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» ABSTRACT e

The interaction between different types of riglid tracks with
a soil substrate is examined with a view to development of a better know-
led.ge of the manner in which energy is transferred and dissipated in thHe
bearing soil substrate.

The development of soil deformation patterns, faijure status
and dissipated energy components during mul{ple grouser motion are
examined using the finite element méthod. Two different sets of boundary
conditions are considered. The resulting kinds of deformations and
dissip;ted energy components provide the input required for optimizing
track p.erformance.

Two predictive methods are established for performance evaluatlion
of tracks moving on soff soll, both based on the application of the
principle of/energy transfer and conservation. While the first methoc; uses
the dissipated energy components previously obtained from finite el ement
analysis of the multiple grouser element~soil system, the second one
predicts the d!sslpated- energy by performing-a finite element analysis on

the whole track-soil system.’ The rasul ts obtained from both methods compare

well with measured values for varlous situations tested.
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EVALUATION DE LA PERFORMANCE DES PATINS ET CHENITLS EN UTILISANT
p LES ELEMENT FINIS
‘ NicolasSciax-ia.s; i

Départament de G&nie Civil .
et Méchanique Appliquée M.Génie

L'intSraction entre différents models des chenilles rigide et
le sol est examirds pour developper une meilleur campr&hension de la fagon
dont l'énergie est transfégé et dissip& dans le sol. )

Le aéwteloppment de la deformation du sol, 1'&tat de la rupture
et les camposants de l'Snergie dissipé durant le mouvement des patins
maltiple sont examing en utilisant la mEthode des éléments finis. Deux
ensembles différents de limitation sont consideré&. Les deformations cbtenues
et les camposants de l'énergie dissipé domne les conditions nécessaire
pour optimiser la performance de la chenille.

Deux méthodes sont &tablies pour &valuer la performance ‘da
chenilles mobiles sur sol argiletx. Ces dewx mSthodes sont basse§ sur
le principle du transfert et la conservation de l'énergie. La premi®re
mSthode utilise les composant de l'é;\ergie dissipé, obtenu par 1l'analyse
du systeme des patins multiples-sol en utilisant la m&thode des &léments
f:.nls ‘La dand.ene pted:.s 1l'énergie dissipé par utilisation de l'analyse !
des &lé&ments finis sur le systeme de chemille-sol. Pdur plusieurs srma- l
tions testfs, les résultats cbtemu par ces deux méthodes compare bien ; :

avec les ré&sultats experimentales. : o
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& CHAPTER ONE

INTRGDUCTION

1.1 0ff-Road Vehicle Engineerding

o
. B

Because he co;nplexity of the man-vehicle system, problems j

in the area of off-road vehicle engineering are multidisciplinary by

o g

‘their very nature. The ability to move vehicles over natural terrain

is of :primary importance to.a wide variety of disciplines, for example,
automotive, military, mechanical, aerospace, construction and agriculturgl
engineering. For purposes of definition, "Mobility" will be defined

as "the characteristic performance of a vehicle vhich enables it to

travel on various types of improved surfaces at reasonable speeds and

to operate effectively in the natural, off-road enviromment, especially C

soft solls." (Karafiath and Nowatzki, 1978). ) *

Traditionally, the complexity of the problem has deterred many
regearchers from pursuing a thegretically rigorous fomula.;tion. Designers
have been rglying on gmpirical rules of trial and error until acceptable
designs are identified, when the resullts are judged Eo ‘t:e~ satigfactory,

Such simplistic empirical and semi-empirical approaches often ignored
fundamental concepts of soil behaviour. It 1s only recently that the
problem ‘of soil-vehicle interaction has beén ;:ecognized to be fundamentally “
a soil-mechanics problem. The mechanical properties of the terrain are J

undoubtedly among the most important factors that affect off-road mobility.

A logical approach to a mobility problem fequires a trade between i

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

»
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1)

2)

3)

4)

5)

6)

has been enhanced by advances in other disciplines, The most sophisticated
levelg of analyses of gsoil behaviour are possible with the availability

of high speed computational facilities.

have become an accepted wﬁy of improving geotechnical engineering desigrm.

v

 Definition of the problem with respect to the basic

parameters involved;

" Development of a concept of soil-vehicle interactions; :

Formulation of a soil-mechanics theory that describes the
soll behaviour involved within an aceeptable framework
of agsumptions;

Definition of the soll properties associated with the soil
mechanics theory, and establishment of suitable laboratory
procedures for their determination;

Validation of the theoretical concepts under controlled
laboratory conditions;

De:velbpment and establishment of suitable field tech;miques

for the evaluation of the soil properties réquired in the

theory. The simplicity of ffeld tests 1is essential within

acceptable accuracy limits,

The development of theoretically rigorous methods of analyses

1.2 Track-So0il Interaction

and agricultural vehicles have been developed, whenever high traction or

travel over soft terrain is required.

low ground pressure that enables them to travel over ground not suitable

Various types of tracks used today with mnilitary, heavy 'const:r\uctian

°

Thus, soil mechanics predictions

" Their common characteristi¢ is the
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for wheel véhicles. - Tﬁe average ground pressure (also called nominal
ground pressure) is determ?.qed by the weight of the vehicle dj.’vided b.y

the contcact area of the track. While the track performance and the
corresponding nominal grodnd pressure may be thought to be co;.'related,

it 18 the actual track-goil interaction that controls track performance;
this 1is fax: more complex and can hardly be represented by a certain
magnitude of a hypothetical uniform ground pressure. The interdepéndency
of so0dl and track behaviour necessitates claggsification of the various .
types of tracks, according to which appropriaste models must be formed,

if trackssoill interaction concepts are to be represent:educorrectly.

Table 1-1 discusses the main features of the general classes of tracks

encountered today in practice.

‘Whihle the geometry of the contact areg and the magnitude ogwthe
. inﬁerface stresgses play a major role in wheel-gsoil interaction, the
smallvchange of the ground contact area of tracks with 'change in sinkage

affects track-soil interaction concepts in that:

1) The soil response under failurep conditions does not obey

«

the laws of plasticity theory; and

3

2) Track sinkage cannot be determined from equilib¥ium

conditions only, even if soil failure occurs underneath

P

—

the track.
(!
The total track sinkage is dependent on the deformations that

occur under the particular loading conditions in the soil rather than
changes in the contact area during the sinkage process. . Thus, a know-

ledge of the s0il deformation mechansim is necegsary; consequently

3
!
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GENERAL CLASSES OF TRACKS

RIGID TRACKS FLEXIBLE TRACKS
Tracks where the interlocking of the links 1. Continuous Tracks:
permits the track to form a comvex but not (a) Endless Band type: Continuous curve
a concave curve with respect to the soil deflected geometry.
(Rigid Girder Tracks); . Designed to prevent (b) Block and Pin type:Polygon type geometry.
. upward flexing of the track and insure a fairly )
- uniform ground pressure; Cannot be usged with 2. Spaced Link Tracks: Differ from Continuous

N a aprung suspension system that would perﬁit Tracks as there are no

the road wheels to displace vertically. external stresses on the

Uses: Slowly moving vehicles (ex-track soil in between the. links.

machinery used in construction).
Variations: Use of rubber blocks in the
joints allowing a slightly convex

structure; (However, treated as

rigid tracks). . -

TABLE 1.1 Classification of Various Types of Tracks .for the Purpose of

~ Formulation of Track-Soil Interaction Concepts
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it should form an integral part of any track—soil interaction concept
which undertakes to simulate and predict track performance under any

801l conditions.

1.3 The Basic Traction Element

Experimental information on track-soil interaction 1s very limited
in the literature. The main reason 1s probably the difficulty encountered
if one wishes to represent the performance of a tracked vehicle by
contacting laboratory performance tests. On the other hand, while field
tests on full scale vehicles may throw more light in the actual track-soil
interaction, they lack the necessary control over the soil con;iitiona,

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

verification and systematic research.

These facts have led researchers towards the study of the inter-
action of one or more single track elements with controlled soil types
and conditions. In scarce cases, correlations between track-elements

behaviour and overall track performance have been attempted.

Among the earliest works dealing with the design of tracked‘vehicles,
which appear in the literature, is the empirical approach of Micklewait
(1944) . Latter, Bekker (1956, 1960, 1965) examined the problem from a
more rigorous point of view. He derdived a theoretical expression relating
the horizontal thrust omn the grouser to the grouser parameterg, based on
approximation of the grouser plate by a strip footing acting on an elastic
media (soil). {aythornthwait (1961) obtained upper and lower boundary
solutions for Bekker's grouser plate using the method of lix;xit plasticity.

4

®
On the experimental side, Cho, Schawanghard and Sybel (1969) investigated

I
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the effect of spacing of track shoes on the development of tractiomn.
They determined tractive force—deformation relationships for variously
spaced track shoés and grouser plates. In the theoretical evaluatiom
of the &rouser problem, Harrison (1972) assumed that the soil failure
occurs along slip lines, governed by the differential equations of
plasticity, which are either straight lines or logarithmic spirals.
Thus, he arrived at closed form solutions for the computations of the

vértical and horizontal components of the ultimate load that can be

carried by a grouser plate.

At McGill University, the study of the performance of an isolated
grouser element moving through soil initiated in the sixties (Yong et al,
1969; Yong and Sylvester-Williams, 1969) and the early seventies (Yong
and Chen, 1970). All of the theoretical approaches mentioned previously
have used empirical or limit equilibrium methods to arrive at a closed
form of solution. Their main drawback 1s the absence of a complete
plcture of the soll deformation process, during grouser-soil interaction,

to provide a basis for any mobility problem at hand. -

.

Among all the methods available, the most promising appears to
be the well-known technique known as "Finite Element Method'". During
the past twenty years, an extensive literat&re has been produced on the
higtery, foundations, and applications of this powerful technique including

over a thousand papers and several books*. |

The application of the finite element technique to the analysgis

of simple soil-grouser finteraction, in nearly saturated soil under plain

* Refs. 17-20,22,29,30,38-40,47,49-53,60,63,67,69,71,75,76
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strain conditions, was ve:rified by Yong and Hanna (1977), and proved to
be successful, . gubsequently, mobility studies were continued by Yong,
Yousgsef and Elmamlouk (1979), and Yong, Elmamlouk and Della-~Moretta
(1980). They investigated the interaction of a grouser element (two

or more grousers connected together) and‘developed a method of evaluation
of track-terrain interaction, based on the principle of energy transfer
and conservation. However, the model was 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 g

The present study is a continuation of the McGill program in an
effort to develop and evaluate a rigorous method of approach to the
overall track-grouser soil system interaction problem. Previous research
has set the grounds to a rational analytical means for predicting track
performance over soft soils. This gstudy aimg at developing a numerdical
model, capable of tracing the complete behavihour of the s0il under the action
of a moving grouser element., Upon validation of the obhfained results,
the calculated dissipated energy components fk@kz: input into an
energy model to further predict the performance of a laboratory scale model

track. A schematic representation of the proposed study involving both

the exper imental and analytical phases is displayed in Fig. 1.L.
The factors that are comnsidered pertinent in traction experiments
relate to:

1) Soil: Type, density, and shear resistance parameters;

¥ -
2) Grougser Element: Geometry of grousers, gspacing between

e

grousers, boundary conditions, speed of travel;

e % o gt
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SINGLE GROUSER SOIL THEORETICAL E/XPERIMENTAL
TESTS: CONSTANT STRENGTH PREDICTION PERFORMANCE
SINGLE GROUSER ELEVATION (AT TESTS OF FULL OF FULL TRACK |
SOIL NGLE U;m GROUSER HEIGHT) TRACK MODEL MODEL AS A
SZRENGTH ;Eg‘S\TgN(SA A - ! PERFORMANCE FUNCTION OF
bl GROUSER HEIGHT) ‘ VISIOPLA- * DRAWBARPULL
‘ v MGE TESTS: —" STICITY ECCENTRICITY
ISIOPLA~ CONSTANT TECHNIQUE
STICITY L,| FINITE ELEMENT ELEVATION SINGLE GROUSER
TECHNIQUE
METHOD (FEM) TESTS: CONSTANT
‘ {(Eimamlouk, 1977; 1980) i ELEVATION: DEPTH
Y : OF EMBEDMENT:
VALIDITY OF { ' VARIABLE
FEM
T 1 FEM SOIL ] FEM 1< MGE TESTS:
STRENGTH I CONSTANT
(Hanna ;1975) Y y TESTS APPLIED
) VALIDITY VALIDITY BOUNDARY
OF FEM OF FEM PRESSURE
Y [} l
PREDICTION OF FULL TRACK MODEL PERFORMANCE
(Present Thesis Study)

) Figure 1.1

-

Schematic representation of the analytical and experimental program sequence followed in the
present study as a result of previous investigations
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{
3) Track: Dimensions, weight, grouser type and spacing,
belt temsion, translational velocity, slip rate, drawbar

pull height. -
} N
The grouser element may be subjected to any combination of

3
X
3

the following boundary conditions:

(1). Specified constant speed and depth of cut;
(2) Specified constant horizontal force and depth of cut;
(3) Specified constant horizontal and vertical forces;

(4) Specified constant speed and vertical force.

[P I DN

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

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

The associated model track tests assumed constant translational velocity,

P N

weight, and grouser spacing while the drawbar pull height and the degree
of slip were varied. The belt tension was also kept comstant at & value }

which reflects 'rigid track-soil dnteraction Ncondicions. Identical soil

(in properties and preparation) was used during both experimental phases.

