sprocket wheel of th~ track, which drives 

the track belt, wherea~ thè,translationa1 ve10city is considered in the sabe 

sense. 
'~' The norma~ pressure due to self weight and/or any imposed loads 

is assumed to be distributed at ,the contact area of the track,. as in the case 

of the wheel. 'However, a reètangular pressure distribution is assumed in 

the case of the track (Section 8.3.2) as opposed ta the trapezoidal pressure 
, , 

distribution found to be more appropriate for the wheel case (Yong and Fattah, ' 

.1976) : The contact ares of the track is we"ll defined apd does no t need ta ri, 
-'* -,:-' be approximated from experimental observations or theoretica1 pred:LcrtonS. 

~nterface behaviour at the vehic1e-soil contact area ~s quite differerit in 

the ~ cases (track or wheeD due ta interaction ~f essentia1}y different 

materia1s. Wheel material may CQvaist of rubber or Illet al in contact with 
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the soft sail. Slightly more complicated 1s the situation concerning the 

track, since the 80ft ,soil interacts with a combination of grouser material-

rigid soil. The similarities and,differences of the two mechani~ are 

~11u8trated in Fig. 8.1. 

These considerations led to the organization of a stmpl~~ e~erget1c8 

,model described in the p~esent chapter. Its'main aspects are: 

(1) The main track body, the grousers attached on the track 

belt and the soil between successive grousers constitute 

one compo~ent of the interactive system. The other 

component is the soft soil • . 
< " 

(2) The varlous effects of thè grousers are not considered 

- ,~':_1 expÎicitely, as in the preceeding approach in this thesle, 

but taken into account implicitely as will be discussed 

in a future section of the present chapter. 

'(3) The track-soil interface region is assumed at the grousers 

toes eleva~ion. 

(4) The soi1 deformat10n energy due ta the ~rack mov1ng over 

(5) 

the subaoil ls evaluated by tbe fini te element method. 

lhe tangential stresses along the track-soil interface 

are evaluated as a function of track load (its own we1ght , ; 

in the present case), track-soil surface characteristics 

and sl.i.JL..r.ate in order() to predlct the amount of torque 

required to keep the ~ehicle in continuous motion. 
;j 

(6) The overall track performance 1s calculated from energy 

conservation principles. 
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Figures 8.2 and 8.3 i1lustrate the simplified energetics model. 

A group 'of c~uter programs under the name 'MAIN l', similar in natur~ 

to the 'HAIN 2' series, provides the analytical solution, lts main features 

discussed in Appendix D. 

8.2 Energy Approach Application 

The energy approach bas been successfully used in earlier parts 

of thls thesis (Chapter 7) to evaluate the track performance from MeE 

finite element analysis results. In general, the input energy applied 

to the track, to ensure constant uniform motion, cohsists of two main 

components: (a) the useful output energy and (b) the parasüic energy. 

The parasitic energy has been previously analysed in terms of three 

components, namely, distorsion, shear slip and compaètion (Section 7.2, 
l ' 

Fig. 7.1). The distorsion energy 1s dissipated in the soil volume confined 

by the two g~ousers. 

In the present idea1ization, the track is si~lated by a rigid 

wheel of infinite radius with equ1valent contact area (Fi~. 8.1). The 

effects of the grouser type and spacing are not considered explicitely 

(Fig. 8.2). Consequently, the parasitic energy ls reduced to two components 

(~ig. 8.1): 

1) The interfacial (or shear slip) energy, lost at the 

track-soil interface due to,slip,' and 

2) The deformation (or compact ion) energy, lost in determining 

the s01l beneath the moving track. 

In th1s section, the princip1e of conservation of.energy is 
e 

used, in a reduced, form, in conducting the analysis carried out by the 

( finite element method, as: 
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Ein - P v + Fi + D {' (8.1) 

where 

E • input energy, in 

Pv • ~seful o~ut energy, 

Fi • interfacia ,energy, 

D f on energy. 

ents (eq. 8.1) may be evaluated using several 

methods, depending on the input data available (Boonsinsuk. 1978). Herein, 

only those applicable to the adopted energetics -model (energy approach + 

fiuite element method) will he presented. 

8.2.1 Input energy rate 

The rate of inpu~ energy (E!À per unit wheel width may be 

calculated as: 

E - T-w in (8.2) 

where T • app1,ied torque per unit track width, 

w - rotational velocity 

The magnitude of the applied torque. per unit whee1 width, is predicted 

from the calcul.tion of the tangent1al shear stress distribution across 

the tr~ck-80il interface (discussed in Section 8.4). Experimentall,. 
, , 

measured torque values are used in eq. 8.2 to provide verification meana 

to the proposed"analytical procedure. 

, 8.2.2 So11 deformation eneru 

The deformation energy in the so11 continuum 1a calculate4 for 

each finite element according to equation 6.1, repeated here for conventenea: 

, 
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(8.3) 

Since a constant strain triangylar element is employed in the 

• 
analysis, the rate of deformation energy per element" per incremental 

track trave! distance and unit 'track width, ~y be e~pressed as: 

or in more expl1cit terms as: 

where cr 
x ' l 

cr 
x ' 2 

T • 

He~f the total rate of deformation energy 181 

t 

DTf· f Di: 

cr , T are the states of stress at time t l YI XYl 

cr y , T are the states of stress at time t 2 2 XY2 

t -2 t l ls the lncrement duration time' 

~x ls the horizontal incremental track 

m -is the number of finite eleJJ1ents. 

8,.2.3 Interfac1al energy 
: 

, ti 
\j (8.4) 

(8.6) 

(start of increment), 

. 
(end of increme~t), 

traVlel distance, 

The differential velocity of the thin shearing surface, below 

the track, results·in energy loss which 1s defined as lnterfacial energy 10s8. 

This shearing surface has been observed to occur st the tips of the grousers 

during mu! tiple grouaer elemen t [MG!] tes ts • ln the MG! fini te eleJnent 

analy.ie the rate of interfacial enargy (or shear slip energy as previ0U!ly 

defined) has.bean calculated according to equation 6.1 for the joint element8 

1 

~ 1 , 
1 



) 

( 

286 

used to idea11ze the shearing action. 

Alternatively, the dissipated energy at the assumed interfacial 

soi~ zone (along the track-soil contact area) can be calculated in the 

finite element solution as: 

, 
where RT • nodal point tangential reaction, 

r • sprocket wheel radius of the track, 

w • angular velocity of the sprocket wheel at slip it 

v • nodal point tangential velo city 
n 

n • total number of nodes at the inter facial soil zone. 

(8.7) 

According to the method employed for the tangential stress 

distribution (8ee Section 8.4) and the corresponding célculation of the 

nodal point tangential reactions by the FEM, it will be apparent that the 

grouser effect on the shearing surface is implicitely considered. 
; 

8.2.4 Output enersy rate ' 

o 
Raving established the values of "input and dissipated energies 

through the analytical model, the rate of useful output energy per unit 

trac~ width (Pv> can be computed from eq. 8.1 as: 

The drawbar pull, measured in the s01l bin experiments, 1s then.used to 

verify the enersetics mod~l. The experimental rate of usefûl output 

energy 1a thus calculated as~ 

P - p·v V c 
(8.9) 

1 



( 

where P • experimental drawbar pull per unit wheel width, 

V œ translational (carriage) velocity. 
c 

8.3 Finite 
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odelling of grouser and track-soil systems as two dimensional 

plane-strain roblems has been shown to be consistent with the laboratory 

The input requirements and the predicted track performance 

information are presented in Fig. 8.3. A load boundary approach ia' , 

atteinpted (d for the solution of the problem. 

The. normal and tangential pressure distribùt:(.ons are approximated by suitable 

functions according ta the track and sail characteristics. The FEM provides 

the basis leading to the prediction,of the track performance in terms of 

energies (input, output and dissipated energy coefficients) as a function 

of slip. Recognizing'the approximating nature of the analytical technique 

and the involv'ed simplification of the actual situation, the obtained results 

will be compared with experimental measurements in Section 8.5. 

8.3.1 Flnite element discretization 

Plain strain tr~angular elements are used to idealize the soil 

continuum beneath the track, with respect to the undeformed, unloaded soil 

surface. The dimensions of the finite element descritization are fixed 

functiona of the track footprint length (Fig. 8.4); aince the track may 

be considered as a wheel of very large (or ~nfinite) radius, the effects 

of the end boundary conditions are not aignificant (Boonsinsuk, 1978). 
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8.3.2 Boundarv conditions 

A proper analytical solution of the track-soil system interaction 

, requires the specification of boundary conditions which s~tisfy the physical 
'''1;--

behav~our of 'the system. At the track-soir·interface 'the loading boundary 

conditions can ~e specified either in terms of loads or displacements. Both 

approaches have been used in wheel-s'ê'il studies I(Yong and Fattah, 1976; , . 

Yong, Fattah and Boonsinsuk, 1978) successfully., Displacement boundary 

conditions necessitate soil partic~e path measurements under controlled 

f~~bo'ratory tests (Boonsinsuk, 1978) which render the application of the model 

more difficult. 9 The load boundary approach requires knowledge or informa-

tion on the pressure distribution at the track-soil interface resulting 
) 

from track loading and subsequent motion. The normal and tangential 

stress distributions need to be established as functions of track-soil 

relative prop~rties and slip rate. 

The pressure distribution below the track,depends on its relative 

rigidit1, which is a ~unction of the number of wheels as weIl as the 

track pitch-wheel spacing ratio. Low speed vehicles, such as agricultural 

tractora, provide a continuous track support with a relatively large number 

of small wheels closely spaced; such an arrangement results in a more or 

less uniform pressure distribution along the ground contact area. Figure 

8.5(a) shows measured pressure distributions resulting from different 

track arrangements. According to the relative rigidity of the track. and 

the drawbar pull height - slip ,rate combination. various oassumptions can 

be made for idealizing the contact pressure distrjbution (Fig. 8.5(b),(c». 