The method of analysis, adopted to analyse the grouser elements -
soil interaction process, is the finite element technique. Information.
concerning the stress and deformation behaviour of the soil 1is thus

possible. Using an incremental form of gsolution, such information is

[

. obtained for each displacement increment. The analysis 18 performed for

both boundary conditions (1) and (4) as described above. In addition,
~ R |
dissipated energy fields are calculated from stress and strain fields as

et ot apncom

functions of horizontal displacement values; they are applied towards
" prediction of input and output energy leve;s' of the model track at varying - ]

drawbar pull heights.

.
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'

Consequently, in Chapter 2 the mathematical formulation is

presented including remarks concerning the choice of elements and solution

techniques.

Chapter 3 describes the proposed model for the grouser element
soil system for both gsets of boundary conditiong., The finite element
discretization, constitutive relationships and boundary conditions are -
discussed as well as material and geometric nonlinearity. The adopted

nonlinear solution method is presented.

Chapter 4 and 5 deal with the experimental part of the program.
Chapter &4 contains a brief des?ﬁription of the experimental facilities and
techniques used. Chapter 5 contains results obtained from single grouser,
multiple grouser element and model track tests. uSingle grouser tests
were necesgsary in order to account for the leading grouser of the multiple
gr'ous'e}' element. A discussion on the method employed is presented along

with discussfions on selected experimental results obtained in all phases.

7 i

"Chapter 6 is 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 is
predicted based on energy values supplied by the finite element analysis,
and 18 compared to experimental results. The applicability )‘of the model

is established.

Chapter 8 intoduces a simplified predictive model for track
performahce. The finite element method is uged to directly analyse
the model track-soil interaction in conjunction with ener’gy conservation

principles. Simple laboratory testing provides the necegsary input

>
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parameters. Lnput and output energy predictions are applicable to
most situations concerning low—speed tracked vehicles.

Chapter 9 contains the summary and conclusions.

Chapter 10 refers to further recommendations.

Four appendices are included in this thesis, which contain
pertinent n;g_aterial required to provide the input for the experimental-
theoratical studyl, as: - )

Appendix A - Soil Preparation and Testing Procedures
Appendix B — Soil Properties and Strength Tests

Appendix C — Finite Elements.for Joints

Appendix D. - Computer Programs .




CHAPTER TWO

FINITE ELEMENT FORMULATION

2.1 Introduction
Modelling has not played a significant role in geotechnical

. engineering. Predictive methods based on physical or numerical models have \

]
!
H
]
4
§
W

been traditionally assumed to be uncertain. Most of the approaches to the
solution of geotechnical engineering problems in practice are based on the o
,"observational method" (Peck, i;éQ) or on modelling of idealized situations
at small scale to check theories of bearing capacities or earth pressure. |
With today's advancement of technology, many geotechnical situations require ;

the prediction of the behaviour of ghe structure under critical loading

conditions.

" The development of finite element techniques has removed some of

i ot A

the difficulties of solving soil mechanics problems by means of models,
. .
that earlier researchers were faced with (Rocha, 1957). Nonlinear material :

laws , heterogeneous materials, and complex boundary conditigns may be dealt d

with, using the Finite Element Method. AR

" -

it Bt 4

2.2 Finite Element Method :

The Pinite Element Method, which is a computer-based solution

e} I e -
>

’ technique, ‘can provide satisfactory answers to problems for which the exact

.

B3

answer is impossibly difficult. The basic philosophy of the method is to
reduce the actual continuum from infinite degrees of freedom to a finite

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.

4
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The basic unknowns of the problem are the displacements of these nodal
points, and the element equations ‘are derived by using variational

procedures based on the principle of minimum potential energy.

o

The formulation of the finite element method as applied to a ‘
continuum maybé divided, in general, into three basic steps (Chen, 1975):

(1) Descretization of the continuum into an equivalént system of

smaller continua;

(2) Derivation of the element generalized stress-generalized strain
relations, thus defining the properties of a finite element; equilibrium

i
equations;

% (3) 1Integration of the displacement rate equilibrium equations;

solution of the equiljbrium equations upon the application of proper boundary
;)

=N
» i} «
conditions. /

In s0il mechanics, most of the load deformation problems may be
approximated by plane strain dué to their nature, and are solved by the

displacement method (Raleigh-Ritz method) as it provides an easy formulation

of theﬁ; ,solution. Such a formulation of the Finite Element solution will be
¢ ’ N ‘

briefly presented here, as it is this method which is used to predict the

myltiple grouser element performance and the behaviour of the soil beneath

it.  Discontinujties, material and geometric nonlinearities arising due to

1

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

i

thre numerical model presented in Chapter Three.

,2.2.1 Equilibrium equations formulation

-

A
The combination of the generalized stress-generalized strain relations

¢ K
and the equilibrium conditions of the individual elements will provide, after

beix;g ‘superimposed, the complete system of equations of the entire structure.
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Since the derivation of tﬁe generalized strésa-generalized strain relations
of the individual elements is based on the virtual work equation, the
relationship between the infinitesimal generalizedlstress increments and

the infinitesimal generalized strain increments of an element will also
satisfy the equilibrium equations. The superimposition of this relationship
over all 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 stress and strain increments arises from the fact that
the dependency of the plastic behaviour of the mgterial (i.e. the soil) on
loading path requires step by step calculations which follow the history of
loading (Chen, 1975).

- ’
Compatibility conditions between the states of displacement within

sk

eachkfinite element in terms of its nodal displacements require the assumption
of ;n admissible displacement function. Such displacement functions may be
found for different finite element configurations in many publications (e.g.
Zienkiewicz, 1971).

Consider now a finite element defined by atéet of nodes and straight
line boundaries. The displacement rates of increments at any point within
the increment, d {u} , can be expressed as function, [N], of the nodal

displacement increments, d{&}, i.e.

d {u} =[x] a {8} (2.1)

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

.
v

forces, d {F}, due to an applied arbitrary displacement, d{6*}, at the nodes

of the element is equated -to the internal rate of virtual enmergy dissipationm,

then:
a{6*}T a(F} = a{e*}” a{o} (2.2)

Since

H
[ SN
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d{ex} =[B] 4{6} (strain-displacement relation) (2.3)

where [B] = strain displacement relation matrix,
and .
d{o*,}-[D] d{e*} (stress-strain relation) " (2.4) .

where [D] = matrix containing constants of the material properties,

T O

equation (2.2) becomes:

PR

1-
a{xtt atr} = a{or}t

o1 (817 [P)[Blacvo1)) df8} (2.5

Since d{6} is arbitrary: _ .

: d{r} = [k] aé} - (2.6)
where[k]= Jvo1 [B]T [D][B] d(vol) = element stiffness matrix. :

Then the structural stiffness matrix of the continuum may be
assembled by proper allocation of the element stiffness matrices as:

- [k] =z [x] , @ §

Hence, the equilibrium relationship of the continuum may be ;

represented by a set of simultaneous equations of the form:

d {p}=[x] afs} =~ . (2.8)
By applying a proper set of boundary conditions to the equilibrium
relations, a solution will be obtained for the nodal displacement increments f

and thus the stiess and strain increments may be determined from equations

Y

(2.3) and (2.4).

¥ T stands for transport

SN — ; L
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(\ 2.2.2 Intg;racion'of the displacement rate equilibrium equations

To incorporate the nonliﬁear behaviour of the material to the
closed-form solutions of the equilibriﬁm eqﬁations, three main techniques
may be used for the non-linear analysis (Desai and Christian, 1977).

(1) incremental techniques; ‘

(2) iterative techmiques;

(3) mixed techniques.

Two kinds of material non-~linear behaviour may be encountered in
P

geotechnical problems:
(1) wmaterial nonlinearity arising from variable material properties;
(2) g;ometric nonlineariéy due to significant changes in the

geometry of the deforming body. .

In the present studx, the intexaction of themultiple gtrouser element
and the soil beneath it involve both material and geZmetric nonlinear behav-
"iouliE As the procedures for handling nonlinearities may be applied to both
kinds'of nonlinear behaviour (Desai and Christiam, 1977), they are shortly
discussed here. Comprehensi;e descriptions and\comparisoné between the
various procedures are ggveﬁ b& Desai and Abel, 1972.

In the incremental method, the 8oil loading is considered to be
applied in small increments, 8o ‘that a "marching" type of approach is used.

It providesha relativei& complete description of the load deformation
behaviour but the equilibrium path is followed only approximately, (Fig. 2.la).

In the iéefative method, equilibrium_is approached at all stages’
of the compuéation. It is thus capable of representing stress-gtrain
relations which exhibit a definite peak, but can only give solutions for

the final level of the applied load without considering the load and

‘, deformation history of the soil (Figs. 2.lb and 2.lc).
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Figure 2.1 Techniques for nonlinear analysis (Desai and Abel, 1972)
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In the step—iterative or mixed method both the incremental and -
4

3

TRy

5

SRR f;‘

iterative methods are combined (Fig. 2.1d).
4
%
N
f 3
2.2.3 Solution of the equations ' 3
H
The set of the linéar simultaneous equations, represented by the #
equilibrium relationship (Eq. 2.9), may be solved using various solution H
i
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): E
(1) Direct solution, where an exact gsolution is sought-~ Gauss )
™ i
elimination procedure; 2 )
(2) 1Iteration, where a successive approximation techinque is -
% . . :
used to converge on the true solution - Gauss Seidel :
" i
. procedure. i
, { R . :
Other schemes utilizing "certain special characteristics of the
coefficient matrix have been used successfully in computer programs for the
finite element’ (Hanna, 1975). A comprehensive review and evaluation of
different methods for finite element equation'solutﬁﬁns is given by Traule .
(1973), and Birkhoff and Fix (1974). For nonlinear analysis, repeated i
2 3
applications of the elimination and iterative schemes are required.
2.3 Discontinuities :
In several instances, situations are encountered where the deforma- j

o

tion between parts of a continuum is not continuous. Rocks usually break

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

In reinforcing concrete, when “

e

minor faults and other planar structures.

the ultimate bond stress is attained, relative slip between the two materials
4

.
’
Tl 3B R oL
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occurs. Cracking of prestressed and reinforced concrete, and propagation
5

of cracks after the cracking 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 rapidly accross a narrow
transition layer. Chem (1975) states that "any mechanism is said to be valid .
if the small change in displacement within the body (or velocity field) due

to the mechanism is compatible or kinematically admissible". Thus, such

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

%
)
s
£
H
i
5
.
Al
i
t
3
§
%

it n

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

fren

minimum value. 1In such a case, the limit load will represent a least upper

bound.

i -

The finite element method has been formulated using variational

RPN I N

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

concluded that velocity discontinuities are "kinematically admissible" -

within the Finite Element Method framework.

A}

2.3.1 Finite element for joints

Jointed masses can be modelled By 80lid elements 13nked by special
joint elements consisting of two lines each with two nodal points (Fig. 2.2).
There are mainly two approaches to derive the joint element stiffn?ss
proposed by Desai and Christian (1977). In the first approach, the strain
vector forla joint element is defined by the relative displacements and 3

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

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

derived without copsidering rotation explicitly. A linear variation of

7

B N T
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+
3

displacement along the joint in the wall is assumed. Tﬁe formulation of the
joint element sEiffness is gresent:ed in Appendix C, for the two cases.

The methods outlined may be termed explicit since the joint
properties are input as distinct numbers in. the stiffne;s matrix. Alterna-
tively, the joints can be taken into ~at:::mmt: implicitly, as is done in the
no'ténsion analysis of Zienkiewicz,Valliappan and King (1968) or the
ubiquitous joint described by Goodman and Duncan (1971). Desai and Christain
(1977) state that "tl/xe trouble with such methods is that the noulinear
behaviouxr of each individual joint and the kinematic constraints on the
blocks imposed by the ‘gystem of discontinuities cannot readily be duplicated,

the latter being a severe limitation".
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CHAPTER THREE

NUMERICAL MODELLING OF THE MULTIPLE GROUSER ELEMENT-SOIL

SYSTEM USING FINITE ELEMENTS

3.1 1Introduction R ' %

The modelling of soil-structure interaction has long been existent
in geotechniocal engineering.

The type of problems which fall into this category are varied and
their different nature is reflected by a variety of methods and techniques
employed in the conventional approaches to their design, substantiated
by an enormous practical éxperience and applications. The design of
retaining walis has been largely based on the results of classical earth
p?essure theory, while partialiy buried and cut and cover structures and
bulkheads are usually designed based upon a mixture of classical earth
pressure theory, beam on elastic foundation theory and past experience

(Clough, 1972).

e 18 et oo 3 £ s 5 1 St R U 85 P e ol e B st

Such classical models can provide de;ign information at some limiting
condition without indica;ioﬁ to the deformations of 8oil or structure during
the loading ;tage up to failure. 0

The potentiality of the finite element method, as an analytical
method with a minimum of oversimplifying idealizations, has been established
by many researchers*. It is the only analytical method gbich may deal with

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

<\ As was discussed in Chapter 2, the modelling of a/particular situation %
by the }EM requires three basic steps, namely discretization of the material,
adoptipn of constitutive laws and %pplication of boundary conditions, which ° ;
oy’ ,‘ , .

* Refs. 10,15,19,23,37,76 1
-22-
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cbupled to equilibrium and continuity equations will result ;n the most
suitable numerical scheme. In such a formulation, the final aim will be
the accuracy of the predicted results and the cost of the solutign. The
factors that affect the validity of such a numerical procedure have been.
discussed by Desai (1972) and they are shown schematically in Fig. 3.1.

The problem at hand falls into the category of stress-deformation
problems dealing with nonlinear soil properites. The need for a nonlinear
Finite Element Analysis arises due to the capability of such a scheme to
model the strain softenﬂ&g behaviour of the soil by the uge of varying
tangent moduli for each soil element.

The complexity of the mechanics of grouser-soil interaction during
traction has not been overemphasized by Hanna (1975) for the case of a
single grouser moving at constant depth. In this particular situation, for
example, the pressure distribution on the face of the grouser is the
result of occurence of several actions - shearing action, friciton and
adhesion between the soil and the tool, raising and accelerating the soil
in frount of the grouser, and cracking if the tensile strength is exceeded
(Hanna, i975). In addition, the grouser shape and geométry will define
the regions of high s?ress concentrations and the shape of the progressive
failure mode.l

"In the present study, the §rob1eﬁ becomes even more complicated due
to the addition of a second grouser attached to the single (first) gr;u;er.
Such a system - multiple grouser eleme;t - was analysed by Elmamlouk (1977)
for'the case of constant depth of cut. It was concluded that at least.two
more variables will add to the copplexity of the situation: the spacing

between the grousers and the rigidity of their mutual connection.
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PHYSICAL NUMERICAL HUMAN COMPUTER
IDEALIZATION - ACCURACY FORMULATIONS, PREPARATION
OF BODIES , STABILITY ALTERNATIVES , OF INPUT
OF BOUNDARY CONSISTENCY INTERPRETATION, COMPUTATIONAL
CONDITIONS OTHER TIME ;
DECISIONS OUTPUT

-~ /
TOLERANCE IN REFINEMENT /
SATISFYING : \ HARDWARE ;
PHYSICAL CONDITIONS / .~ Amorizarion
SUCH AS CONTINUITY \ - OF HARDWARE
OF DEFORMATIONS \\ \ / - —
AND FLOW AND “NO ~— — .
TENSION" IN JOINTS '

S

=

TOTAL COST PER SOLUTION ~n

Factors affecting the development of a numerical solution (éfter Desai and ,
Christian, 1972) '
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Figure 3.1
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The successfdl modelling of the single grouser-soil system
situation by the finite element method (Hanna, 1975) has led to an effort
towards a developwent 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 (abbreviation

. G

FEM) . Encouraging initial results led the research further to consider
constant pressure boudnary conditions.

At this stage, the problem at hand 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 displacement increment.

The enormous amount of effort and computer memory required for a

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

extent‘of the present study to the following considerations:

(1) The MGE system moves on Homogeneous soft soil with
constant low translational velocity, so that the
MGE~s0il intereaction can be treated as a steady
state problem and hence neglects the mass inertia
forces of the soil continuum; %

(2) No tilting of the grouse£ assembly is permitted, so
that the‘vertical displ;cemeﬁt of both the grousers
and their connecting mechanism is constant with
respect to an arbitrary horizontal plane;

(3) The vertical boundary pressure applied at each
increment is of constant magnitude;

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

no deformation of the grouser face is allowed;

LI

R
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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

AR s wiack st Sigusan i3

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

ment of the MGE occurs in a horizontal plane, whereas

ot e s

- the applied pressure forces an instantaneous sinkage

at the end of each increment.

These considerations should not be regarded as limitatioms of the
analytical model under 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

Q -

we consider the relative rigidity between the nature of the MGE fabric

RIS P S SRRV RO R U R SRR B

and the soft soil. Whereas the last consideration limits the applicability

N e e

of the model. to a certain extent, it allows the insertion of a horizontal
cutting plane between the tips of the grousers, so that the need for a .
cqptly generated slip surface by the FEM is avoideq, As the input horizontal‘
displacement and load increments become smaller, the abproxim&tion is

minimized. Figure 3.2 illusdtrates the general mechanismi operating in the

a

two cases - constant depth of embedment and constant vertical- boundary

)
H
H
G

pressure, , - /
Due to the nature of the problem, classical approach solutions will

benextremely difficult, if not impossible. The visioplasticity method

(Yfong et al, 1978; 1980) can provide useful information, but jis limited

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

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

detailed stress and strain fields (Yong and Hanna, 1977;Yong and Fattah, 1976),
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(1) Constant elevation boundary condition.
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vhich are necessary tools towards a realistic evaluation of the interaction

behaviour and the performance of grouser assemblies in soft soils.

-

J

3.2 Idealization of the Problem

The initial step towards the idealization of a soil-structure inter-
action problem is the establishment of the complete spectrum of the deformation
mechanisms involved. Since the present study isy an extension of the single
gl:ouser-soil system carried out:‘ by Hann; (1975) to the case of a series of

grousers (two grousers) — soil interaction, the deformation mechanisms
L9

operative are similar.

The soil response behaviour may be represented by three distinct
regiong for ease of amalytical treatment, without losing ground due to any
oversimplification of the situation as, in fact, this representation takes
into account all the operating mechanisms involved in the deformation process.
These distinct regions are displayed in Fig. 3.3, typified by soil elements
(1),.(2) and (3). Element (l)trepresents an interfacial region in which
relative gliding movement occurs between the s0il 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 element (3) represents
the possibility of local or general shear failure due to the development

A

of plastic deformation in the soil.
4

Hence, the MGE-goil interaction idealization has been reduced to a
[]
compatible formulation of the.three elements discussed here, by the FEM. i

The behaviour of the soil medium can be modelled by a large variety

-

of finite elements now available. The choice of the best element is not
¥ . 1

o

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

one in hand, triangles and quadrilaterals are the shapes commonly used.
' ' g
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Figure 3.3 Location of the different action soil

regions typified by soil elements
(Eg. Standard MGE;

constant elevation boundary condition)
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2

The choice of a "simple" or a '"refined" element is again a matter of

some judgement. Refined or higher order elmenets can often produce

comparable accuracy with a lesser number of equations, but one has to

v think of their relative computer cost as compared to simple elements, and

In the present

P s H T yh.u.;.y-».v‘-a‘%i-‘;ﬁiﬂ% G

the degree of complexity of the medium to be modelled.

investigation, however, it is felt that, due to the fact that soil canmnot ,

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

economical one. Thus, it was decided to idealize the s80il continuum,

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

trianguldr elements, Figure 3.4. Constant strain triangular elements have

been well documented in a number of texts, such as Zienkiewicz, 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

discontinuity 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 model may be characterized as:
(1) Relative displacements on the interface between the grousers
and the soil, their behaviour being a fucntion of the roughness

of the grouser face, and the friction and adhesion character- .
; i

istics of the soil; '
. (2) Deformation discontinuity surfaces developed at the MGE tip

level, due to the cutting action dev ed as the MGE moves

at constant elevation.
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Figufe 3.4 Trianguilar plain strain finite element representing
’ the soil continuum
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The mechanics of behaviour of the interface is much akin td that
of rock joints, or cracks .in reinforced concrete, well documented in tﬁe
Qliterature (s8ee section 2.), in that relative displacements occur across
T —5,;;{'a thin discontinuity. Two fo;nmlationa for finite elements for joints
have been discussed in Chapter 2 and Appendix C. The choice of the joint
element must be such that compatibility is ensured with the constant strain
triangular elements chosen to represent the soil mass. The element proposed
by Goodman, Taylor and Breek (1968) assum;es a linear variation of displace-
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 represelm: the action of the MCE as
it advances at constant elevation for each displacement increment. This
discontinuity surface was also evident from experimental observation fields,
as they will be discussed later, which prevealed the occure;ce of large
80il displacements above the MGE tip level, 'while little happened below.

The relative displacements between grouser and soil dictated the

ingertion of joint elements at their interface to allow slipping of the

soi]l mass (Fig. 3.3, element (1)).

-
.

This is true for the first grouser as the soil surface im front is
.free to move upwards. Experimental deformation fields showed that there is
very little soil slip, if any, in the region ‘between the two grousers,
due to the confinement of the soil between the two grousers and the rigid
plate. As a consequence, no interfacial elements were inserted at this

interface.

AT AN

s TR

. g B RN,

- e

a2 o




-~

v T 33 :

Summarizing, the insertion of the j'opi.nt elements implied a prledetei--
mined position of the discontinuity surfaces. No distinct failure surfaces
appeared to occur during testing unnecessitating the insertion of joint
elements to rﬁepresent the development of failure planes and, at the game
time, limiting the usefulqess of the model by predetermining t:t:e failure
planes. Instead, an element will be asgumed to fail when the maximum shear
stress induced is greater than the soil shear strength at that location.

The finite element idealization adopted in th;s study is shown in

Figure 3.6 for a Standard MGE-soil system along with the finite element
§

diseretization discussed next.

3.2.1 Finite element discretization

To apply the FEM as a solution to the analytical model previously
developed, the construction of a finite element mesh becomes evident,
Hard and fagt rules cannot be established for drawing the me;h. In general,
the accuracy of the solution will be indirect proportion to t};e number of
finite elements employed, up to a limit which is not known beforehand (Lo,
1979).. 1In areaé of expected stress concentrations in the 8oil medium,‘
the finite element mesh mst be refined, especially in areas where sudden
changes in geometry occur, However, it must be remembered that the soil
l;as an infinite number of degrees of .freedom and it may ?&eform in a manner
that is not feasible to have enough élements to simulate the actual
behaviour accurately. Thus, & compromise must be accepted between the
available econo.mi.c resources and the required solution accuracy.

From previous deformation studies (Elmamlouk, 1977) and from the
geometry of the ‘.MGE assembly, it is possible to construct a layout of the
MGE-s0il system, shown in Figure 3.5, which locates the possible distribution

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

iy

- el it ez, Bl

N e aeed

;
$
:




JE P S

.
- 3
. \._ e . - - * . ..
- . .
.t St - N AR ) LS . - LN "".'..
LI . . R LI ) . e, AU
. L]
. et e o, S e Y0, . . LI
. - LA v - . « s .,
. ‘. LY . .~ » -
. - . .-
- - <. - e e . -
- - - .
- - - TR } -

PP IIVA4

/
TTITTTIIT

.
« . . .
o
Ve * + . . . . .
. . ) ' e, ’ .‘o N . * . N . R .
- . | T . . . .t A . .
- . ¢ . - L - - . - "
. . DR . LS. Y
- . - LI ] M . - - - . - . - . - PR ..
. . . N -
« Tt e, - . o . 4 s . . .« o 0 .
.4 . PN - - - - . - . .
N . . . PERAE A [t v . N e . P
¥ ) L » . - - .
k] L4 - - . . L . . L4 L .
. . - W -e 9 - ! L4 . - e - .
. [ - . . P e, -a L4
. . - . .- . - - . . - . . - . -
. - - . - - -t
- . . - - -
- 7 P ~ - e * et e . * - - PR . s M - - - LA T .
-

7 77
0 A O O

4 i
IHERENI

nnnnn

. High Stress Region

. Low Stress Region
[:D Moderate Stress Region

H Possible “Tension® Region

!

Figure 3.5 Stress intensity concentration areas

. e e Bt o PRNGPCHR
Sa e e e VeMEEEYCRIWT e B ¥ it { Pkt e o

- %€

B R i
NN L T AN e Y ek 4



35
. :
element meshes were decided after an analysis of the photographic records

of the experimental deformation fields was carried out for thesdifferent

MGBwgsoil systems, as well as from eneréy rate profiles established previously

by Yong et al, 1980.

e i " D g

Figure 3.6 presents the idealization adopted for the Standard MGE-

soil system. Similar idealizations for the other systems which were &nalysed
' f

are shown 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 i

. ew

as stress, strain and time, called constitutive relations. Clough (1972)
mentioned that ""for soils not subjected to creep some eighteen different

models have been proposed sipce 1968 in which various forms*®of nonlinear

P

elagticity and plasticity are utilized"”. These models can be divided into

three main groups (Desai and Abel, 1972):

PR

(1) Representation of the stress-strain curves by curve-fitting
methods, interpolation, or mathematical functions;
(2) \Nonlinear elasticity theories;
(3) Plasticity theories.
Several types of stress—strain cun{res may result from a triaxial
compression test, a sample of which is displayed in Figure 3.7. Discussions
about these relationships and their possible ‘idelizations may be found in

several textbooks (Yong and Warkentin, 1975; Desai and Christiamn, 1977).

Several researchers have utilized nonlinear elastic solutions in which

4
(v

b
comp%risons between observed field behaviour and calculated finite element
' oo

results are compared®. i

* Refs. 10,14,15,19,30,77
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Figure 3.6 Finite element discretization of the MGE-Soil system (Eg. Standard MGE,

spacing = 12.5 cm)
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Ini general, the number of variables x:-equire‘d increases with the
complexity of the chosen model. A large number of variables will necessitate
numerous theoretical assumptions which may affect directly the validity of
the model. A realistic analysis requires variables which can be dependably
determined either from established analytical models or laboratory testing

r

simulating the real situation.

3.3.1 Soil continuum constitutive relations

For the present study, a suitable form of nonlinear elasticit’y would
appear, for practical’pujrposes, to be acceptable since the soil is not
susceptible to creep under the 1loading conditions considered in the tests. -
Such a model would be capable of accounting for the nonlinearity of t}-xe
stress-strain curve, the effects of confining pressure am; the loading-
unloading behaviour of the soil. Furthermore, as plane strain conditions
are assumed, laboratory '"true triaxial' plane strain tests were p;erformed
to-determine the soil continuum stress-strain relationship.