The model section track used du ring the present experimental series, may 

be classified as a low speed track Cv - 15 cm/min); for small drawbar 
c 

pull eccentricities, it has bèen shown that the contact pressure ~str~bution 
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-is near1y uniform, especially for low degrees of slip (S'ec tion 7.32, 

Fig. 7.19). 

These considerations led to the adoption of the load boundary 
, 

approach in the fini te element formulation. A rectangular pressure 

distribution, unchanged with slip rate, is assumed as a first approximation, 

to simp1ify the analysis. H,!wever, alternative schemes should be investi-
, 

gated ~ the future~ taking into account the effects of the slip rate and 

the odrawbar pull \~èntric1ty. lt should be remembered he're that the 

energetics model does not account for the drawbar pull ·eccentricity, Le. 

the drawbar pull is applied at the track-soi1 contact area leve!. 

8.3.3 Conscitutive'relationships 

In th:1s study, the nonlinear e1astic approach 18 used to formulate 

the constitutive relations for the soil continuum. The model track test 

conditions (Chapter 4) allow the assumption of a plane-strain situation 
~(? , 

as in the case of the multiple grouser element. Consequèntly, the 

formulation of the constitutive relations for the soi1 stratum in the present 

finite e1ement idealizat10n is identica1 to the one previously ~p1oyed 
, 

(MGE analyais). To avoid repetiti9n, the reader is referred to Sections 

3.3.1 and 4.4(a). 

8.3.4 SOlution procedure 
~ 

In the finite e1ement ana1ysis implemented herein, an incremental-

iterative technique is,~ used to account for materia1 and/or geometric 
c.' 

nonlinearities • SIDaII 108d increments and update of the nodal coordinates 

after each displacement increment ensure an acceptable approximation scheme 

to 'large' strains involved. '\\Sec~ioD.8 3.5 and 3.6 have discussed these 

concepts in detail. 
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The solu tion beg1ns by assign1ng ~dal iorces on the con tac t 

track area, according to the asswBec!" pressùre and tangential distribut4.ons. , 

Since, due to the re 'of the motion, it i8 quite possible that some 

elements may 10 while others un1oad, thè possibility of loa,ding/unloading 

ia ch~cked pr r ta any assigned forward mov7t. The normal and 

tangential pressure distributions are revery to unload the loaded sail 

. ~ elements using the unloading lIOdulus of elasticity, Eu' as: 

~ Eu - 1.5 Ei,cr (8.10) 
c 

where E - unloading modulus of elasticity - u 

Ei cr - initial tangent modulus from the lowest confining pressure , c 

stress-strain curve. 

Following, a small forward distance ia assigned, and a nwnber 

of iterations for appropria te elastic moduli is provided to ensure conver-

gence. When the so11 deformation energy agrees to a smal1 tolerance between 

two sucpessive displacement increments, the trac1~-soil system performance 

1s eva1uated. Pre1iminary computations revealed that 'twelve iterations 

were sufficient to ensure small variations of the deformation energy between 

successive track movements. Figure 8.6 presents the method of solution 

1n the form of a !block chart. 

8;4 Tangential Stresses 

In order to define the load1ng cboundary conditions necessary for , 

the f1nite element solution, it 1s essential ~o formulate the relationships 

which descrlbe the magni~ude and distribution of the,;,stresses acting at the 

t'rack-soll interface. While the normal stresses imposed on the s«:>11 by the 

track wéight depend solely on the track-soil relative stiffnes8, the tangent1al 

...... v ___ ....... ~_ ........ __ ....... -
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stresses are controlled by two additional factors, Le. the track-soll 

surface characteristics and the slip velocity (Yong and Fattah, 1975). 

As previously mentioned in Section 8.2.1, the calculation of 

the applied torque, T/unit width. is based on the type of tangential shear 

stress distribution assumed to prevail across the track-soil interface, 

Le. \ 
T • T • L • b • r lb (8.11) 

where T· tangential stress ,value for a value of horizontal ~isplacement 

or degree of slip,o 

L • contact track length. 

b • track width, 

r • sprocket wheel radius 

The tangential stresses may be predicted by: 

1) Assuming l1nearly relative displacement variat1? at the 

interface region, 

2) Assuming constant degree of slip along the interface region. 

When the contact surface lis small, as in the case of a rigid 

moving wheel. the two methods will providé similar resul ~s. since the 

variation of displacement i8 relatively small. The éame cannot be said 

for a track. however. where a point on the cçntact surface will travel for a , 
while before contact is terminated: Industrial tracks may 

lengths in tbe order of ten to tweney times that of a wheel. 

have c~tact 

Therefore. 

a l1near d1splacement variation assumption. al0tlg the track-soil interface 

is judged 8uitable for the present analysis. 

The magnitude of the tan8~tial stresses i8 a function of slip 

(or relative displacement) and relative stiffness between the materials 

! 
1 
l 
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1nvolved at the interface region. Since such a reg10n 1s assumed to occur 

at the elevat10n of the grousers toes (Section 3.2), !DOst of the action will 

be carr1ed by soil agàinst soU. This is particularly true for grousers 

with small toe dimensions. o 

A tangential stress-displacement relation may be obtained by 

suitable small scale laboratory tests which represent the action at the 

interface region, such as: 

1) Direct shear tests; 

2) Multiple grouser element (MGE) tests. 

Whereas a direct shear t~st models clay-to-clay action, an MGE 

test can tike 1nto consideration the effect of the grouser-to-soil 1nter-

action. Due to the low translational velocities involved in the testing 

pro gram, the strain rate effects are not considered. 

An experimental tangential stress-displacement relat1onsh1p may be 

incorporated in the analytical model as a d1gitized form of coord1n.ate points 

or as a mathematical function. The ~atter representat10n is preferred in 
1 

th18 study, and it 18 exprused in an exponential forme Two procedures 

may be followed: 

(1) Assuming that the intersection of the 1U1tia1 tangents of the curves 

vith their limiting shear stress have a constant value, À; or 

(2) Assuming that the intersection of the initial tangent alopes for 

tbe curves have a constant value, X. 

The exponential tangential stress-horizontal d18placement relation-

sh1p i8 exprused in the form of: 

(a) i 
T - (C + otan 0) (1 - EXP(- I» 

for procedure (1); 

(b) T - (C + otan 0) (1 - EXP(- !X» o 

for procedure (2), 

(8.12) 

(8.13) 
~ 

! 

1 
J 
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where T - tangential stress, 

cr - 'normal stress, 

e 

• experimental parameters called 'sIed' parameters 

À 

x 

The 'sIed r parameters, obtained experimental1.y as wi.ll be 

discussed, are employed here to model tangential stress-displacement (or 

slip) relationships for soft soil. The parameters 'e' and 'tl)' may be 

obtained from tangential vs. normal stress plo ts. The parameter 'e' 

1s the int!!rc~t of the tangenCtial,::-normal stress l:f.near relationship, 

while '<1>' is the slope of the line. They define the shear characterist1cs 

of the interface region. The -sIed parame ter 'À' or 'X' represents the 

initial tangent modulus of the tangential stress-displacement curve, thus 

reflecting the track-soil relative stiffness. Methods for sIed parameters 

determination are illustrated in Figs. 8.7 and 8.8. For the present case 

study, Figs. 8~9 and 8.13 show the experimental relationahips employed to 

establish sIed parameters values. Tangential stress vs •. displacement 

relationships fram direct shear and multiple grouser element tests are 

presented in F1gs. 8.9 through 8'.12, the latter being for Aggressive, 

Standard and Passive element,S, respectively. Tangential vs. normal stress 

relationships fram the same testing arrangements are plotted in Fig. 8.13 • .. 
Whereas the direct I8hear relationship 1s obtained by conventional methods, 

/' ' 
the tangential stresses for the MGE tests are cal~ulated 8S the ratio of 

the horizontal force on the second grouser to the area contained between 

( 
the grousers. 1 



( 
) 

( • 

t 
t 
t 
t 
1 
1 

" t 
1 
t , 
...... 

"', 
... , 

--

, 
~ -
1 : }( 
u! -. " . .. -

' ..... 

u.Z 

r 

Z ., 

! 297 

QI 

~ 
] 
(J 
0 
\.j 
Q. 

401 
III 
\.j 

'1"4 .... 
! 1 { 
1 c= 

1 
0 

'1"4 
401 

l ~ 

1 

'1"4 

e 
QI 
401 
QI 

"0 

; III 
\.j 
QI 1 

401 

! : \.j 

i ca 
l Q. 

1 '2 ~ 

\~ tr 
cri \ . \ 
-CO "0 

"-'1"4 ~ ...... "-~-".. 
l1li 

j 



~ 
'1 

1 
L 

-; 

'," 

Q 

... 

l 
~ 

~ 

, 

... 

I/"" 

oC ....... 

JH 

r---------~ 

T-(C +atan •• 11~ .... I-IXlan 

i."1p " 

tf 
• .. Ji-~~ ___ 

r 

FM 

1 

FH 

JH FH 

~ 

vI ... 

T, 
c 
1 

JH 

Ft. 

JH ! 
1Rr Fat 

~A~ ~ 

Fig~ 8.~ SIed parameters determination - second procedure 

.. 

'4I11III' 

~ 

fi 

~ 

N 
\0 
CG 

ne "3' en '1b?? 'Sri'f.IIÎèi'U.>~t ~~_ .. ~_ ............. ~,..., '9, t •• 1.. li . -----.......... 'iil't. ~"i"'IIIIM.rli'f '.",hsHt' tttaatt.'.Pto.Uttdtt' t tn11k~,~""IP"' __ "'''*'''''''''''_''''''''_----,-----------



.! 

.' 

·1 
1 
! 

. , 
; 

~ 

• Q. 
.Jtt .. 
:z: ... . 
(!J' 
z w 
~ en 
CI: 

" .OC 
w 

il 

o 

~ 11 , 

'1-' 

~, 

t------------------------------== UN 
:r-------~~--- --- : 45N ,':,rr- - ---------- -- - - ---- - ---------------=== 21N 

, rr' ~ 
, " 1 , " 

, " 1 ." ,.--Il 

'" '1 . , ," , 
,If 
," . ,,/-,.' 

'~/' 
1 

, f 

0.5 , 0.75 1.0 
SHEAR DISPLACEMENT. cm 

Fig. 8.9 Tangential stress - displacement relationship for the direct shear test 

ON 

___________________ ... ___ .. • ..... -_-".,." .. .&,~~~..ch.~ ;~ ............... 

N 
ID 
\Q 

" 



1 

l 
1 
1 
\. 

1 
\ 
j 

1 

1 
~ 

! 

î . 

! ., 
, 

.-... 

f 

% ... 
~ 
Z 
ILl 
a:: 
ti. 
C 
i3 
i .1-

~ 

1 , 
1 , 

1 , 
1 

1
0 

1 

;,'/:,/ / 

1 2 

, 1 , 
, 

~ 

~-------------------------------
'1 . 1 . 

, 1 

" 1 

....... 

... 

567 
SHEAR ~SPLACEMENT, cm 

Fig. 8.1~ TangeD~ial stress - displacement relationship for the Aggressive MGE (s - 12.5 cm) 

~ 
._ 'III. :t:b: .*t e '.1 b "'; ': ------~ .. ~ ..... _ .... __ ... ",tu, ___ .... __ ...... _ .... ____ .,:._ .......... ______________ _ 

U.OkPa 

10.5kPa 

7.0 kPa 

3.75kPa 

w 
o o 

l , 

1 

:'1 

, t 

'! 



-- _._~. ---

:. l- ,t, l. 301 
~ ~ ..'II: ..'II: 
Cl 1ft 1ft 

• c:» c r-: .., .,. ,..: 
"" .... 

1 
':1 ( 1 

1 e 
1 

(,) 

" 
1 
1 t0-
I Z ,-.. 

w e 
-2. 11"\ w · 

1 
(,,) N 

~ ~ .... 
, 1 ..J 

J • Jo 
CIl_ - '-' 

J c:::a 11::1 

1 
.,,~ 

~ 
"C:I 

W 104 
111 ::r: "C:I 

UJ CI 
111 
4.1 

1 CIl 

QI 
..: 
"" 104' 
0 

Ij.j 

c:Io 
~ 
,c: 

~ 
0 

'1'4 

"" 111 .... 
QI 
104 

"" ~ 
QI 
(J 
111 

, .' .... 
c:Io 
III 

'1'4 
"C:I 

III 

~ 
~ 
'-1 
(1) 

.... 
cà 
~ 
'-1 
Il 
QI 
00 
1:: 

~ 
.... .... · 00 

· 00 
~ 
iii< 

1teJ'I ' HlON au:us YVilHS 

( 
" 

""""",'.w:lllllllt J" 



( 

1 
1 

... " 'H.10N:II:I.1S YY:lHS 

o 

.. 
302 

- III 

~ 
al 
al 
al 

Cl; 

III ..c 
.j.j 

~ 
o 

I+oi 

: ..c 
~ 
~ 
.j.j 

al 

al 
~ 

.j.j 

~ 
- ~ 

CJ 

~ 
~ 
Ul 

'P1 
"0 

1 

al 

~ 
!} 
al 

.-1 

~ 
.j.j 

~ g 



~ 

:: , 
, 
~ 
" 1 

f 
~ 

1 
~ 
~ 

i 
t 
1 

1 
1 
1 
1 
l 

./", 

~ 

---

.J 
l. 
~ 

fi) 
fi) 
1&1 
D: 
1-
(1)6 
.... 
~ 
1-
Z 
w4 
~ 
z 1 

~ 
2 

'-

1.5 
./ ~ 

~ 

5 

Direct Shea! 

... 

10 

,.. 

15 
NORMAL STRE-SS, kPa' 

Fig. 8.13 Tangentiel - Normal, stress relationships 

ta 

~ œ X' ' ur J '1 76'S nzrlt,8;t, •• Qi7i m lm ~ 4" i e 1 , t 

~ 

" 1,,0.) 
o 
w 



r 

i , ;-t ( 
r 

t 

l ( 
t 

1 '--------

304 

T~ble 8.1 summarizes the sIed parameters employed in t~/ 

present study. Dif.f~rences are observed between the four sets of para-

meters due to the followtng reasons: 
c 

,(1) MG! tests may be considered as large, scale tests when compared to 

the 'direct s~ear test. The shearing ares in the MGE tests i, 

120 sq. cm at full soU mobUization, while it is only 32 sq.cm 

in the direct shear test. Consequently, full soil mobilization 

occurs at smaller displacements. 

(2) In the direct shear test the shearing occur~ in a soil-to-soil.mode. 

Some grouser material~soU interaction is involved at the shearing 
JI 

surface during the MGE tests. 

(3) As far ~s differenees in sIed parame ter values Dbtained fram MGE 

tests are concern\d, such is attrib'uted to different grouser 

"" mater~s (aluminum ~nd rubber) and grouser shapes. Ta~ential 
tt) • 

stresp-displacement curves for aluminum-~o-soil and rubber-to-soU 

modes, prevlously presented in Chapter 5, suggested that higher 

shear stresses are developed iIi the al~num-to-soU mode. The 
é 

overall, ~ouser shape effects (surface inclination and depth of' 

'grouser) are reflected in the, deve10pment '-'lf the stresses at' the 
..... ' 

shear surface, and hence the development and maximum value cttifthe 

horizontal force aud tangential stress values. , , , 

8.5 , D1acussion of the Keuured and Pred1cted Results 
) 

The',exper1mentally measured performance of the model track section 

Il 
is compared to the results predicted by the energy model (Section 8.2). 

l'hus, the application of the Unite' element method to calculate deforma-

tion energy in the subsoU is verified (Section 8~ 3) • The track performance 
~ 

~ is evâ'luated b~8ed on two different techniques for identifying track-s01.l 
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Test Description C . 2 kg/cm 

Direct shear 01'095 

MGE - Aggressive 0.073 

MGE - Standard 0.05 , 

MeE - Passive 0.07 

Tabl~ 8.1 Sled Parameters 
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iD À 

degrees v 
cm 

6.0 0.16 

23.0 3.33 

16.0 2.60 

9.0 3.33 
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interfacial characteristics. test aled parameters and 

aggressive, standald and passive multiple er element test sIed para-

meters, respectively. The'normal ~ressu distribution ia assumed 
\.... 

rectangular and remains constant fot aIl values of slip. The illput tor,que 

ia calculated from the tangential stresses distribution, as indicated 

previously in Section 8.4. Alternatively, experimental torque values 

could be assumed as input in the model. However. such would reduce the 

practical nature of this approach, and hence no attempt was taken for 

carrying it out~ 

.... 8.5.1 Energy balance of the track-soil system c 

f 
J 
t 
~ 

( 

L ____ . __ 

The 'energy dissipated in deforming the soil i8 determined by 

defining the loading boundary conditions with the knowledge of ~he applied 

track load, ~elocities and contact area as weIl as employing logical 

assumptions for the normal and tangenti~l pressure distribution~. The use 

of an extremely rigid track implies essentially that the energy dissipated 

in deforming the track itself is definitely zero. Consequently the useful 

output energy can be predicted from the difference betweén the predicted 

input and dissipated energies. 

Figures 8.14 to 8.20 present the results of the traé~ performance 

prediction in terms ofenergy coefficients (energy rate/weight of track/ 

tra~lational ve1ocity), aIl of which are based on the same track weigh~ 

(680.0 N) and dimensions (length - 85.0 cm, width. - 10.0 cm). 

The input energy coefficient vs. degree of ~lip ~lationship8 
~ 

are shown in Fig8. 8;14 to. 8.16 for the case of an aggressive, standard 

and passive track, respectively. Both predicted curves, based on direct , 

shear- and multiple grouser element tests sIed parameters are compared to 

1 
1 

1 
\ 
} 

\ 
f 
l 
'} 

1 
1 

1 

1 
1 

! 
~ 

1 
l 
,j 

~ 

l 

1 



f 

(" 

307 

experimental values. Similar results are p~otted in Figs. 8.17 to 8.19 

for output (drawbar pull) energy coefficient values~ 

Generally, energy coefficients predieted using MGE sIed parameters 

show better agreement with measured ones, es~ecially for low degrees of 

slip. The small ~ontact area of the dire~shear ring forces complete 

mobilization of the 'soil at very smaU strJ.. during the ~ .. t, which is \ 

reflected in the predictions using direct shear test sIed parameters. For 

example, the maximùm level of output energy is predicted at about 8.0% slip 

while during track model testing such energy levels are reached between 

30.0% and 40.0% slip, depending on the type of grouser (Figs. 8.17 to 8.l9)~ 

These differences are due to different shapes of failure mode bett.oieen the 

direct shear test and the track. Comple~e' mobilization of the sail beneath 

the track does not occur in the early stages of motion since grouser 
..,... 

displacements at the leading portion of the traek are still small. lt 

should also be noted here that sinee the direèt shear test does not account 

for any grouser type effects, ooly one set of curves (input and output) is 

predicted, when the corresponding sIed parameters are used in thè fiuite 

element-energetics model. 

In the following discussion, the FRA predictions using DSTSP 

and MGETSP are compared to experfmentally obtaine~ results for tbe case of 

Aggressive, Standard and Passive trac~. respectively. The experimental 

results are plotted for the sœallest drawbar pu1l eccentricity value tested 

(e - 18.0 cm, Position 1). y lt has been experimentally observed that 

even at small drawbar pull eccenericities some,track tilting results. As 

an effect, not aIl of the grousers will be fully pènetrated at full mobiliz-

ation. In addition, the t1lting effect 18 more pronounced at higher 

The f1n1te element model, discussed here, 
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assumes that the drawbar pull is applied at th~ contac~ surface elevation 

under full penetration of ~ll,grousers. Renee, so~e disagreement may be 

expected when experfmental results are compared ta the predicted ones. 