‘For the purpose of the present analysis, the soil is treated as a
completely saturated soil material subjected to undrained loading conditions.
This is not unrealistic for a homogeneous pure clay soil with a degree of
saturation varying between 93% and 98%, under short time testing. As a
congequence, the loaded soil will show no dependence on the mean normal
stress (Yong and Warkentin, 1966;- It has been previously shown that
such a material exhibits very small permanent volume change upon load appli-
cation (Hanna, 1975). Consequently, it is reasonable to assume that the ’
stress state in the loaded soil, at yield, is adequately deacribed by the

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

Abbot, 1966). Such assumptions facilitate the computer analyses, by
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Figure 3.7 Types of stress-strain behaviour (after Desai and ChrfStian, 1977)
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2

congidering the behaviour of the soil unchanged undlet compression or
tension. At this point, it st}ould be added that, due to the nature of '
the problem few tension areas may exist, as it will be apparent in the

. . .

presentation of the analytical results (Chapter 6).

The stress—strain relationships, obtained from the laboratory
plane strain tests, were i‘ncorporated in the finit:e:elemenp computer
program to predict the load;deformation behaviour of the qoil continuum.
The methods develope& for the analytical solution of this study (discussed
later) necessitate the evaluation of the elastic modulus, E, and the Poisson's
ratio, v, for the soil continuum at any state of loading.. As the clay used
was nearly saturated, it may be considered to be fairly incompressible, so
that a Poisson's ratio of 0.5 may be assigned.

For an isotropic, linear, elagtic material Hooke's law in the

principal plane can be written as:

o
=
Q

(¢;) -% (0)- % ,i=1,2,3 (3.1

- =
~ O
(=T

NQ

where €; = principal strain,
and g = principal stress . . ]
For the plain strain case and for.y = 0.5:
o, = (g, +0,)/2 (3.2}

B

Substituting equation (3.2) in equation (3.1) for i = 1:

E =

Mw

(3.3)
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if ET- < , i1.e. the slope of the stress-strain curve, then:
1 ;

3
E = Z‘ET X . (3-4)

Since the nonli@near analysis in the finite element method is carried

as a gseries of linear elastic analyses coupled to a nonlinear analysis .
technique, the procedure previously outlired, can provide us with values

of 'E' from the plain-gstrain test results.

3.3.2 Discontinuities constitutive relations : .

As mentioneslﬂpreviously, thelexist‘énce of diséontinu‘ities in the
physical model was idealized by inserting joint elements between the solid , .
elements. Since the normal and shear displacements have been assumed to.
vary linearly along the element length (Goo.dman et al, 1968), the normal
gsitffness, K » and the shear stiffness, K , may be related to the normal
and shear stress, On and T, acting on the element, through the average
relative normal displacement across the element, An, and the average relative

o

shear displacement along the element, As’ respectively as: ’

Aﬂ - An. Kn

(3.5)
Ta= As' Ks

For the cutting elements,‘conveqcional direct shear tests on the
80il will determine the values assigned to'Ks'; for the interfacial elements
shear tests consisting partly c;f soil and partly of grouser material are
necessary.

A technique such as the one developed by Kondneg (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 relatioms.

i}

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

equation form as:
As

T o= a+ bK‘
N\, 3.6

8
E LS

o

.

The latter form of the equation plots as 5 straight line with axes

Aa/‘t and € (Figure 3.8(b)), and can be used to find the parameters of tl;e

hyperbola, 'a' and 'b', from the test data ) 'v
From equation (3.6) one may observe that at very small strains:

A ,
’ ro T --;‘1 (3.7)
1

;3 that (1/a) is the initial shear stiffness. At large strains the relation
becomes : ' ‘ ,

(3.8)

A
[ ]
(-2 )

so that (1/b) is the asymptotic compressive strength.
A differentiation of the latter form of theequation (3.6) with respect

to As will yield tangent stiffnesas val:is as:

1 2
K.t - (1 - 1b) (3.9)

representing the slope of a tangent to the shear atress,displaceme‘nt curve.
/ To account for the dependency of the shear stiffness on the value

of the normal stress acting on a joint element at a particular increment,

“t:h‘e tangential shear stiffnes; was made to vary with the normal stress by

considering the values of the coefficients 'a' and 'b' as functions of the

existing normal stress.
1
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The value of the normal stiffness, Kn, was made one order higher
than the initial shear stiffness, Ksi, in order to ensure transfer of
vertical sttesses through the discontinuity regions. This value waé kept
constant throughout the analysis.

Shear failure was assigned to a joint element by reducing Ks to a

small value with the element still in compression.

3.4 Boundary Conditions

Simulation of the boundary conditions is also very important in
the idealization. Many soil-structure interaction problems are by nature
three-dimensional, yet these problems are most commonly treated as plane
strain in finite element analysis because of the large computer cost involved.
In the two-dimensional problem considered in this study, the dis-
placement type of épproach 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 the case of specified boundary loads, these values are added
to the applied nodal vector. Equivalent nodal forces due to sﬁrface and

7/
gravity loads are calculated and assembled concurrently with the element

stiffness. When specified boundary qisplacements are ‘applied, the stiffness
matrix is suitably altered (Zienkiewi;z, 1971) to account for the specified
displaéements. Finally, when both load and displacement boundary conditions
are present, the stiffness matrix is modified only at the nodal directions
where specified displacements are applied.

In the present investigation, the need of formulation of two sets
of boundary conditions arises in order to account for the cases of constant

a

-depth of cut and constant applied vertical pressure respectively.
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0

N

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

[RPs—

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

multiple grouser element, the bottom boundary }i assumed to move only in the

R

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

surfaces, observed during the experimental stage to occur at the tips of the
’ 4
grousers, were represented by joint elements. Such a formulation permits
i

R A Y

. the construction of a realistic anmalytical 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 strength of the soil is ‘
exceeded. Similar elemefits were inserted on the face of the leading grouser
to simulate the soil-grouser interfate. The reasons for the selectiom of

the tfpes bf joint elements and their relégive position in the finite element

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

3.3.

'
- 7—4'\%««» s e el bt

p }
3.4.1. Constant elevation boundary condition

As this s@tuation implies horizontal motion of the MGE, the boundary
conditions 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 soi% continuunm {
confined in the area between tfle grousers, twc points are considered: .

(1) The surface of the soil in contact with the rigid plate
isvassumed smooth in the X—direction, while fixed in the

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

(2) The intetfa;e behind the first grouser is assigned as a
. free-stress surfa;;. gxperimental investigations revealed

a glight separation of the soil from the grouser, which is

. {
thus taken into account, also allowing for no tensile
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Constant pregsure boundary condition

An attempt to model the experimental behaviour of the MGE-soil
closely as possible resulted in the following scheme: )
Du;ing experimention (see chapter 5), the uniform vertical
pressure was applied on the MGE-soil system before any
horizontal displacement was introduced. This is simulated

in the initial part of the finite element aﬁalysis by applying
the pressure in incremental form up”to its specified value;
Upon equilibrium of the system, incremental horizontal
displacement was introduqed with the value of the boundary
pressure remaining constant in each increment. No rotation
of the MGE was allowed at\any time. -

-

Due to these different stages employed in each test, the finite

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

conditions.

The model simulating the initial stage was based on the following

assumptions for the boundary conditions:

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

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

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

higher boundary pressure investigated. This number of increments was

chosen as

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

highest applied pressure was four times greater than the lowest one.

An alternative approach would be to introduce the vertical

et ¥
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displacement measured experimentally, in an incremental form. It 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 displacements of all the nodal
points of the MGE-soil interface are equal during each incremept. This
assumption avoids the insertion of addition elements which would idealize
the rigidity of the structure, thus saving computer storage and time. A
preliminary analysis revealed negligible differential vertical movements
to account for any gross effects on the predicted results. Hence, it wa;
concluded that the above formulation was adequate for the purposes of this
thesis.

The second and final stage idﬁalizes the horizontal movement of
the MGE under the influence of the boun§;ry load. 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 intexface, they
are changed from cqm%letely rigid to applied vertical loads. P

This formulation thus provides predictions of the developed hori-
zontal forces and sinkage of the MGE as a function of,;hgvkgrizontal displace-~-

ment. Comparison of the predicted with the experimentally measured regsults

will serve as a base for validating the proposed model (section §.4).

3.5 Material And Geometric Non-linearity

In general, two types of nonlinearity - material and geometric -
may be encountered in geotechnical problems. In the present study, material
nonlinearity results from the nonlinear constitutive laws (discussed earlier),
whereas finite changes in the geometry of the deformed soil induce geometric

»
nonlinearity. .-
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For an isotropic nonlinear material, such as the clay here, the

( N material properties of each element at a particular state may be defined by
Moo

Setauter®

‘E, 'V’ and the state of stress or strain. Starting with assumed values of 'B'

S

and 'V, the stresses and strains for each element can be computed; on the.
basis of the new values, E can be modified by an iterative procedure.l
Such a regﬁfitive anafysis will'insure that the modulus values correspond
to the stress conditions for each elemeés in the system.

~

The techniques for nonlinear analysis have been discussed in

T RIS o B A

Chapter 2. It was then concluded that the incremental procedure provides
e

P

T Ae 0w

a relatively complete description of the load-deformation behaviour, as

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

EERE V)

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

‘

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

that the deformation and stress fields are obtained for successive positions

3

of the MGE in the soil. '

ot R et skt gty

The geometric nonlinearity problem arising during the course of the
study will not present great difficdlty, if an incremental procedure is
adopted, because it mdy be assumed that the strain increments, resulting
from "small" load incremen;s, are infinité;imal in the usual sense. How~
ever, the same may not be true for the accumulated values (Fung, 1965). 1f
the nodal coordinates are continucusly 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 logarithmic strains instead of
simple displacement gradients. While this is considered as an approximation 3
to include large strains (Fung, 1965; Green, 1970), this formulation is

» ‘ t
adopted in the study as the degreg of approximation seems to be consistent

{ o " 8
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gith that of the overall method.

3.6 Adopted Nonlinear Solution Method

The solution of the ﬁinife'element analysis adopted for the MGE-
soil interaction study may be summarized in six steps as:

(1) The starting value of the modulus of elasticity, Eo, is
taken as the initial slope 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 analysis.

(2) A new value for the modulus of elasticity is co;puted by using the
nonlinear curves based on the confining pressure acting on the
element.

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

- increment, it is necessary to Eterate ; gﬁgstimes in ;rder to reduce
errors due to increment size and/or abrupt slope changes in the
gtress-strain curve. Two or three iterations after each ingrement
will bring the assumed 'E values close to the aétual ones.

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

(5) The analysis then proceeds to the next increment using the
modified 'E' values and the tpdated coordinates.,

(6)°These steps are repeated for the number of approximations
sp;cified. — .

Stress—strain curves at different confining pressures are directly .

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

value of Poisson's ratio is kept constant throughout the analysis. The
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number of iterations at each load increment are reduced by predicting the

values of 'E' for a load increment based on the stresses and strains attained

in the previous increment, and using this. value of 'E'as a first trial in

’

the computations. The computer program used a linear prediction which

was considered satigfactory for this study.

- v

i3 shown diagraﬁmatically in Figure 3.10. Finally, the solution of ‘the

The linear prediction method

linear simultaneous equilibrium equations at each increment was carried out

+

. by the Gaussian elimination procedure (see chapter 2). )

. : 1
! o
' [ -
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Slope of OA - First trial value of E without prediction fo;

second increment :

Slope of AB - First trial value of E with linear prediction '
for second increment

Slope of AC - Actual E value for second increment after
iterations | :
"

Figure 3.10 Incremental - lterative method with Prediction (after
Radhakrishnan, 1969)
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CHAPTER FOUR

EXPERTMENTATION

4.1 Introduction

The main objective of this thesis is to develop an analytical
ﬁodel, based on the finite element method, that may be used for evaluating
the interaction of the chosen multiple grouser elements with sgft cohesive ’
s8oil under plain-strain conditions. Consequently, the experimental program

presented in this study has been developed mainly so as:

(1) To provide the analytical model with the required

constitutive relations;

(2) To evaluate the incremental nature of the anatytical

resuits through an investigation of the loa;-displace-
ment response of the soil;

(3) To investigate the validity of the representation of

discontinuities (insertion of joint elements) in the
analytical model, by enabling the study of the physiéal
deformation fields and failure mechanisms.

Most of the work done up to the present time has analysed the situation
of either single gr;users (Yong and Hanna, 1977) or multiple grouser elements
moving a; a prespecified constant elevation equal éo the height of the grousers‘
(Yong et al, 1979, 1980). The §ituation of a grouger which &inkage is
changing (increasing) as it moves from the leading point to the rear of the
track has been simulated by performing simultaneous horizontal and vertical

grouser displacement tests along a predeteimined trajectory. In a real situat-~

ion the embedment of a grouser or a series of grousers is a direct result of

-53-
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* technique which could successfully predict the deformation mechanism of
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Al

the existing pressure distribution on the grouser or the associated linkage

mechanism.’

Based on moment equilibrium considerations, it has been demonstrated

(ﬁlmanlopk, 1980) that the height of the drawbarpull arms of a section track

model can considerably affect the pressure and hence the sinkage distrib-

L}

ution beneath the track. Consequently, the geveldpment of an analytical
l's .

T

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

~

justified. Since no such experimental investigation was even mentioned
. :

A R 2

in the literature, a short experimental program was set up to put light intz .

this situation. The obtained results (discussed in Chapte; 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 grouser

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. EAN
Mention should be made here of the different grouser geometries employed h

during the course of the study. These grousers have bgen described previously { 3

by Yong et al.(1976,” '78, '80), so that only thdir main characteristics

are displayed here for reference?