8.5.2 Input energy coefficient prediction 

Figures 8.14 through 8.16 compare input ener~~ oefficient-s~ip 

relationships for an Aggressive, Standard and Passive tra respectively 

obtained from: 

(a) Experimental results for a drawbar pull eccentricity, e , 
y 

of 18.0 cm; 

on t.ct shear sled par ...... r. (b) FEA predictions based 

(DSTSP) ; 

(c) FEA predictions based on multiple grouser element sIed 

parameters (MGESTP). 

Generally, when DSTSP are used in the FEM, the 1nput energy 18 

overestimated, especia11y for lower degrees of slip. In the dir,ect shear 

test, full sail mobilization i8 reached at very low 8train (or slip), thus 

S;,uch results are expected. Qne exception i8 noticed in the case of the 

Aggressive track, where at high aegrees of slip, input.energy pred1cted 

from DSTSP shows lower values than the experimentally meàsured one.s (Pig. 

8.14). This i8 attributed to the fact that even if not aIl the grousers 

are embedded during the tests, the accute shape of the Aggre8sive grouser 

produces very h1gh rear sinkages and hence, high torques. 

Input energy predictions based on MGETSP show good agreement 

ta experimental1y measured values for 10w degrees of slip. The resemblance 

of the failure mode between a typical grouèer on the track belt and the 
.) 

second grouser of the multiple e1ement is)evident. At the same time, track 
'1-
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t11ting is not exce~sive at low slips and, as has ~een shown in Chapter 7, 
" 

the pressure distributions do not deviate by m~ch from the assumed 

rectangular shape. 

At 20.0% slip, the error i8 11.0%,- 15.7% and 2.7% for the 

Aggressive, Standard apd Passive track, respectively; while respective 

errors drop to 2.6%, 10.0% and 1.2% at 10.0% slip. At high slips, the 

FEM predictions based on MGETSP underpredict experimental input energy'for 
, 

the Aggressive and Standard ~rack, whereas excellent results are obtaiPed 
, 

for the Passive track. The main reason for such behaviour lies in the 

fact that the low Passive track ti1ting guarantees a pear1y rectangular 

pressure distribution for any degree of slip, thus produeing the best 

predictions. 

8.5.3 ,Output energy coefficient prediction 

General+y. the output energy coefficients predicted from the '~' 
energetics model based' on DS,TSP overpredic ts the experimentai ones (Aggre 

sive, Standard and Passive), while values based on MGETSP agree to within 

a maximum error of 10.0-15.0% st high degrees of slip (Figs. 8.17 to 8.19). 

The dissipated energy calculated through the FEA i8 a result of 

f 
the imposed boundary conditions, namely the tangential and normal pressure 

distributions at the track contact ares. To evaluate the output energy 

coefficient predictions, it 1s neeessary to examine closely the total 

dissipated energy (interfaeial and deformation) coefficient predictions, 

sinee the output (drawbar pula) 'dnèrgy is obtained through the energy 

conservation prineiple. 

" Figurs 8.20 to 8.22 compare the exPerimental1y measured dissipated 

~ergy coefficients to the predicted ones, for the three track-soil systems 

1 ___ .. _'"'_" _~ ~_~._ 



, 
" / . 

/ 
/ ~ 

/ 

• 
• Q; 

> 
a:I ... -E 
() 

, ' ...... 
E 
() 

:Z 
'. - ... 

Z 
W - 1.0 (,J -&&. 
&&. 
W 
0 
(,J 

> 
CJ 
a: w z w 0.5 

... 
:;:) 
I:L. 

5 
0 

o 

lige 8.17 

-. 

10 

.. FEM (DSTSP) 
• FEM (MGETSP' 
• Measured, 8 ya 18cm 

~- • 

if 

\' 

\_~ 

40 

lf 

50 ' 

SLIP, % 

Output energy coefficient predi\:t1on. j)Aggreaa1ve track. 

313 

l 
1 
~ 

• 

,.. 

l 

, 
60 



314, 

1 

. ~ 

" ,.. FEU (DSTSP) ~ 

• • FEU CMGETSP) 
-. • • M •• sured, eyll18cm 
CI) 
> 

) ca .. -E 
() 

...... ,e 
u. .' 

z 

~ 
'Z , 1 LU 

~ 1.0 r: .. • Jf . " • '-l *l-

I 
LI. • LI. -- • 1.1.1 -O. ~.--~ 

f f 
> 
CJ cc 
1.1.1 
Z 

,1.1.1 

.-
:;:) 
Q.. 

5-
0/ 

f' 

0 10 20 30 40 50 80 
0" 

SLIP, % 

Fig. 8.18 Output energy e'oeff1cient precl1ctiono Standard track 
. , 

1 
l, _.!\,~_,~'_h", 



Q) 
> as .... -E 
(,) '-E 
(J 

Z 

... 
Z 
W g 1.0 
u. 
u. 
w 

-8 
> 
<::1 
CI: 
w 
Z 
lU 

5 
CL. ... 
:;) 
o 

o 

,'---------

.. 

~ - ....... * FEM (OSTSPL 
11----... FEM (MGETSP' • 
• ~ 

- • Mea.,red ,ey""8cm 

10 20 30. 50 
SLIP, % 

315 

80 

Fig. 8.l9 ·Output energy coefficient p~ed1ction. Passive track 

_____ ~., .... - ''''~_ ~~ .............. -"'1' 



( 

• 
316 

examined. The following observations are made: 

1) Law degrees of slip - FEA prediction based on DSTSP 

The d~ssipated energy thus obtained: 

i) underpredicts the Aggressive track experimental results. 

The exaggerated depth of the grouser results for energy 

losses not anticipated by the prediction method; 

ii), shows close agreement to the Standard and Passive track 

experimental results. While such results would indicate 

that the 'direct shea~ test represents the act~al sitÜation 

in this eSse, it should not be forgotten that the tangen-

tial distribution (and hence the input energy) is over-

predicted at low slip due to the nature of the direct 

shear test,and the resulting sIed parameters. The 

following discussion will clarity this point. 

2) Low degrees of slip - FEA prediction based on MGETSP 

In this case the predicted d1ssipated energy underpredicts the 

experimental results for aIl the tracks examined. The fact that some 
, '\ 

energy 1s lost partly in the soil contained between the grousers and partly 

becase of the effects of the pressure distribution assumption, accounts for 
( 

such discrepancies. Consequently, it i8 these effects that are balanced 

when good agreement is obtained when DSTSP are used, as prev10usly mentioned. 

3) High degrees of slip - FEA prediction bssed on aIl sIed parameter8 

For high degrees of slip, the expertmen~al dissipated energy • 

values are overpredicted no matter wh1ch parameters are used. The main 

reason 1a the resulting pressure and s1nkage distributions, seen to deviate 

from the present assumption of a rectangular pressure distribution for high 

1 
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slips (Chapter 7). For the whole discussion in this section, some 

effects on the predieted results, due to the experimental nature and/or 

subjective choice of the sIed parameters (Section 8.4) should be 

recognized l 

Consequently, the output energy coefficients, predicted in 

Fige. 8.17 through 8.19, reflect the factors effecting the predicted input 

and dissipated energy coefficients. 

The experimental and predicted track efficiency (input/ou~put) 
) 

1s shOwn in Fig. 8.23 for a11 tracks. / 

8 • 6 An Al terna ti ve Approach 

Summarizing, the track performance may be e.valuated at différent 

degrees of slip through the analytical procedure prese~1n-the.",present 

chapter. ~etter correlations between expe:rimental and predicted energy 

values are obtained when MGETSP are' used as ,input. In this case, a series 

of multiple grouser ,tests would be necessary to pl'ovide the MGE test sIed 

parallleters. Alternatively, the tangential stress-displacement relationships 

may be established through a FEA of the required MGE under çonstant pressure 

boundary conditions, for several values of applied pressure (Chapter 6). 

However, due to the simpl1city of the direct shear test, it 

would be~able if such a test could provide . input parameters that would 

enable "reasonable predictions. Up to this point, the investigation has 

show that due to several factors. discusse4' in the previous sections, good 

correlations have not been obtained when DSTSP are empIoyed. In view of 

these considerations, it was thought that if a simple 'adjustment' was 

) 
possible, such that good predictions would be possible using DSTSP, the 

energetics' appraoch would become rentable. 
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Figure 8.24 compares experimenta1 and predicted (DSTSP) torque-

slip re1ationshits. In the same figure, a curve termed ',reduced' appears. 

It has been reduced from the predicted one through multiplication by a 
',' 

'shape factor,', 'p' (Fig. 8.25). The factor 'p' is a function of the 

degree of slip. 'i' as: 

p - i + 0.45 (8.14) 

l t ia meant to account for the differences in failure mode between 

the direct shear test and the actua1 track situation, as well as the effects 

of the point (tangential displacement) where full sail mobil1zation occurs. 
~ 

'!'he 'adjusted torque curve was then used as input into the energet1cs model 

to predict Standard and Passive track performance. The resulting curve8, 

,for input,dissipated and output energy coefficients, are plotted in Figs. 

8.26 to 8.28 respectively, along with the experimental curves, where a good 

agreement is observed. Any effects due to grouser shape llave not been 

considered, but nevertheless, these effectsdo not seem to be of very great 

importanee. Bath grousers have low profiles, so that their, final performance 

18 comparable (Elmamlouk, 1977). The error involved in the output energy 

coefficient prediction 1s in the order of 10.0 - 15.0%, 1.e. comparable 
; ~ 

ta the resulting error When MGETSP are employed. 

Since the factor 'p' does not account for pressure dis tribution 

differences between the physical and the analytical model, no effort was 

made ta predict Aggressive track performance, where the excessive grouser 

heigbt induces conSiderable disturbances in the sinkage and pressure ,dis tri-

butions of the track. 
f'" 

J 

J 

1 

1 
! 
-! 



( 

1 

E 
CJ . 
z -

"'0 ... 
)( 

w 
:) 
a 
ex: 
~ 

o 

Predicted -' DSTSP 
, AdjU8téd 

Experimenta 1 - STANDARD 
,. - PASSIVE 

10 20 30 

• • 
• • 

, a 

.->' 

40 58 
SLIP, 

Fig. 8.24 Torque - :slip relat10nehips 

323 

1 
1 . 
1 



c 

o 

if' 

l" 
i 

Î' 

p=i+OAS 

10, 20 30 

,Fig. 8.2S Shape factor, p 

" ----------------------~-.--_._,------~-~. 

324 

• 

• 

40 50 
SLIP, 



, ~, 

Q) 
> 
~ ... 
E 
(J ...... 
E 
(J 

Z 

... 
Z 
LU -0 
it 
u. 
LU 

8 
>-
i 
LU 
Z 
LU 

... 
:) 
Q. 
Z 

325 

, 

1.8 

1A 

1.0 

o 

.. ~ 

-, 

~ ""':"'Predicted 
Experimentai 

40 50 

l 

60 

SLIP, %, 

Fig. 8.26 Input euargy coefficient 'prediction b .. ed on the shape 
factor, p 

. 
t1 

____________ . __ ~_d' ______ --~. 



'. -

Qi 
> 
tU 
~ -E 
(> ..... 
E 
(> 

Z 

t-z 1.6 
lU -CJ -u.. u.. 

.> lU 
0 
.CJ 1.2 
> 
~ a: 
lU 
z 
lU 

Q 0.8 
lU 

~ a; -UJ 
UJ -Q 0.4 

1 

l , 

/ 

, ' 
• 

ef 

""---..... Predleted • 

Experimentai 

:/ 

10 20 30 40 50 80 

SLIP, 

Fig. 8.27 D1slipat:ed enargy coûl1cient pradic don based on 
the shape factor, p 

1 \ 

l 

1 
326 

" 

, 

'. 

1 
~ '. " , 



c 

, . , 

\. 

a; 
> as 
~ -E 

1.0 0 
"-'\ E 

,\ Q 
'z 

... 
zQ8 
I,U 

o -LI. 
LI. . ~ 
U 0.6 
> 
i 
w 
z w 
.... OA 

= A. .... ' 

-~= o 

o -

•• ----.... P~edlcted 
Experimentai 

.. 

40 50 ' 60 -

SLIP 1 % 

327 

lig. 8.28 Output energy coefficient prad:1c\n based on the 
shape tac tOI', P 

, 

1 

/ 
~- .~-- ....... ..... ,. ' 



( 

( 

CHAPTER NINE 

SUHMARY AND CONCLUSIONS 

Summary 

While this dissertation 1nvesti~ates several factors which are 

v1~le to any attempt of predict1ng the performance character1stics of 

tracked vehicles over soft 801l's, w1th a part1cular emphasis on the 

io1 t1alIy ass umed boundary conditions, the primary goal of the study 

was the establishment of a methological approach to the solution of the 

track-grouser-soii interaction problem. 

A generai survey of the literature has shawn a number of 

cinadequecles of the avallable methods of analys1s, wh1ch either negI~ct 
;>-

the effects of a number of factors (such as grQuser shape and geometry, 

spacing, Ioading côniit1ons, ~tc.) 0\ track performance, or are based 

on experimental and semi-analytical akproaches bounded by usual experi-

mental constraints. \, 

An alternative approach ta the \resent problem was suggested 
\ 

based on finite elements, and its appIicability for tlle case ,of a series 

of interconnected grousers was estabI1shed. In addition, the anaIytical 
> 

results served as input ta a predictive model whlch generated input and 
) 

output energy components based on which, the performance of different 

tracked vehicles may be judged. 

The experimenotal program examined the sail response behaviour 

under the action of a simple representative track element (or single 

grouser), as it is pl,lshed forward through the so11 under the action of 

a vertical constant boundary pressure. Grouser shape and geametry, 

spacing and àpplied pr~ssure were vari.ed to provide a better un~anding 
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of the situation. AlI in aIl, three types of grouser. elements were 

tested - namely standard, passive and aggressive -'with the spacing 

between grousers varying frOID. 12.5. to 31.25 cm in increments of 6.25 Cl1l. 

Four different values of uniform pressure were tested. namely, 3.75 kPa, 

7.0 kPa, 10.5 kPa and 14.0 kPa. The tests were carried out in alucite 

side-wall bin of appropriate dimensions fllled with kaolinite clay. 

Model track tests were also performed in the same type of soil to investi-

gate the effects of the drawbar pull application height to tractive 
1 

efficiency. Four different drawbar pull eccentricities were assigned 

and the testing was repeated for the three grouser types mentioned above. 

Similar experimental information was not available prev10usly in the 

literature to the best kno~ledge Qf the a~thor. 

The second phase of the study established the theore'tical approach 

of analysis, as previously discussed. For both assumed boundary conditions 

of constant depth of cut and constant applied pressure, the solution 

provided detailed stress and def ormation fields w1 thin the loaded soil, as 

weIl as components of energy expenditure du ring different Btages of hori-

zonta! displacement of the multiple grouser element. The predictive model, 

formulated on the basis of energy. balance of the system, used the latter 

results to calcula te drawbar pull values for various degrees of slip and' 

drawbar pull eccen,tricities. 

Renee, . while the finite element fo~u1.ation has been previously 

ei!lployed in the study of single cutting and traction elements, and the 

energetics model has been shown successful with 'input semi-~nàlytical \ 

values from constant elevation multiple grouser element tests, the present 
/.J

4

: 
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approach consists of a unique integration of existing techniques towards 

a- total theoretical analysis of the trafficability problem. Last but 

not least, the development of constitutive laws for so.ils (such as hyper-
• 

bolic representation of stress-strain relationships for clay so11s) could 

reduce the testing requirements to a minimum, if a suitable field or 

laboratory instrument 1s introduced for variable terrain conditions. 

9.2 General Conclusions 

The present method of approach to the mobUity question as far 

as tracked vehicles are concerned, amply demonstrates the feasibility 

as well as the reliabil1ty of the proposed formulation, including such 

aspects as soil deformation and stress fields as well as prediction of 

the track sinkage and contact pressure generated during motion. The 

choice of finite elements as the method of analysis permits handling of 

arhitrary loading, cr08s-se~tion geometry, boundary conditions and material 

properUes, thus providing the necessary input tO the energetics model. 

This model is capable of yielding a prediction of the track performance. 

Thus, at this point, a preliminary complete and unified theoretical 

approach ls established for traction in soft so:ils. 
1 

9.2.1 Drawbar pull eccent1!'ic1ty effects 

Although previous studies (Guskov, 1968) implied the drawhar-

• 
pull eccentricity effects on track performance, the first quantitative 

approach was attempted by Elmamlouk (1980) Oased on a theoretical analysis. 

The experimental investigation carried out in the present wo'rk (Sections 

4.3 and 5.3) supported the prenous findings as shown in Figures 5.35 to 

( 
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5.37. For different track-grouser systems. it was demonstrated that 
1 

both traction and drawbar pull deteriorate as the pull height increases 

above the track contact level. In addition. rear track sinkage lncreas-ed 

considerab1y for higher hitch positi01l8. Consequently, hlgher motion 

resistance and lower track effic1ency were experienced. For the aggres-

sive track section," the calculated efficlency dropped by an àverage of 
. 

16%. while the drop was 9% and 6.5% for the standard and passive track 

section respectlvely. Higher overall efficiency values were obtained 

for the passive track over the standard and aggresslve track for a11 values 

of drawbar pull eccentric1ty and slip t'ate tested. ' 
,r 

9.2.2 _ Flnite element a~~lysis of the multiple grouser element 

The following is a short summary of the 'conc1usions arrived at 

in this 9tudy concerning the idealization of the physlcal situation by 

Fin1te Elements: 

1. The agreement between the exper1mentally measured ~nd the Hnite 

e~emeÎ1t calculated horizontal forces ls very satisfactory for the varlous 

spacings analysed, regardless of the boundary conditions assumed. The 

maximum errors were estimated in the order of 16%. for the aggressive 
, " 

;, .... 

1eading grouser under constant depth of cut. whUe for the standard element, 

, 1 

the error was about 12% under the action of 14.0 kPa uniform applied 

pressure. Very good cdrrelations were a1so obtained for the d~amic 
t ' 

s'inkage under constant pressure boundary conditions. Similar results 

are demonstrated for the values of the deformation and energy rates, where 

the difference in 'lalues calculated frOID the experimenta1 force-deformation 

curves ,and the analytically obtained ones did not exceed 15%. 
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2. The soU deformation is stludied through an examination of th:,<1~ 

values and positions of the horizontal and vertical velocity c'antours. 

For the constant e1evation ,co~. the S~,i~ confined between the grousers 

behaves as a rigid body, with the degree of rigidity reduced as spacing 

increases. This behaviour seems independent of grouser shape and/or 

horizontal displacement. The 1Il8ld.mum variation of the horizontal speed 

is 10% wen the sp8cing 1.s 12.5 cm, while a value of 40% i8 ca1cu1ated for 

the 25.0 cm spacing; the maximum deviation i8 observed close to thè 

cutting surface. Under constant pressure boudnary conditions, the 
1"'""", • 

'enc1osed soil' shows continuous rigidity which is slightly 1ncreased 

vith increasing I?ressure. lt is ooly close to the discontinuity surface 

where the so11 1s shawn slightly 1ess rigid, but such behaviour is a direct 
' . 

consequence of the assumed idealization. The horizontal velocities below 

the grouaer toes and in the vicinity of the cutting surface are stll 
• 

comparable to the e1ement horizontal veloc1ty. Th~ main differences 

between the two bOund,ry conditions assumed are the rig1.d~tY of the soU 

confined between the grousers, as discussed above, and the general motion 
, 

of the 80il which, in th~ latter case, seems to be pushed under the leading 

grouser and then directs itself towards the free surface. Such behaviour 

is oot detected when the depth of cut remains constant. 