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

frame filled with rubber,‘cdrrently mounted on tracks manufactured by % \

Bombardier Ltd.; ) \ & é
ﬂZ) The Aggressive grguser: it ensures full tractioQLszi%ization . :

due to its exaggerat;d height; ) / J *

- (3) The Passive grouser: developed that its shape minimizes the. W\ é!

disturbance or provocation of the ground surface to fulfill the protection f

requiremfant of the surface cover integrity.
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Both the Agressive and Passive grousers have been developed at
McGill Soil Mechanics Labdératory during recent traction studies. The three
grouser shape; are shown in Figure 4.1. It should be noted here that the
i.r;tent of this study is restricted solely to' the evaluation of the applica-
bility of the proposed method of amalysis and will not establish suitability,
efficiency or performance of individual multiple grouser element shapes.

Briefly, the experimental programn is divided into three main parts
gummarized in the subsequent divisions ¥of this chapter. The detailed
de;criptions of the main experimental considerations can be found in
Appendixg A.

The experimental and analytical program'sequéncé is illustrated in

i Y .

Figure 4.2.

4.2 Single and Multiple Grouser Element Tests

s

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

f

grouser carriage assembly moving through a soil sample in a bin with trans-
parent lucite walls. :l'he dimensions of the bin were such as to permit full
development of the developed failure zomnes land to ensure no interference
between the deforming zones and the holder boundaries. A square grid was
inscribed on the s8ide surface of the test gpecimens which provided the
means of specifying the deformation patterns at successive positions of

the gt?usex" elements, after plotting and superposition of the deformed

grid photolgr;phs. The grouser elements were pushed for a maximum of 6.0 cm

displacement and the deformed grid was recorded at subsequent intervals

of 12.0 -sec. The velocity was maintained constant throughout this series of
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Figure 4.1 Grouser shapes investigated in the present study |
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EXPERIMENTAL PROGRAM ANALYTICAL APPROACH 1
SOIL STRENGTH TESTS
SOIL — GROUSER MATERIAL
INTERFACE TESTS S
FINITE ELEMENT ANALYSIS

y OF MULTIPLE GROUSER
SINGLE GROUSER TESTS i _»] ELEMENT; CONSTANT ' _ !
CONSTANT ELEVATION ELEVATION BOUNDARY . ,
BOUNDARY CONDITION: AT N VARIABLE
VARIABLE DEPTH OF \ )
EMBEDMENT ) 7

Y FINITE ELEMENT ANALYSIS
MULTIPLE GROUSER ELEMENT OF MULTIPLE GROUSER ‘
TESTS: CONSTANT PRESSURE ELEMENT; CONSTANT | :
BOUNDARY CONDITION l«——< | PRESSURE BOUNDARY nl
VARIABLE PRESSURE AND } .| CONDITION; VARIABLE . ;
SPACING - nzssuig\mn SPACING .

¥ ‘ I |
FULL MODEL TRACK TESTS: MODEL TRACK ENERGY . f
VARIABLE HEIGHT OF ANALYSIS , BASED ON .
DRAWBARPULL APPLICATION |~ —————— 1 CALC ULATED VALUES " |
POSITION ' ‘ FROM THE FINITE , , ‘
- ELEMENT ANALYSIS /_,,n -y
MULTIPLE GROUSER ELEMENT
TEST RESULTS ; CONSTANT
ELEVATION BOUNDARY " .
CONDITION: VARIABLE Rl ; :
SPACING . :
(Eimamlouk , 1980 ) ‘

Legend "

———» Indicates sequence
————p Indicates input
——re—e—p Indicates correlation of resvits

{
3

i
g.
E

. Figure 4.2 Experimental and Analytical approach sequence for the three
grouser types




tests at 5.0 cm/sec. in order to minimize the number of the experimental

variables.

The soil tested was a compacted kaolinite clay, with a{iific
gravity of 2.62 and a liquid and plastic limit of 54.5 and 37.5 pé®~ tent, re-

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

44,0 per ce'nt, representing a saturation range of’ 93.0 to 98. per cent;

its conventional engineering properties;may be found in Appendix B, while
l}, 1 A

¥
AL
il

the test equipment is described iAa Appendix A.

Single grouser element tests were conducted, in order to account for
' n

Ve

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

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

of the element would varigte as a result of the imposed boundary conditionm,

'

~ the single grouser tests were carried under a number of different elevations

with respect to the undisturbed spil upper boundary, under constant elevation

conditions during each one test.

The multiple grouser element tests simulated the condition of applied
constant boundary pressure. The primary purpose of these tests wasa to
provide information regarding the interaction behaviour of a series of
grousers with a plastic material as a function of spacing 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, 10.5kPa,
and 14.0 kPa) applied uniformly on the rigid element surface, 'wgre,‘

selected. A sample of the latter series of experiments is diaplaye‘i in

Table 4.1. An examimtion of the applicable bulk densit;ies and waéer

‘ contents will show that both were very well reproducible over the entire

- .‘ » hd - 3
experimenti]l series. The various elements used in this phase of tests are
‘ 1

shown in Figure 4.3. -
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Tests under Conmstant Pressure Boundary Condition

T T A P I g S P

T e e o A LGN TV A A

TEST NO. GROUSER SPACING, PRESSURE, Wc . 4 DENSITY GRID
inecm in kPa in T/M
1 Standard 12.5 3.75 42.0 1.75 o+
3 " 25.0 3.75 43.2 1.63 +
4 " 31.25 3.75 43.0 1.76
13 " 12.5 14.0 41.8 1.76 +
14 " 18.75 14.0 43.1 -
15 " 25.0 14.0 43.0 1.65 +
16 ° Passive 12.5 3.75 42.7 1.60, +
19 " 25.0 3.75 43.9 1.55 +
23 " 25.0 7.0 42.9 -
27 " 25.0 10.5 42.6 -
29 " 12.5 14.0 43.8 1.61 +
31 n- 25.0 14.0 43.3 1.56 +
33 Aggressive 12.5 3.75 42.5 1.69 +
34 " 18.75 3.75 | 42.75 -
. 35 " 25.0 3.75 42.6 1.71 +
37 " 12.5 7.0 43.0 -
45 " 12.5 14.0 42.7 1.70 +
47 " 25.0 14.0 42.8 1.72 +
TABLE 4.1 Representative Initial Data for Multiple Grouser Element
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4.3 Full Track Model Tests

To investigate the effects of the drawbar-pull eccentricity on the
horizontal forces developed and the accompanying track sinkage, tests were ]
run on a full track model consisting of a reduced scale of the real track,
mounted by full size grousers. The drawbar-pull eccentricity, e‘y, above the
level of the track assumed to vary from 18.0 cm to 40.0 ¢m by assigning
four different hitch positions. Figure 4.4(a) and 4.4(b) show schematically
tixe model track arrangement. The testing arrangement (Elmamlowuk, 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

. %
experimental program.

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

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. H'ence, strehngth 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

LS

B. 5.

The nature of the present study necessitated two types of tests to

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

' . represented by triangular and joint elements, respectively, in the Finite

Element model (Chapter 3):

(a) Behaviour of the so0il continum; stress—strain relationships.

e N TR

.
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VARIABLE

MGE TESTS

FULL TRACK MODEL TESTS

Soil

Types of grousers *

Grouser spacing

Max. displacement

Uniform appl.pressure
Vertical weight
Weight eccentficity

Slip rate

Drawbar pull eccentricity

Boundary or Belt tension

Kaolin, S = 93-98%
Standard,Passive, Aggressive

12.5,18.75,25.0 and 31.25 cm

6.0 cm

O

3.75,7.0,10.5 and 14 kPa

Rigid

Kaolin, S = 93-98%
Standard, Passive, Aggressive

12.5

680.0 N

0.0 cm

0.60%

18.0 to 40.0 cm

1.0 kN

OBJECTIVES
* AND

MEASUREMENTS

1. Horizontal force -
horizontal displacement

relationship

2., Sinkage - horizontal

displacement relationship

3. Deformation behaviour

" 1. Traction and drawbarpull-
slip relationships for
different hitch positions

2. Rear sinkage

3. Track inclination

TABLE 4.2

e Pree eDEE o (et - Lt it

Experimental Traction Program ..
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“In order to reproduce as much as posgsible the constitutive behaviour
of the soil continuum¥riaxial tests were conducted on prismatic samples
under plane-strain conditions in a modified triaxial chamber. A prelim~
inary study showed some gain“ in strength with speed, when tests were
run at four rates of speed, namely, 0.005, 0.4, 2.5 and 5.0 cm/seé(Appendix
B). This fact led to the decision of using the triaxial test results
which corresponded to the loading speed of the grouser ele;nent tests. As
the obtained stress-strain curves did not exhibit a well defined peak, a
failure criterion represented by 15.0 per cent strain was assumed. Finally,
to account for the gain ip strength, as the confining pressure increases,
in the analytical model, the triaxial tests were run under three confining

pressures (0.0kPa, 25.0kPa, 70.0 kPa).

(b) Behaviour of the discontinuities; Load—displacement relationshipa.

The joint elements are characterised by a shear stiffness, Ks’ and;
a normal stiffness, Kn’ which express the rate of change of shear stress withé
shear deformation and that of normal stress with normal de;formacion,
respectively. As they represent discontinuities alongppredetermined planes,
their constitgtive behaviour may be obtained from direct shear tests. The
stiffness properties of the joint elements which simulate cutting surfaces
were determined from results of conventional direct shear tests. In contrast,
tests in which the lower part of the shear box consisted of a specimen of -
grouser material determined the stiffness values assigned to the joint

elements inserted along grouser—soil interfaces. On both test series,

the normal load was varied from O.ON to 68.0N, to account for the dependence

of the ghear stiffhiess modulus, Kg, on applied normal stresses. . .
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CHAPTER FIVE

EXPERIMENTAL RESULTS AND DTISCUSSION

5.1 General Considerations

As- stated previously, the construction of the analytical technique
was based on the observation of the behaviour of the physical model during
testing. Simultaneously, the‘'experimental results served the validation of
the proposed method of analysis. The experimental test program described
in tht.: previous chapter was set to provide the necessary requirements for
the analysis, i.e. establish the constitutive performance.

This, chapter presents the measured experimental results and discusses
the methods employed to obtain a set of resuits not directly available due

Etions. It should be emphasized here that

i

ag the soil material in the study was an essentially "plastic" material,

to testing equipment implic

and hence all 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 situations which
encounter similar soil material types.

In Chapter 4, it was mentioned that single grouser element tests
were necessary in order to account for the effects of the first grouser on
the multiple grouser element behaviour, Since the teat 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 the force—displacement relationship on the Second Grouser

During MGE* tests

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

~
’

’

% MGE stands for Multiple Grouser Element(s)
66—
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set ean be considered to behave freely since the g@il mass is extended
without limitation behind it". Hence, "the restricted force of the first
grouser is co;lsidered the same as obtained from the single grouser tests,
and the force on the second grouser will be the differerce 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
et al (1977) to study the MGE-soil interaétion under constant elevation
conditions. The same reagoning may be extended to the constant vertical
applied pressure condition, if ome tt;inks that the multiple grouser
element is considered to move with infinitesimal horizontal and vertical
displacement, for analysis purposes, without allowing for rotation'(Chapter
3). Due to the fact that contrary to the condition investigated by Yong
et al (1977, 1980), the sinkage is a variable here, single grouser ‘tests
under constant elevation conditions were carried for various si:;kages of
the grouser. Consequentiy, the force on the second grouser, F2, could be
calculated for a given grouser type, from the following experzmental
information:
( (1) Horizontal displacement of the MGE, D ;

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

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

(\4) Horizontal force on the gsingle grouser, Fs(D' z};
as FZ(D’ z) = F(D, z2) - Fs(D, z). (5.1)

The force Fs(D’ z)\ can be obtained by using some methc;d 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 shown in Fig. 5.1,

while the results are presented in a later section in this chapter. During

’
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Element
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Results

Muitiple

. Grouser
Element
Test

Results

- 3
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2 3 "oz=h l —
h=Grouser Height
= Z= Vertical Sinkage 7 ™
1 o T D
P h ~—©cf) [~ -
¢ 3 W e
. \_
F=F+E = E(2)+F z Py
} . \
D=Horizontal Displacement . \P2
i P = Uniform Vertical Pressure ' Ps
4 4;
P, P, _
P2 E, P, Figure 5.1 Method of force calculation,
F2 Py h P, F2, on second grouser

89




|

o s

O

the comparison between experimental and analytical results, in Chapter 6,,

a brief discussion on the validity of the 'present:ed approximate method

2

A

will appear. . o
The rekfults and associated discussions presented in this chapter are
divided into three main parts, i.e. Grouser Element, Full model Track and

.

Strength test results.

5.2 Grouser Element Experimental Results

IS

Prior to the presentation of typical experimental results, two

.

important considerations should be mentioned:-
~ ‘
/ﬁ) The grouser element tests weré performed at a constant

horizontal speed (5.0 em/min) . . It will be assumed that the

effect of speed on the developed forces is included in the

-

stress-strain relations obtained from laboratory plain strain

L

tests, performed at the same speed as the grouser element

tests. The validity of this assun;ption has been discussed
by Hanna (1975), and it is adopted in the present study.