. --
3. The propagation of the failure zone between the grousers is faster 

when the element is lIOVing in both x and y-direc tions. However, the 

failure i.s spread below the discontinuity surface and considerable distance 
1 ~, 

bas to be eovered. by the element before failure spreads above the separation 

surface. '!he effects of the applled pressure are obvious, since no 

significsnt fallure 1s observed be10w the cutting e1eme~ts under ëonstant 

deptb of cut. 
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9.2.3 Energy analysis of the model track, 
1 

While the correlation between the experfmentally calculated 

input-output energy values and the predicted ones shows excellent results, 

as long as the rtgorous method of analysis is concerned, rear sinkage 
. 

predictions do not generally lie between an acceptable range of error. 

However, bearing in mind the numerous assumptions made, it may be considered 

as a step towards the right direction. At th~s stage, it may constitute 

a prelim1nary analysis with a capability of providing general trends of 

pressure distributions and pressure eccentricity ratios accounting for 

variables such as drawbar pull eccentric1ty, degree of slip and track 

weight. The present results show a graduaI change of the pressure dis tri-

bution from trapezoidal to triangular as the degree of slip increases. 

Similarly, the pressure eccentricity ratio increases towards the track rear. 

The rate of change in both variables is faster as the drawbar pull applica-

tion position moves closer to the top of the track. ' 

9.2.4 Flnite element analysis of the model track 
1 

The energy dissipated beneath the model track vas predi~ted 
'-

wben the fiuite element method of approach was, applied to the'whole track-

so11 sy~tem. Tangential and ~ressure distributions at the track-so11 

interface area were assumed based on simple laboratory tests. The grousèr 

effect was implicitely -eonsicfer~d in the analysis. ~nergy predictions 

based oh the assUJDed tangential distributions, provided d~~bat;' pull energy 

values when coupled to the prlnciple of energy conservation. 

The raults show that the track performance may be reasonab,J.y 

evaluated over a range of slip values, provided tbat the grouset effects 

are DOt much pronounced. Th~ simplicity of application of this method of 
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approach maltes it attractive, when slow vell-balanced vehic1es are 

considered moun tecl vi th small grousers. 
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( CHAPTER TEN 

RECOMMENDATIONS FOR FURTHER STUDY 

The final target of the mobility r~8earch is to develop ana1ytical 

modela which can properly and accurately model act~l track-soil inter-
fi 

action situations. Bence, the capabil1ty of the analytica1 predictive 

~pproaches, investigated in this thesis, should be 'extended and, if 

necessary, modified. 

The research May be carried on to different types of soil such 

as sand, muskeg and mixed soi1s with both cohesive and frictional character-

ist~C8. Thus track performance under various terrainfconditions May be 

evaluated. 

The Unite element model (and computer programs) may be up~ted 

in several ways. Instead of predetermined discontinuity surfaces, 

difficult to visualize under combinations of load and disp1acement boundary 

conditions, failure and/or slip surfaces should be generated. ~uch would 

require a stepwise procedure with the mesh updated after each step. 80 that 

special elements could be inserted at discontinuities. Choices may be! 
, ' 

(1) Cracked elemente ~eplaced by smaller elements with new 

tlbde numbering; 

(2) Joint elements inserted to transfer normal but net shear 

stresses; 

(3) Redistribute stresses after cracking through iteration ~ 

procedures after'each load increment; 

(4) Delete the cracked e1ement stiffness matrix and redistribute 

the strain energy in adjacent elements. 

( 
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A new fini.te element model may be assembled to ac,Count for 

grouser entry/exit and/or flexible grouser connection ~ituations. 

Tension - Compression combination conditions and anisotropy 
\ 

could'be introduced along with analyt1c~l forma of constitutive relation-

ships, the latter generated through variables establidhed fram simple 

instrumentation laboratory or field tests. 

Thé energetics models can be extended to consideT flexible track 

performance over various types of soil. A study of the correlation 

between experimental and predicted results, where lateral soil shear and 
( 

deformations are not restrained, can provide information concerning the 

field performance of tracks with varying grouser depth/width ratio 

combinations • The effects of the track wheels and/or grousers can be 

<:
etter modelled by updating the initial assumption of pressure distribution 

type below the track. A Fourier series type of approach would be 

itable to model such pressure distributions. Further, three dimensional 

effects c~ld be ~onsidered. 

The effect of track speed and associated variation in subsoil 

strain rates are 'cited as further' research studies, to reflect "dynam1cll 

strains associated with high speed vehicles; then, 8uch effects could be 

incorporatèd in an updated energetics model. 
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'APPENDIX A 

SOIL PREPARATION AND TESTING P$OCEDURES 

A;,l< Experimental Test FacHit1es 
{ 

'f" 

A.I.I Single and multiple grouser elements test facility 

Th~ apparatus consists of a carri~ge mounted on raller 

bearings travelling on polished guide rails. A tool plate attached 

to the carriage allowed both horizontal and vertical translation but 

restricted angular rotation. The plate top has provisions for 

mounting additional load, while its bottom is attached to thé top of 

a single grouser or grouser element. The horizontal force was meàsured 

by a load transducer, while the vertical displacement was measured by 

a displacement.transducer, both connected into a recording system. 

(Fig. A.l.l and Plate A.l). 

Thé drive mechanism of the apparat,us consisted of a worm 

gear driven by a 1/2 horsepower varying speed electric motor (0.0 to 

8.16 cm/min) and a V-belt pulley assembly through a gear system. 

A removable lucite wall bin was positioned underneath the 

cardage and too'! assembly, as shown in Fig. A .1.1. l ts dimensions 

being 90 x' 10 cm in plan, the sail bin> could accomodate a clay depth 

of approximately 30 cm. 

A.1.2 Model track section test facHiey 

The test f~cili~y utilized for the model track section tests, 

shawn in Fig. A.I.2, consists of the following main parts: 

1. Hydraulic pressure supply and control panel, 
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1 Plate A.l Horizontal force and vertical d~placement (sinkage) 
measuring system 
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( 
2. Electrical D.C. motor and sprocket d~ive, 

3. The dynamome ter carriage, 

4. The model track section and its guide frame, 

5. The soil bin anq soil sample bolder, 

6. The electronic circuit. 

The hydraul1c motor vas.- used to power the chains pulling 

the dynamometer carr:lage, at the desired speed and direction. , 
A 3.0 IIP 8bunt electric motor, vith power rheostats controlled 

speed, provided angular velocity and torque to the sprock.et wheel of the 

model sec tian track. 

The dynamometer carriage, pulled by two continpous chains 
.) 

carried the electric drive motor, and tbe track loading and guide system 

travelling with the track section (Fig. A.l. 3). 

The trac1~ section (F1gs. À~~ 3 and 4.4(a)) consists of two 
-! 

alum1.num side frames, a rear driving sprock.et, an adj us table front wheel, 

(to adjust beit tension). and f:1ve idler wheels. l t vas guided inside 

a frame, mounted on the carriage frame, by means of side raller bearings. 

Two àpring 8tee~ flexure pivots, connected the track to the dynamometer 

carriage; their associated strain dur1nt motion, measured by strain 

gauges, represented the dravbar pull. 

A 15 ,cm w1.de by 9.75 m long bin held a rectangular soil sample 
o 

bolder fi1led w1.th compacted kaolinite clay. The soil sample holder, 

360 r x 60 cm x 10.6 cm 1nt;erior tddth, vas equipped vith removable lucite 

.ide and top plate. 
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Fig. A.l.3 Track section assembly 
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1. Chain .ystem 

2. Dynamometer 

carrlage 

3. Electrlc motor 

4. Dr1vlng .procket 

5. Torque 1ransducer 

6. Tracle frame 

7. Drawbar pull 

.... transduceu 

8. Track model 

9. Flexure pivots 

10. 'earlngl 
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The eleetro~c c1rcu~try reeorded f~ve different tr~ck 

var~ab1es, namely: app1~ed torque, 1eft and right band side drawbar 

pull, angular ve10e~ty and carr~ge veloc1ty. 

A.2 S01l Preparation 
',' .. ' 

The kaolillite clay used in the experimental program was 

'prepared using the followtng procedure: The dry kaol~ni te powder was 

deposited in a batching reaervoir in 50 pound lifts forming two-inch 

deep layera. A sUÎticient amount of water was added in each lift in 

order to b,ring the soil to tbe desired water content. The water wu 

allowed to 80ak and tbe next lif t was added. The sail was then allowed 

" to equilibrate for a week, after which it was mechanically mixed to 

iDiprove' homogene1ty ~ As the water content was kept below the liquid 

A7 

11m1t in the rsnge of 42% to 44%, the 80il denaity was not very dependent 

on the compac tion energy. A small vibratory compactor was found ta 

be sufficient for compacting the clay sail 1n the so11 bina using a 

certain number of passes. The compaction curve for the kaol1n1te clay 

1s shawn in Fig. B.l. 3. 

A.3 Testing Procedure 

A.l.l Single and multiple grouser elament tests 

After the sail sample had been prepared, it was placed in Uve 

layera parallel to the glass aide of the box, which wu laid on its side. 

The 8011 was compacted by the small vibrator after each layer was p1aeed. 

After' the lut soil layer was plaeed, the 1011 surface was tr1DDed and a 

grid system wu drawn using co1oured sand. A smooth wood plate, previouely 
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~attached to the top of the box, permitted the creation of a horizontal. 
1 

top soil surface. After the glass side of the box was bolted on, the 

box was placed ~ its upright position and the plate of the carriage 

system was conneeted to the top of ttte single grouser or multiple grouser 

element. 

At this point, the speed desire~ (5 cm/min) was preset on 

the mator control box. An initial photosraph of the undeformed grid 

was taken. After the carriage was set in motion, successive photographs 

were taken every 6 seconds until t~e sail failed. A chart recorder was 

used to record the horizontal load a~d the vertical displacement changes 

with time. 

A.3.2 Model track section tests 

The soil saœple was placed in small lumps, tamped and vibrated 

in four-inch lifts. The final soil surface was trimmed, smoothed and 

leveled. The sec~ion track was th en placed and the drawbar pull ~chan1sm ,. 
..of 

was set at a predetermined posÜion. The hydrau1ic pump, which controlled 

the carriage veloc~ty, the electric mator, which controlled the degree of 

slip and the five channel chart recorder were started at tbe same time. 

The motion was brou,ht ta a stop when the track section had reached the far 

end of the sail holder • 
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APPENDIX B 

SOIL PROPERTIES AND STRENGTH TESTS 

B.l 5011 Properties 

During the en tire experuental series, the soil used was 

a pure ka~linite clay presently ca11ed ''Lee Moor SPS". The chemica~ 

analysis, by weight, and the engineering properties determined fram 

laboratory tests are summarized in Table B.l.l. 

The grain si~e distribution for the so11 in question is shown 
( 

in Fig. B.l.1, while Fig. B.l.2 presents the results of an' x-ray ~iffraction 

wh1ch revealed 93% kaolin1te by'we1ght with some il1ite (about 7%). 

As this clay was received in 3ry powder form, water wa~ added 

during preparation in the required quantity, until the desired water 

content was reached. During the pr~sent experimental series the water 

content was !œpt in the range of 42% ,to 44%, wh1ch represented a degree 

of saturation varying between 93% and 95% under proper compaction. The 

c~ac tian character1s tics of the clay 80i1 are 111us'tra ted in Fig. B.1. 3. 

B.2 Shear Str.n,th Tests 

Prismatic samples (5.0 cm x 3.8 cm x 10.8 cm) of nearly 

saturated [kaolinite] clay, prepared in a similar manner to the compacted 

samples used throughout tbe experimental program of thia study, were 
~- , 

tested. "True triaxial" tests were conducted under plane strain conditions, 

so as to represent the as.umed experimental cOnditions,as closely as 

pos~ible. A modified tr1ax1al cell was used, shown in Fig. B. 2 .1. The 

so11 samples were confined between two polished and lubricated brass plates. 
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The dista~ce' between the plates was fixed at 3.8 cm, 80 that no lateral 

deformation of the material was permitted. Axial load was applied 

uSiug a rectangular top platten of the same dimensionS as the cross 

section of/ the initially prepared sample. The -tes ts were performed 
" 2 at three different confining pressures (0, 3.5 and 7.0 N/cm ) and 

l 
axial loading velocities of 0.005, 0.40. 2.5 and 5.0 cm/min. The 

results of the "true triaxialll tests are shawn in Figs. 5.41, B.2.2 and 

B.2.3. 

Axisymmetric tri axial tes ts were also performed on 3.5 cm 

diameter by 8.0 cm length cylindrical samples. The purpose of· this 

test series was to verify that the nonexistence of well-defined failure 

'''''-ls due' ta the deformation characteristicsof' the tested soil, rather than 

the restraints of the plane strain IITrue Triaxial" test. The results 

of the axisymmetric tests aré shown in Fig. 5.42 • 

. 
Direct shear tests were performed on the compacted soil in 

three modes: 

1) soil-to-soil mode 

2) soil-to-metal mode 

3) s011-to-rubber mode 

The direct shear test reaults are shown in Fig. 5.43 for the 

soil-to-soil mode, Fig. 5.44 for the soil-to-metal mode, and Fig. 5.45 for 

the so1l-to-rubber mode. The soil-to-soil direct shear tests showed 

that the maximum shear stress value 1ncreases with increasing no~l load. 

This behav10ur indicates the existence of some frictional effect on the 

shear atrength of the tested clay. From the latter direct shear teats, 

the shear strength parameters obtained had values of: 
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Fig. B. 2.1 Modified triaxial cell used for the 'True' triaxia1 tests 
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APPENDIX C if 

FlNITE ELEMENTS FOR JOINTS 

C.I Introduction 

Jointed masses canie modelled by sol id elements (e.g. 

" 
triangular, isoparametrlc, etc.) 1 in~ed ~~~~clal elements called 

"./ \.-
"joint elements". Such elements consist of two 1 Ines each with two 

nodet 1 poi nts (Fi \ ~. 1.1) • They have been extens 1 ve 1);' used to examl ne 9\:\ ,~ 
the behavlour of rock masses and have also been found appl icable ln 

model ing the behaviour of concrete after cracking initiation. 

Two comman formulations of stiffness matrices for a joint 

el emen tare di scussed in th i 5 Append i x, the fi rs t cons i,de ri n9 i nduced 

rotation of the walls of the element, whlle in the second# rotation Is 

not exp II cite 1 y cons i dered. . 

C.2 Flrst Formulation 

This approach is attrlbuted ta Desai and Christian (1977). 

The str;';lÏn vector for a joint element may be deflned by the 

relative dlsplacements and rotations of the two walls measured at the 

Joint center as: 

where 

"{EJ}T a [6u 6v 6,J 
a 0 W 

E:J - straln vectar; 

u - shèar straln ; 
o 

v - norma 1 straln; o 

w. rota t 1 ana 1 5 t ra 1 n . 

Cl 

(C.2.1) 
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\ 
The " s tra 1 ns/l are re 1 ated to noda 1 dl sp 1 acements by: 

o -t 0 

-t o -1 o 

o 

t (C.2.2) 

lit o -II! o lit 

The stress-straln relatlonshlp may ~e expressed as: 

o l\u 
o 

K 
n :J (C.2.3) 

where ~ • shear stress 
sn 

cr • normal stress n 

o w 

M • moment about center of joint o 

Ks • shear term 

K • nonnal stiffness term 
n 

, , 
,~- -~ 

1 f rfodes 1 and J are fi xed and a Il the force 1 s app Il ed 

--

C3 

to elther node K or L (Fig. ), then the value of K can be evaluated 
w 

by.conslderlng moment and rotation as: 

(C.2.4) . 

If FL - -FI and FK - -FJ' the nodal-point forces are re~ted 

, ta the local Joint stresses by: 
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, " F ' - R-/2 0 0 
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: li 1 

Fnl \ 0 V2 lit 
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FsJ" ' - t/'l 0 0 
, 

FnJ '. ' , , 9 - '1./2 -lit T , 
1 

, sn 
FsK 1/2 0 0 cr (C.2.S) 
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Since: 
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{F } • [K \ ] {u} (C.2.6) 
sn sn 
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the~ '. 
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l, 

Ks 0 K 0 -K 0 -K 0 
5 5 5 

0 2K 0 0 0 0 ~ -2K 
n n 

K 0 K 0 K 0 K 0 
5 5 5 5 

0 0 0 2K 0 -2K 0 o-
n n 

t C.2.7) {K J. lf' -K 0 -K 0 K 0 Ks 0 
sn 5 5 5 ... 

0 0 0 -2K 0 2K 0 0 
n n 

, -K 0 -K 0 K 0 K 0 
, , l, S 5 5 5 

" 
. I~ , , 1 

\ 0 ';'2K 0 
n 

0 0 0 0 2K n 

The stiffness matrlx 1$ formed wi th respect to local axi 5. 

Rout Ion 15 neces sa ry to fi nd the tenn-by-term con trI but Ions to the 

global stlffnes$ matrlx. i 
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C.3 Second Formulat ion 

This formuJa",tlon Îs attrlbuted to Goodman, Taylor and Brekke·' (1968). 

Rotation 15 not exp1 i-eitely consldered but It is assumed that the dlsp1ace-

ment varies Ilnearly alon9 r,the joint. 

The displacementalong the top of t.hejoint Is expressed as: 

2x 

.-:. ] uK -T 

0 
vK (C.).)) 
uL 
vL ~ 

u [1 + 2x top t . 
, - t 0 

v top 

o 

f 
wlth a slrhl1ar expression for dlsplacements along the bottom of the 

joints. 

The shear and norma J " s tra 1 ns" are: 

-( 
[ 

U - U ] _ top bot 

v - v top bot 

-, YI 

[-A 0 -6 0 B 0 A :J vI 

- * (C.3.2) 
.0 -A 0 -8 0 B 0 uJ 

v
J 

uK 
vK 
uL 
vL 

where A-
2x 

- To 
(C.3.3) 
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1 f, for a 1 i near load step, 'l' 1\ 
Il 

K • shear stlffness and s 1 

K • normal stiffness then, \'\ n 

!:J -C' : ] 1 ::01 (C.3.4) 

n 0 

ConsiderJng the energy stored /n an element, or assumlng that the 

distribution of forces along the joint elements 15 proportional to 

that of dlsplacement, the local joint element stiffness matrlx may 

be derlved as: 

2K 0 K s s 

0 2K '0 
n 

Ks 0 2K 
s 

Jl. 0 K 0 
K- n 

b -K 0 -2K 
s s 

'0 -K 0 
n 

-2K 0 -K 
s s 

0 -2K 0 
n 

o -K 0 
5 

K 0 -K 
n n 

o -2K 0 s 

2K 0 -2K 
n n 

o 2K 0 
s 

-2K 0 2K 
n n 

o aKs 0 

-K '0 K n n 

':'2K 

0 

-K s 

0 

K s 

0 

2K 
5 

0 

0 s 

-2K n 

0 

-K 
n (C.3.S) 

0 

Kj\ 

o " 

2K 
n 

Byrne (1974) obtalned the same resuH, conslderlng a Hmlt 

approach of a reetangular Joint element fi lied transversely wlth ~sotrople 

material. The requl red assumptlons were: 
t 

1) the thlekness 9f the element approaehes zero 

2) the Polsson's rado for the Isotropie fllling materlal 

15 equal to zero. 