N 4 ’
(2) The need for prediction of \the force-displacement history of
<
different grouser element arrangements and boundary conditions,

.

necessitated the recording of forces and diéplacements‘ for a

total movement of 6.0 cm. \

5.2.1 Single grouser ®lement test results a

4 ’ .

As previously mentioned, constant elevation single grouser tests

were run for several grouser embedments. The minimum grouser sinkage was

taken equal to the height of the grouser, while test results were obtained

fOr two further grouser embedments. ' These results are shown in Figs. 5.2,

-

o
'5.3,and 5.4 for the standard, passive and agressi"le grouser, respectively.
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Figure 5.2 Force-displacement relation for the Standard single grouser
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' 5.2.2 Multiple grouser element test results

73

)
o

The effect of grouser sinkage on the horizontal mobilized force is illus-

trated clearly. However, it seems that there is a limiting value of

g8inkage, after which the increase of the developed horizontal force will

be ‘negligible. This fact may be attributed to a local shear failure ,

at increased grouser sinkage as compared to general shear failure conditions

that prevail at embedments near to its height. These results are consis-

tent for all values of horizontalndisplacement and all grouser types.
To provide for a realistic comparison of the mobilized forces, N

the ;xperimem:al results were normalized with respect to in;iividual grouser

heights, as shown in Figs. 5.5, 5.6 And 5.7. As expect’e;d, the passive

grouser developes the maximum normalized resistance due to its design

geometry fedtures (Elmamlouk, 1977).

1

Finally, the (horizontal) force - (vertical) sinkage relationships for
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.

It may be recalled, t:hat:o the finite element method was employed to
provide a means for deformation analysis of the MGE -~ so0il system in both
é}he cases Jf constant elevation and constant applied pressure boundary
conditions. Cq%stént elevation MGE tests were carried for a two grouser
rigid connected element by Elmamlouk (1980) and hence, were not repeated
during the course of the present investigation.

Instead, the MGE - soil interaction was studied under constanJapplied
pressure. In this type of test a constant uniform pressure, intended to

simulate a specified pressure distribution 0\;\1 the vehicle - soil contact
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interface, is applied at the top of the grouser element and maintained through—

3
~

- . . & . .
out the entire test. The grouser element is mounted on a casriage which

|

allows free hborizontal and vertical translation, but constrains rotation.
. 2

Hence, the measurable parameters are the horizontal displacement, the hbriz-

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). Stage 1: The u;xiform load was applied attthe_tép of the element

and it was allowed to sink until equilibrium was attained. qu?.ng

this stage the vertical displacement v;aa recorded, thereafter referred

to as "static sinkage".
(b) Stage 2:. The horizontal .displacement was applied under ‘the influence -

of the boundary load. The total horizontal force was measured simultan-
' eously with the vertical displacementx, referred to as "dynamic sinkage"r
during this stage. IHence, the total sinkage of the ﬁelement is con-
* a3
sidered to be the combined results of the static and the dynamic .
sinkage. : i
Typical results from. the MGE experin}ents are shown in Figs. 5.11 to 5.18
for the case of the passive grousér. : In Figs. 5.11, 5,13, 5.15 and 5.}7
the horizontal lforces developed 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
spacings (12.5, 18.75, 25.0 and 31.25 cm) and applied boundary pressures
(3.75, 7.0, 10.5 and 14.0 kPa). Similar results were obtained for the other
two types of grousers.

Comparing the forces developed on the MGE under the influence of differ-

ent applied pressures” ¥t is 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), whicheshows that :;\increasing soil
area is mobilized by the element. While this explains the increase in
force with pressure for a specific spacing, the additional effact of the
s0il mobilization bgtween the grousers must be considered in order to
account for the force increase -between different spacings under the same
pressure conditions. For small spacings, an examination of the displace-
ment patterns showed that the soil confined by the two grousers and the
rigid plate moves coherently with the element, so that formation ;? failure

.

surfaces is prevented in this region. As the spacing increases, the

force ;n the second grouser will increase as the degree of the soil
mobilization increases. In the limit, the second grouser will bghave as a
single grouser under “the influence of a top rigid boundary; As a clarifi-
cation aid to the above discussion, Table 5.1 compares horizontal forces
develo;;d on the second grouser for the typical arrangement of the passive

multiple grouser element,

Previous considerations divided the total sinkage of the multiple

grouser element into a static and dynamic part. From the sinkage-displacement
relationships, it is noted that the dynamic sinﬁage represents a small

part of the total sinkige. In most cases, it ranges between 0.0 and 20.0,
perceut of the total sinkage at maximum values of displacement. Consequently,
it may be stated that it is the increage of static sinkage with increasing
applied -pressure which contributes mostly ;nto larger developed horizontal
forces when the spacing is kept constant. For the situation of small

applied pressures, it is evident from the results that the dynamic sinkﬁge

is minimum. Thus, the motion of the element approaches tghf of a constant

elevation boundary condition at a prespecified depth of embedment approxiwmately
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SPACING = 12.5 cm

PRESSURE 3.75 kPa j 14.0 kPa
DISPLACEMENT 2.0 em 4.0 cm 2.0 cm 4.0 cm
HORIZONTAL FOﬁ 50.0 N 83.0 N 79.0 N 102.0 N
VERTICAL SINKAGE: )
Total 5.0 cm 5.0 cm 19.2 cm 19.8 cm
Static i 4.0 cm 4.0 cm 18.0 cm 18.0 cm
_ Dynamic 1.0 em 1.0 cm 1.2 cm 1.8 cm
_PRESSURE = 14.0 kPa
SPACING 18.75, cm 31.25 cm
DI@PLACEHENT 2.0 cm 4.0 cm 2.0 cm 4.0 cm
HORIZONTAL FORCE 125.0 N 185.0 N 215.0 N 287.0 N
VERTICAL SINKAGE:
. Total 18.5 cm 19.0 em 21.4 cm 21.9
Static 16.8 cm 16.8 cm 19.6 cm 19.6 cm
Dynamic 1.7 cm . 2.2 cm 1.8 2.3

TABLE 5.1 Mulriple Grouser Element Tests;

-

Force on Second

Grouser (Passive Element)

[" ms‘ux.a.a._ e

A AR Ao
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. .

équal to the associated value of the static s{nkage. ' .
- Plots of the static sinkage versus pressUre,:§§?wn in Figs. 5.19(a)
to 5.19(c),‘re;ea1 linear relationships foxr all three \grouser types. This

is in accord with previous investigations of pressure-sinkage relationships

for elements of the same grouser types (Elmamlouk, 1977), which postulated

"that there is a transition region on the load-penetration| curve at the

v

point wheré the element eﬁg;dment is equal to the height of the

Near to this region (as in the present case), the curve may be closely
approximated by a straight line. If the inclination of the straight line
with the pressure axis is demoted by 'g', it is demonstrated;in Fig. 5.19
that 'B' is maximum for the pasgsive grouser (results are plotted on equally
spaced horizontal and vertical axis), as this arrangement épproaches more the
cagse of a smooth plate.

Finally, a sample of results ahowipg éhe calculated force on the
second grouser (after excluding'the effect of the first grouser using the
single grouser results) is sho;n in Figs. 5.20 to 5.25 for all the grouser
types and the seledted spacings of 12.5 cm and 25.0 cm. The same remarks
apply here as discussed previously for the total horiz;htal force - dis~
placement relarionships. \Untillnow, it appears that the forces developed
for an aggressive element ha&e been proven to be' superior.to those of the
other types, for a given pressure - spacing value combi* tion. However,
if the calculated force on the second grouser is normalized with respeét
to the grouser height, the superiority of the passive grous;}»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 organized
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in order to provide exéerimenéal gvidence of the-effects of the drawbarpull
eccentricity on the overall track performance and validate a setxof‘resulps
ob&ained previously by Elmamlouk (1980), based purely on ; theoretical
approach. As it will be seen in Chapter Seven, the results of this section
also served in the evaluation of the.analytical apptoach~propoaed, to
predict the track performance. The proposed model will be based on FEA*
energy calculations; as presented in the following chapters.

The findings of the drawbarpull tgsth conducted on each of the three
grouser types m;§ be expressed as force and sinkage - drawbarpull eccen-
tricity relationships for different degrees of,slip. \ Figures 5.32
through 5.34 show the ‘traction (applied torque), drawbarpull and rear qinkage -
drawbarpull eccentricity relationships, respectively for an aggressive and a
gtandard track section. The main observations are:

(1) Traction, drawbarpull énd rear sinkaée were found to increase steadily
with increasing slip rate;

(2) Traction and drawbarpull were highest for the minimum value of the
drawbarpull eccentricity tested while, at Ehg 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 mo;ent produced,
caused the pressure distribution to change so that higher motion resistance
was produced. Consequently, a decreased vélue of drawbarpull resu}ted 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 between

* FEA stands for Finite Element Analysis \
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experimental and theoretical results expressed as a relationship bé¢tween
drawbarpull coefficient (drawbagpull/weight of track,.P/W) and drawbarpull
eccentricity ratio (height of drawbarpull above track level/length of
track, ey/L in %). The theoretical results were obta;ned by Elmamlouk
(1980). He developed an energetics model for off-road track performance
based on energy conservation principles for the entire grouser - soil
system. These Figures illustrate that thgbexperimental and predicted
results are in good agreement. The optimum pull eccentricity ratio

which produces the maximum pull coefficient for any specific degree of slip
seats in the 20.0 percent value for most of the cases studied. Finally,
Figs. 5.38 through 5.40 summarize the present discussion on revea;ing the
calculated efficiencies of the three track sections. For the aggressive
track, efficiency values dropped by an average ;; 167 from the lowest to the
highest drawbarpull eccentricity value. Similar results were obtained for
the standard and passive track sections with the efficiency dropping 9.0
percent and 6.5 percent, respectively. Hfgher efficiencies and lower
drawbarpull values‘were obtained for the passive track over the ofher two
for all drawbarpull eccentricities and slip rates. The reasons for such

behaviour are due to shape differences which control the soil reaction and

deformation mechanisms (Elmamlouk, 1977)

5.4 Strength Test Results

5.4.,1 Plane strain and axisymmetric test results

In order to reproduce as closely as possible the constitutive

behaviour of the soil represented by the solid triangular elements in the

finite element analysis, unconsolidated undrained tests were performed under

[

plain strain conditions on frismatic samples. The tests were conducted at

. e
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axial deformation r#tes of 0.005 cm/sec, 0.4 cm/sec, 2.5 cm/sed and 5.0 cm/sec
and under three different confining ptessufes of O0.0KPa, 35.0KPa and 70.0KPa.
Typical test results are shown in Fig. 5.4l for the axial strain rate of

5.0 em/min. Furthermore, in order to verify that the nonexistence of a

well 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.S.AZ.' e
2
Since the stress=-strain cufves did not exhibit a definite peak to
failure, bqt instead the stress difference increased with axial strain, no
approximation of the stress-strain curves was needed in the numerical incre-
mental procedure. For the same reason, an axial strain of 15.0 percent was

chogsen to define failure.

The  nonlinear stress-strain curves derived from the laboratory tests

e ).

were incorporated directly into the finite element formulation in a digital

form. Several points on the curves were selected and were input in the
{

'

form of number pairs denoting stress and strain at those points. The .

initial values of the modulus of elasticity, Eo’ and Poisson's ratio, v,

were selécted as follows:
(1) The starting value of'E; was taken as the initial slope of the

stresg-strain curve at zero confining pressure, Further values of'glwere

calculated in the computer program from the stress strain curves by suitable

interpolation. =~ =
(2) As the kaolinite clay, used in this study, is fairly incompressible

A

and nearly saturated, a:reasonable value for 'v'is 0.50. To avoid computing

'

REe toplliay B > e =

difficulties associated with this value, the value of 0.48 was assumed and 1
kept constant through. the entire deformation process.

While, in the present problem, axisymmetric conditions are not valid




[ NPT —

. - fﬂ\
e - I3
o
\
o
A .
20— ~
o~ o .
& . o
~— -
3 . . .
15 : ;
B
] - 4
(o} )
—~— 9 ' .
10— 05, N/cm’
0} 0.0 0
35 e
. . 726 o
a5 '
| 1 i S | 1 | | i | }
0 2 4 6 8 10 12 i 16 18 20

Figure 5.41 Stress-strain relationships from plane strain tests for the Kaolinite clay L %

11




. g i
A .
A " 0
L]
y [~ ] »
' 0
. _ ) * ry
1.5p— - . 5 —_— .
[]
@,
Q’ NE | O ] s ) |
L 6
-4 y. >
- o)
E? 1.04—
|
v | o3, N/em®
— ®
s 0.0 o
, 35 e »
. ; 7.0 O
o -
37 * f
! . R :
v | | L - | 1 | | 1 L
0 2 4 ] 8 10 12 14_ 16 18 20 \

1

€ %

Figure 5.42 Stress-strain relationships from triaxial tests for the Kaolinite clay

o P
N — s




123

the confinement of an element, in this analysis, is approximated as
the average of the magnitudes of the intermediate, 02, 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 interpolationsl
are performed to compute intermediate values in a curve and also between

curves at different confining pressures.

5.4.2 Direct shear test results

As pfeviously mentioned in Ch&jjger 4, two types of &iréct\shear tests
were performed to determine the properties of the joi#t elements used in
idealizing the cutting and the interface behaviour. The first type was a
conventional direcp shear test which is referred to as a soil~to-sbil. shear

mode, while the secoﬁd t}pe 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
manufactured by a hard non-geformable smooth rubber, the second type of
direct tests represented soil-to-metal and soil-to~rubber shear modes,
réspectively.