A sim; Jar approach can handle jotnt elements for three-dlmenslonal 

problems. They may cons/st of two planar or curved surfaces wlth three 
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or more nodal points deflnlng each joint wall (Desai, 1975; 

C7 

Desa 1 and 

Appe 1, 1976; Hantab andoGoodman, 1970). 
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APPENDIX D 

COMPUTER PROGRAMS 

\ 

D.l "MAIN 2" Finite Element Computer Progi'am 

During the course of the present,study, the computer program 

.. used to solve the nonlinear plain-strai'n problem of the multiple grou8er 

e1ement moving in clay, was previou81y deve10ped by Hanna (1·975). The 

program is grouped under a series names IlMAIN" and i8 based on Zienkiewicz' 8 

program (1971). 

"MAIN 2 t1 (Fig. D.l.I) uges a incremental-iterative method with-

out predictions to solve nonlinear prof> lems, in clay. l t cau handle 

nonlinear material properties and handles problems with discontinui ties 

in the deformation field. The program i8 written in the FORTRAN language 

for use on the IBM 360/75 computer. A brief outline of the working of 

the "MAIN 2" program 18 given here, along wlth general flow chart for 

the various routines (Fig. D.1.I'). 

The computer time requlred for- a ~pecific problem depends on: 

1. The,number of elements and nodal points used in the idealization; 

2. The number of nodes at which the boundary conditions are knowoj 

3. The number of increments; 

4. The number of Iterations. 

D.2 General Out1ine of program "MAIN 2" 

The "MAIN 2" pro gram consists of sèveral subroutines and a brief 
,..-... 

, description of the subroutines is 'given below. ,-
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.... 

Main Program - "MAIN 2" 

This 1s the main driver routine of the program. lt calls two 

subroutines to handle the input data and caUs severai others to execute 

th e p,roblem. This routine ~n1t~a1izes a11 no~ and element arrays, 

and specifies the size of the loading increment. All output with the 

exception of the reactions a.re printed out in the subroutines. 

Subroutines "GDATA 1" and "GDATA 2" 

Since this 'program deals with nonlinear material praperties, it 

was faund most appropriate to provi~ two data input routines. Subroutine 

"GDATAl" reads the basic dat~, which are: 

1. JunctiOn Coord1nates and element characteristics. 
o 

2. Initial ma teriai pr'operties for each element type. 

3. Boundary conditions 

4. Number of increments, and number of iterations in 

every increment required for execution of the problem. 

. " Subroutine "GDA';rA 2" in$:orporates the nonlinear stress-strain 

data inta t'he program. As mentioned earlier, the stress-strain lava 

derived from laboratory tes ts are used directly in a digital forme 

Several points on the stress-strain curve are selected as input ta this 

routine in the form of number' pairs. The first' half of this routine 

reads the selected input points on the stress difference (0'1 - 0'3) vs, 

axial strain (El) curve for each confining pressure. The second half 

reads data for the joint elements nonlinear properties. The input da ta, 

in this case. are the hyperbolic coefficients (a) and (b), Eq. (3.6) 

for each normal pressure. 
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Sub rou tine IISTIFT 1 (N) Il and IIgTIFT 2 (N) Il 

The- purpOSet\Of these two routines ls ta create the element 

stiffness coefficients appropri'itte to the problem. They have a11 

necessary data transmitted to them through common storage and pass'es 
. 

the element stiffness matrix back to the ca11ing routine- IIFORMKII • The 

element stiffness matrlx i8 gener;ted using the constitutive relations 
I! -

of the material and, the geometry of the element. Subroutine "STIFr l(N)1I 

computes the stiffness matrix for a joint -element (cutting o~' interface 

element) . In case the element is of the constant str~in triangle type, 

subroutine IISTIFT 2 (N)II is called to gen~ral the stiffness matrix. 

Sub rou Unes IIFORMK" and l 'MOD IFYII 

" 
Thé "FORMKII routine assembles the t9tal stiffness matrix for the 

entire continuUIII using the direct sUffness Methode Because of the bonded 

form of\he resulting total stiffness matrix, only the 'main diagonal 

elements and the lower trian"gle elelllenU .are ,stored in a rectangular IDatxix 

with a wldth of half the band, (Zienk±ewicz (1971) • 

"The IIFORMK" routine also generates the total nodal force vector. 

Th'è applied nodal forces are added directly, while the total stiffness matrix 

ls mod1fle~ for the apptied displacement conditions (Chapter 2) using 

subroutine ''MODIFYII. 

this. routine. 

Subroutine "SOLVE" 
, \'l 

me body forces due to gravit y are also added in 

\ 
\ 
1 

This routine uses Gaussian e1imination method in order to 

_~olve for the unknown displacements from the set of stiffness equations 

gener a ted in "FORMK". 

. . 
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Sub routine "STRESS" and "JSTRES " 

These routines compute the stresses and strains at the center 

of each element using the nodal displacements obtained from "SOLVE". 

Subroutine "STRESS" ls called for the determination of stresses and 

strains in the "eST" elements. The routine also computes thè principal 

stresses and principal strains in each "eST" element." Moreover, it 

calls subroutine "NONLIN(N)" to updaté the "eST" elements' elas tic 

properties • 

Subroutine "JSTRES" is used for the computation ofuthe average 

incremental.shear and normal stresses across the joint elements and the 

a~cumulative corresponding values. This routine calls subroutine 1 1 

"JNONL(N)" for updating the stiffness values of the joint elements to 
, 

be used in the subsequent increments. 

Subroutines "NONLIN(N)" and "JNONL(N) " 

The nonlinear analysls i.5 performed in these subroutines. In 

"NONLIN(N)" routine, values of E and v"are computed for each element 

fram the nonlinear stress-strain curves depending on the state of strain 

and confining pressure in each element.' This nonlinear routine can 
\ 

handle several nonlinear curves for any number of different materials 
J 

Lit 
bi \u1 tably al tering the dimènsion s tatements. 

, ( Subroutine "JNONL(N)" interpolates for shear stiffness values 

(k "from the hyperbolic shear stress-relative displacement relationships. 
s ," 

Values of the coefflc~ents (a) and (Q), Eq. (3.6). are computed for 

each cutting or interface element depending on the state of shear displace
~ 

ment and the normal pressure in the element. Again this routine can 
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hand1e severa1 nonlinear curves for any number of different joint behaviours 

by suitably a1tering the dimension statements. 

Subroutine "REAC" 

The reactions at certain nodal points resulting fram specifying 

disp1acement boundary- conditions for these nodes are determined in this, ' 
J 

routine. The reactions at the desired node are obtained by multiplying 

the nod~l displacement vector of the element by the stiffness values of 

the particular node. The reactio~ obtained for any par~icular increment 

are then added to the cumulative values ohtained in previous increments 

to obtain total reactions. 

Subroutine "AVER" 

In this subroutine output results are averaged at the nodes. 

The stresses, the strains, and the strain rates of a11 the elements 

connected to a node are summed and divided by the number of elements. 

Subroutine "LARDEF" 

After each increment, the element nodal coordinates are updated. 

This is done in subroutine "LARDEF" by adding the nodal displacements 

to the element nodal'coordinates to obtain new coordinates for the next 

increment (Chapter 3) • In addition, the velocity components of the 

nodal points are determined together with e1ements strain-rate components 

and their principal values and directions. The "LARDEF" routine a1so 

computes the incremental dissipated energy componènts, i.e. distortion, 

compaction and shear slip, and adds them to previous!y obtained values 

for ~eterm1nation of total dissipated energy. 
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Subroutine "PRIN" 

. \ 
This routine evaluates the principal stresses (or strains) 

from ~he known nodal values. 

D.3 "MAIN 1" Finite Element Computer Program 

The computer program used to predict the model track performance 

(Chapter 8) was based on the previous work done by Fattah (1976) for the 
( 

case of a rigid wheel moving on soft soil. Modifications were necessary 

to account for the shape and contact area of the track as weIl as the 

induced pressure distribution. 

The present ~omputer pro gram 1s grouped under a series named ~ 

l'MAIN 1" and is similar to the "MAIN 2" series described. in section D.l. 

The main diff'erences between "the two series is discussed here: 

1) "MAIN 1" cannot handle problems with discontinuities 

2) The main program of "MAIN 1" generates the equivalent 

nodal fO.rces according to the pressure1.iustribution 

patteIn specified. "MAIN '2" simply reads in the 

nÇldal forces. 

3) "MAIN 1" cal cula tes input and output energy based on 

energy conservation (main program) J while in "MAIN 2" 

Buch 1s not necessary sinee in the case of the MGE 

the input energy ls comp1etely dissipated in the soil. 

The 8ubroutines linkage for the l'MAIN 1" series i8 shawn in 

Fig. D.3.1. The description of the various routines ia not repeated 

• 
ô'aince i~ ia similar to the l'MAIN 2" routin-es. 
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CONVERSION OF UNITS 

kilometer 3 1000 meters inch - 2.54 cm 

meter • 100 centimeters foot. 30.48 cm 

centimeter • 0.01 meter centimeter - 0.3937 in 

milimeter - 0.001 meter ,1 meter • 39.37 in 

square meter - 10.76 square feetr 

square foot. 929.0 square centimeters 

cubic me~er~ 35.32 squa~e feet 

km/hr = 0.2778 m/sec ·,0.9113 ft/sec 

kilogram force - 2.205 pounds force = 9.807 newtons 

newton - 0.102 kilogram force - 0.2248 pounds force 

kiloPascal - 1000.0 newtons/square meter 

newton/square meter ~'o.02089 pounds force/square foot 

pound force/square inch - 6895.0 newtons/square meter 

gram/cubic centimeter - 62~43 pounds mass/cubic-ftot 

pound mass/cubic foot - 0.01602 grams/cubie centimeter 

pound mass - 453.6 grams 

gram • 0.001 kilogram 

kilogram - 2.2046 pounds mass 
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