The shear stress-displacement curves for the soil-to-soil mode are
shown in Fig. 5.43, while the curves applying to the goil-to-metal and the
soil-to~-rubber mode are shown in Figs. 5.44 Qﬁd 5.45 respectively. In all
Figures; it may be noted that the shear Btress values increase with
increasing displacement up to a displacement value of approximately 0.5 cm,

after which the shear stresses remain nearly constant. For all cases,
}

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 shear - displacement relafignships may be
conveniently represente§ by rectaqgular hyperbolae, as discusse<d in Chapter
3, sectionm 3.3.2. - Fron; the transformed plots, shown in Figures 5.46, 5.47
and 5.48, respeétively, for the soil-to-soil, soil-to-metal and soil-to-
rubber shear modes the values of the parameters 'a' and 'b' (defined in
sect’ion 3.3.2) may be obtained. Parameter 'a' is the intercept and para-
meter 'b' is the slope of the line. Computer linear regression was used
for the”evaluation of the two parameters. The values of the coefficient
of regres_fion (denoted as C.L.R. in Figs. 5.46 to 5.48) illustrate that
the assumption of a hyperbolic shear stress - displacement relationship is

valid 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

normal loads. : -
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v -
NORMAL  LOAD 0.0 N 9.0 N 22.5 N 45.0 N 68.0 N
= 0.084 0.083 0.081 '0.071 0.066
Soil-to-soil mode 1.130 1.011 | 0.947 0.912 0.875
= 0.096 0.095 0.092 0.083
1Soil=-to-metal mode = 1.1223 1.141 1.093 1.068
= 0.090 0.086 0.077 0.075
' Soil-to-rubber mode | b = 1.496 - 1.424 1.326 1.266

TABLE 5.2 Parameters (a) and (b) Obtained from the Hyperbolic

Stress-Displacement Relationships
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CHAPTER SIX
FINITE ELEMENT ANALYSIS OF THE MULTIPLE

'GROUSER ELEMENT - SOIL SYSTEM

6.1 Intx;oduction
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 patternss. developed in the
soii, when such an element is forced to move into the compacted clay at
constant elevation. This type of approach, however, cannotlprovide for
a complete st.:ress analysis of the system, necessary to the overall eval~-
uation performance of the traction problem. Following from the énalytical
considerations of Chapters 2 and 3, Shie Chapter presents the results
obtained from the finite element model adopted for the solution of the
stated problem. Then, it coﬁpa‘res them to the éxp'erimer;tal results, thus

providing a.rational basis for- evaluating the adopte;:l method of analysis.

Furthermore, the finite element results are used to calculate
the disgipated energy due to grousers - soil interaction, which form an
input ‘Eo the predictive methods, for the model track 'performance, handled
?'.n Chapter 7. | |

Recognizing the fact that lthe situation of grouser elements .
moiringlunder constant elevation does not represent ‘the whole spectrum of

~ Iy / -
the actual ffield problems, the analysis has been extended to the case of

grousers moving under a range of constant pressures. = These two Stypes of
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approach simulate most situations which arise in practice. The results
obtained, therefrom, should be representative of the soil mass behaviour

under the most common loading éystema which can be applied to a multiple

\

grouser element.

Accordingly, this chapter has been divided into three main
sections, two of which cover the finite element enalysis of the two situa-
tions mentioned above, the third intended to serve as an evaluation of the

modelling technique.

Finally, it should be mentioned that a selected sample of
typical results is displayed in this chapter, as representative of the

numerous results obtained due to the introduced variability of grouser

type, spacing and applied pressure. The emphasis of the presented results

yhas been directed towards the Passive multiple grouser elément - goil

interaction for reasons discussed later in this thesis.

.
%

6.2 Constant Elevation Boundary Condition- - FEA Results

As mentioned earlier in this thesis, this condition represents

~ N

free horizontal tranélatiou of the grouser‘system at a constant height

in relatlon to the initial soil surface, thus restralnlng any vertlcal

motion. At all times, the depth of the grousers embedment is equal to

their respective heights. : o ,

_The meshes adopted for t;he three grouser systems (i.e. Aggressive,
Standard and Passxve) are shown in Figs. 6-1 to 6—6. In all idealizations,
cutting Jelnt elements are placed on the plane where the cuttmg is®
anticipated, which is assuqed‘g:o start at the level of ,thle_grousex-_ tip.

No interface elements were placed between the soil 'and the face of the

5
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Figure 6.1 Finite element discretization. Aggressice MGE, Spacing = 12.5 cm -
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Figure 6.5 Finite element discretization.
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i
o

Qecond grouser, since experimental observations showed khat the confine-~
- 4

ment of the soil, due to the rigidity of the connecting top plage,
created a "dead" zone between' thé two grousers (Fig.6.7). Iﬁterface
elements were inserted on the leading grouser-soil interface in the
cases of the Standard and Passive elements. As it was found, incgrface.
elements are not fequired for the 1eading'grou?er.in the Aggressi&e,
elemént because the horizontal plate on the top of the grouser creates a
no—-slip condition on the grouser faée.

Since the ;ides and the bottom of theé box containing khe soil
were greased, it was assumed tﬁat thesé boundaries were smooth and hence

they were placed on rollers. 'The boundary conditions have been also

discussed in Chapter 3 gnd Fig. 3.3(a).

In the finite element analysis‘implemented herein, uniform
horizontal movement was applied to all the nodes on both grouser surfacés,
in ten increments of 0.5 cm, foé\é total displacement of 5.0 cm. For
each incremental forward movement of the multipxe grouser element, suffic-
ient iterations for appropriate eiastic moduli were provided to ensure )
convérgence and accuracy. ~The input data required in the finite element
solution are jillustrated in Fig. 6.8 along with the associated functions
of. the computer programs. A more detailed descript;on of the finite

v

element computer program is discussed in Appendix D.

The overall grid dimensions were chosen so that they covered

the whole deformed soil region and are shown in Table‘6}1.

n

6.2.1 Horizontal and vertical velocity fields

To study the deformation behaviour of the soil in the vicinity

i
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Fig. 6.7 Multiplé grouser element te
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sts under constant elevation

Passive MGE, s = 12.5 cm,
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PLANE-STRAIN TRIAXIAL

AND OIRECT SHEAR
TEST RESULTS

‘

BOUNDARY CONDITIONS CONSTITUTIVE _SEHAVIOUR
— IDEALIZATION OF DISCONTINUITIES — STREBS-STRAIN RELATIONS
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o " Fig. 6 8 Finite element solution of the multiple grouser element-soil
(,, : ) interaction for constant elevation boundary conditions
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" GRID NO. MULTIPLE GROUSER ELEMENT SPACING, cm LENGTH, cm DEPTH, cm’
1 PASSIVE 12.5 41.05 16.6
. . . /\\
2 SMDARD N 12-5 , 41 00 16-2
* N '
3 AGGRESSIVE 3 12.5 L_f?) 40.5 18.5
4 PASSIVE 25.0 53.55 16.6
5 STANDARD 25.0 53.50 16.2 -
6. AGGRESSIVE ' °25.0 53.0 18.5 -

" TABLE 6.1 Assigned Overall Grid Dimensions

et
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of a moving grouser element, the horizontal and vertical nodal point

velocity contours were drawn, from the finite element results, for the .

,ca;es of the Aggressive and Passive elements. (Figs. 6.9 to 6.i4).
.Since the velocity fields for the Standdard element ;ere Bimila£ to
the Passive, they were deleted. To il}uétratéféﬁe effect of the

' spacing, the ve;ocity fields were plotted for the spacings of 12.5 cm
and 25.0 cm at respective horizontal displacements, D, of 1.5 cm for

the Aggressive, and both 1.5 cm and 3.0 cm for the Passive element.

From these Figures, the following observations are made:

1. 1In the case of the shortest spacing (s=12.5 cm) the
soil in the area bounded gy the rigid plate, the two grousers and the
cutting plane behave almost as a rigid body, independent of groﬁser
shape or horizontal displacement of the multiple grouser element (MGE)

N

(see Figures %‘9, 6 10 and 6,13). The maximum variation of\the

horizontal soil veloc{ty appears to be in the order of 10% with resp;lt
" ’ ¢
to the MGE velocity (5.0 cm/min) for the Passive element, and occurs

close to the cutting surface.

As the spacing increases, the rigidity of the "confined"
soil reduces. This is evident from the horizontal velocity fields of
both the Aggressive and Passive elements for a spacing of 25.0 cm.
Again, this behaviour is independent of grouser element displacement
'(see Figures 6.11, 6.12 and 6.14). The horizontal velocity contours

'reveal a reduction of approximately 40Z close to the tip of the leading

grouser.

0

Such soil response behaviour suggests that, as the spacing

between the two grousers increases, the second grouser will respond as

.
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Figure 6.9 Horizontal and Vertical velocity fields (cm/min) at D = 1.5 cm. j
Aggressive MGE, S = 12.5 cm, con3tant elevation
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3

Figure 6.10 Horizontal and Vertical velocity fields (cm/min) at D = }.5.cm.

Passive MGE, S = 12.5 cm, constant elevation
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the leading grouser; i.e. after a limiting value of the spacing is
surpassed, a complete failure of the soil will resume. However, the
failu;e mode will not resemble completely to the leading grouser
failur%Imode because ‘of the bounda}y effects of the r@gid connecting

plate.

2. In ail situations, the horizontal velocity in front of
the leadiné grouser and above the discontinuity plane is shown to
decrease with increasing distance from the grouser-soil interface.

The velocity reduction is slower in the case of the Aggressive grouser
due to the existence of a "déad" zone, which creates a rigid body zone

near the grouser-goil interface having about the same velocity as the

MGE.
Below the cutting plane, the soil\velocity is in the direction
- o’
. ) ,
of the grousers motion. The highest velocities originéﬂg in the zone

24

s

between the grousers tips, with décreasing values behind the second
grouser and close to the righthand boundary. The effects of the assumed
cutting plane are cléarly shown in the horizontal velocity plots as the

values and ‘directions of the contours change very rapidly along this

plane to negligible &glues at some depth.

3. An examination of the vertical velocity fields shows

g

that the soil,ﬁetween the two grouéers,as well as the soil below the
cutting plane and behind the leading grouser, experiences downward
motion while above the separation plane and in front of the leading

'

grouset~it moves upwards. For the minimum value of the spacing analysed,

‘the downward motion of the "confined" soil occurs in the vicinity of

the'cutting plane (e.g. Figs. 6.9 and 6.10), while at a spacing value

>
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Figure 6.11 Horizontal and Vertical velocity F«elds (cm/min) at D = 1.5 cm.

Aggressive MGE, S = 25,0 cm, constant elevation
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Figure 6.12 vHorizo’ntal and Vertical velocity fields (cm/min) at D= 1.5 cm.
Passive MGE, S = 25.0 cm, constant elevation
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of 25.0 cm the vertical velocities of the soil mass are higher. This

g

behaviour is again attributed to the deﬁendence of the soil failure mode

on the distance between the two grousers.

i

From the piots of the vertical velocity field of the Aggressive

élement, Fig. 6.9, it may be seen that a contour of zero vertical velocity
- L}

intersects the leading grouser close to its tip. Below and behind”

these zero vertical velocity contours the material experiences downward
‘ 1

motion while above and in front the:soil moves upwards. This zero

velocity contour is seen to start from the leading top edge of the
Pasgive element (Figure 6.10), thus freating a larger zone of do ard

-

mgving soil. Such behaviours are direct results of geometric differ-

ences between these grousers.

4. The influence of the horizontal displacement of the

t

grouser element to the shape of the horizontal and vertical velocity
fields between the grousers shows clearly ‘as the grouser spacing is

increased. A comparison of Fig. 6.12 and 6.14 (Passive MGE) reveals

3 \

the following:

i

(i) As the MGE displacement increases, the horizontal

velocity contour values become closer. Hence, the soil between the
grougsers behaves almost like a rigid block, thus creating a shearing

failure on the cutting plane between thé tips of the grousers;

!
3

(ii) At the same time, similar behaviour is observed for the

vertical velocity contour values. This supports the increasing rigidity

of the s0il between the grousers concept (mentioned above) as downward

80il motion is observed only at the vicinity of the second grouser toe.
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Figure 6.13 Horizontal and Vertical velocity fields (cm/min) at D = 3.0 cm.
- . Passive MGE, S = 12.5 cm, constant elevation
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Figure 6.14 Horizontal and Vertical velocity fields (cm/min) at D = 3.0 cm.
Passive MGE, S = 25.0 cm, constant elevation
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,6.2.2. Stress analysis

The distributions of the horizontal, vertical and shear soil
stresses in front of a moving wmultiple grouser element are presented
in this section. The stress contours for the Passive element are
J

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 tor6.20.

.

pe

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 shown for a MGE displacement of 1.5 cm, for a spacing of

a2,

12.5 and 25.0 cm respectively.

It should be kept in miad that the stress distributionspresented
here are direct results of the assumed boundary conditions discussed
previously. The final justification that the assumed analytical model
will predict the physical response will be the correlations between

analyticai and experimental results which are attempted in section 6.4.

Examinatrion of Figures 6.15 through 6,22 reveal the following
observations:

1. In the zone between the grousers, the compressive
horizontal stress is maximum close to the face of the second grouser with
values decreasing with increasing distance for asll cases. In‘ addition,
these values increase as the grouser element displacement increases.

For the spacing of 25.0 cm a stress concentration develops near the
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Figure 6.15 Horizontal stress fields(N/cmz); Passive MGE, S = 12.5 cm,
constant elevation
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Figure 6.16 Vertical stress field
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N/ cm ) Passive MGE, S = 12.5 cm,
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D=3.0cm

constant elevation

Figure 6.17 Shear stress fields (N/cmz); Passive MGE, S = 12.5 cm,
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D=3-00"‘ a'x

Figure 6.18 Horizontal stress fields (N/cmz); Passive MGE, S = 25.0 cm,
constant elevation
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top edge of the second grouser (Passive element) as the displacement
increases from 1.5 cm to 3.0 cm, whereas in the Aggressive element
horizontal stress concentrations appear near the tip of the second
grouser even at early dispiacement values for both spacings. 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. 1In all the horizontal stregs fields,

the discontinuation of stresses across the cutting plane is evident.

2. The horizontal stress contour values below the dis-
continuity show similar soi% Tesponse independen% of grouser type,
spacing or horizontal displacement. That is, tensile stresses appear

_in t%e zone between the grousers which gradually ghange into compressive
‘ stresses.' 'The zero cofitour vélue line constantly initiates close to

the tip of the leading grouser.

3. The vertical compressive stresses are vety nearly to
zero values for the Passive element 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 grouser.

The difference in the mode of failure between the two spacings is
» vclearly indicated, suggesting that the rigidity of the 'confined' soil
reduces at large spacings. Again, the vertiqal stress contour values

show similar behaviour for the Aggressive element (Figs. 6.21 and 6.22).

4, The shear stress plots drawn for the Pasgive element
(Figs.6.17 and 6.20) indicate positive (anticlockwise) shear through-
v out. Identical results were found during the whole course of the

investigation with the exception of the Aggressive case, in the region
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Figure 6.19 Vertical stress flelds (N/cmz); Passive MGE, S = 25.0 cm,
constant elevation
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D=|:5c m. Oxy -

D=3.0cm Oxy

Figure 6.20 Shear stress fields (N/cmz); Passive MGE, S = 25,0 cm,
. constant elevation
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Figure 6.21 Horizongél and vertical stress fields (N/cmz) at D= 1.,5c¢m;
Aggressive MGE, S = 12.5 cm, constant elevation .
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Figure-£.22 Horizontal and Vertical stress fields (N/cmz) at D = 1.5 cm;
Aggressive MGE, S = 25.0 cm, constant elevation )
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‘

where a small dead zone is located between the grouser interfacé and
the line connecting the grouser toe with the leading edge of the top
horizontal plate of the first grouser. A similar dead zone appears
to exist in the vicinity of the connection between the rigid Plate.and

the second grouser at the early stages of displacement, but it conse-

quently disappears in later stages (Figures 6.17 and 6,20).

~‘The behaviour of the ioint elements placed on the cutting
plane is demonstrated in Figs. 6.23 through 6.32, at MGE displace;
ments of 0.5, 1.0, 2.0 and 3.0 ¢m, Figs, 6.24, 6.25 and 6.26 show '
the variation of the tangential stiffness values,'K;, the tangential
stress,'t:and the average reiative shear displacement, respectively,
as a function of the horizontal distance from the tip of the leading
grouser. These data have been calculated from the finite element
analysis. The initial average shear displacement,'A;,in any increment
is calculated from the stiffness formulation of the FEM (Chapter 2,
Aépeﬁdix C) based on an assumed value of the initial tangential stiff-
nesijs{. Subsequently the tangential stress, T is obtained as:
TeA Ky o | (6.1)
Hence the tangential stiffness value,'K; may ﬂe Pack
calculated as:
1

Ks - (15- Tb)

Z (6.2)

where parameters 'a' and 'b' describe the experimental formulation

of the parabolic stress~displacement curves obtained in Chapter 5.

I T S | [ |
After a few iterations, the final values of Ks’ T and A8

are established for each joint element for the particular horizontal dis~

placement increment.
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Figure 6.23 Locations of cutting and interface finite elements
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Similarly, the behaviour of the cutting elements between the “{'
. X .

o s e i

two grousers is sumar;zed in Figs. 6.27.’through 6.29. The shapes of
these relationships remained the same for all the grouser types and essen—
tially unchanged for different spacing considerations (Figs 6.30 to 6.32).
Thi..s section illustrates t:ypicai results for the Passive multiple , -
grouser element for a spacing of 12.5 ncm.

' — &7 ’

Examination of all the figures mentioned above reve‘a} a mh{:Egd— N\
difference between the two sets of the cutting elemeq’}ts. While the )
tangential ;tiffness values reduce in short distance in front of the 1eadj.ng
grouser and the corresponding tangential stresses increase, indicating a
possible 'failure' regiomn, the reverse behaviour is observed for the
elements between the two grousers., This is a direct result of theﬁfinite
element model. As all the elements are connected to each other, the
elements in front of the secor;d grouser are 'pushed' and those behind the
leading grouser are 'pulled' ~with the ngotion'of the element. Thus, the
in~between elements do not sense great ghearing stresses immediately.
However, as the displacement <;f the element increases, the iow stress region
seems to n;ove forward, with increasing tangential stresses and decreas;ad
stiffness. The fact that the cutting elements in the vicinity of the tip
of the leading grouser do not experience maximunm shearing stresses is due
to the shape of the Passive grouser. Its inclined surfdace (close to 459)
creates a small relatively 'dead zone' of soil near to its toe with little

disturbance developed. 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 elements
egre shown in Figs. 6.33 and 6.34, again for the Passive multiple grouser ,

element, at displacements 0.5, 1'.0”2.0 and 3.0 cm. While the cutting

" 1
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‘ { elements were assig@bfoperties determined from direct shear test results
13 - _ L4
of the soil-to-soil mode, the interface elements reflected the soil-to-material
. ' : pqrticula'r behaviour. The hryperbolic formulation (sqc‘tion 3.3.2) was included
1

in both types of elements to allow them to simulate the cutting or inter 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 were employed in the

\

>
case of the Aggressive grouser - see section 6.2) due to the similarity of

their inclined surface in conmtact with the soil.

During the st:udy,‘i.the failure zones are located by examining the. .
maximum shear stress induced in each element after each increment. Simitgr
approaches were undertaken previcusly by Hanna (1975) and Elmamlouk (1977)

-using the finite element method on single grouser andlthe visiopiasticity

method on multiple grouser elem;enF, respectively. Whenever®the stress \;alue
exceeds the shear, strength of the soil at one location, Fhe fajlure is . .
indicated by a reduction of the ‘modulus value,'E, to a small magnitude.

Thus, a failure pattern may be established, indicati;ng plastic flow of the

material rather than distinct separation surfaces,since in the plain strain

‘tests the samples exhibited bulging deformation at large strains.

' i A selected sample of ‘the onset and subsequent propagation of the ¢
failure zon;s‘is ;iiéplayed in Figs. 6.35 through 6.38 for the Aggressive
and the Passive multiple ‘grouser systems at two spacings, name'ly 12.5 and
25.0 cm.  For both the spacings, §ielding seems to initiate in two differ-
ent locations:(i) the top edge of the leading grouser and (ii) the toe of the

( . second grouser. These zopes can be considered as localized areas of maximum

s b s S e 2 b d

e

S S
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< i
’ o *
shear due to stress concentrations. At sybsequent increments, the failed

o
a

zone propagates downwards and to ,the ;1eft in front of the leading grouser,
and at the 'same time move forwards from the second grouser along the cutting

planes  Two main differences exist between the two ‘ypes of grousers:
! s

.

1. Some yielding initiates at the toe of the leading Aggressive

2 3

* grouser which joins with the main failure zome as the displacement increases.
, :

Such a _phenomenon is not observed for the case of the Passive grouser,
which proves the existence of a definite dead zone, as has been revea\led

<

previously in this section, during the examination of the cutting and inter-

face élements behaviour.

o

2. The failure zone in the region confined between the grousers
is extended below the cutting surface for the Aggressive eleg‘::nt independent
i EE S

of spacing, while'this does not occur for the Pagsive one at small spacing

of the grousers.

4
Both findings substantiate the fact that the soil disturbance

\

‘is xx;inlimized during the action of the Passive element. Finally, whereas the
gevelopment of the failure zone is not disturbed ahead of the leading grouser
by intreasing t;,he spacihg. it shows a tendency for upyard propagation’ near
”é*che face of the second grouser. This is in accofd with previous findings

suggesting that the soil c:mfinement between the grousers rec:luces as
the spacing become-s larger:. .

\

\

6.2.3. Normal pressure distribution !

Resulting normal pressure distributions on the grouser face, as
displacement is increased, are shown in Figs. 6.39 and 6.40 for typical cases.

The effects of the pbsition and shape of the grouser, the relative spacing
e
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Figure 6.35 Development of failure zone.
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and the value of digsplacement are illustrated for the cases of the Passive

\
-

and Aggressive grouser.

Comparisons'between these figures illustrate the following points:

1. The pressure increases 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,, K the pressure

close to the top edge of the grouser increases at a slower rate than that

corresponding to the contact area in the vicinity of its toe, referring :
- 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 face (Fig. 6,39). ™~

\
2. The effects of the grouser shape on the normal pressure dis-—

tribution are evident from the plots 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 horizontal displacement

.

(Figures 6.39 and 6.40).°

3. As expected, the normal pressure increases as the spacing
increases, independent of grousér 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

v

the grousers.

4. As the leading grouser is assumed to behave as a single

grouser (the wvalidity of such an assumption is discussed in Section 6.4),
\

s
~— -
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a situation investigated previously by Yong, Yousef and Elmamlouk (1978),

less attention was paid to its corresponding normal prgi;ure distribution.

A typical plot is shown in Fig. 6.39 for the Passive elehent. Pressure
concentrations occur at both edges of the grouser, with higher values indi-
cated for the leading edge, as & result of the particular surface inclination

of the grouser. -

All of the above mentioned considerations seem to be in good
correlation with findings discussed previously in the stress analysis section

(Section 6.2.2) . .

6.3 Constant (Uniform) Applied Pressure Boundary Condition - FEA Results

Under the present boundary condition the multiple grouser element
(MGE) is ftee to move\iP both horizontal and vertical directions but it is
restrained against any rotation. The initial depth of embedment of the

grousers is considered equal to the height of 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 Aggressive element respectivély, to
account for the increaéededepthAof soil volume affected due to any MGE

ginkage resulting from' the applied pressure.

Cutting and interface elements were inserted at the same positions
-
as in the previous analysis and hence, will not be discussed here.

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 s0il was considered as a free surface in order to avoid com-
plete rigidity of the soil contained between the two grousers. Although,
the adoption of such a boundary condition showed reasonable agreement between

experimental and finite element results for the case of constant elevation

(see Section 6.4), th& same was not true for the constant pressure case.

It was found, that under the application of the uniform pressure, the soil
was constantly in contact with both the grousers during the experiments
(Fig. 6.41). Consequently, in the finite element analysis, the above

mentioned surface was assigned both horizontal displacement and vertical h

pressure (Fig. 3.8(b)).

~

The uniform vertical pressure was applied incrementally as equivalent
nodal’ loads on the finite element mesh in the vertical direction. The .
inclination of the line representing the grouser surface between two
successive nodes was taken into accouﬁt, as. illustrated in figure 6.41(a).
As in the previous case, the horizontal displacement 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
case 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 agd the
highest values employed during experimentation. The conclusions drawn
may be generalized for all fhe variables considered in this study (i.e.

type of grouser, spacing and applied pressure).
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6.3.1. Horizomntal and vertical velocity fields

Figures 6,43 and 6.44 show the horizontal and vertical velocity

]
fields for the 3.75 kPa applied pressure for an element displacement of 1.5 cm

ang 3.0 cm respectively. In Figure 6.45, the results for a pressure of

°

14.0 kPa at 1.5 cm displacement are plotted. ' Examination of these figures
leads to the following observations:

1. In all cases, the soil betweeg the two grousers behaves a; a
'rigid' body. This'is to be expected as it is a direct implication of the
applied boundary conditioms. The relative rigidity of the 'enclosed' soil
seems to reduce slightly close to the discontinuity, being a result of the
cutting action of the,grousers 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 shown 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 still comparable
to the element horizontal velocity in the vicinity of the discontinuity. In
this instant, it ;hould be reminded that the grouser system displays the
soil vertically as well as horizonthlly due to the induced movement, so that
the soil is accelerated twice, i.e. once due to the forward action of the

element and then due to the accompanied sinkage (the inclination of the grouser

/contact surface determines the amount of *the additional horizontal velocity

>

)

induced on the soil).

. 3
° i

3. The vertical velocity contours 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 is clearly shown
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Figure 6.43 Horizontal and vertical velocity fields(cm/min) at D = 1.5 cm.
Passive MGE, S = 12.5 cm, pressure = 3.75 KPa, constant
pressuse
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Figure 6.45 Horizontal and vertical velocity fields (cm/min) at D = 1.5 cm.

Passive MGE, § = 12.5 cm, pressure = 14,0 KPa, constant
pressure
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that the affected depth increases as the pressure increases (since the sinkage

of the element is greater) from a comparison between Figs. 6.43 and 6.45.
While in the case of low pressure, the zero-wvelocity contour intersects the

leading grouser halfway from its top legding corner, as the pressure increases i

N -

this zero velocity contour is found dlose to the top edge, revealing, that

all of the soil in contact with the grouser moves downwards. A e same

time, the upward acd

shows a marked in@
= <~

to 14.0 kpa (Figures 6.43 and 6.45). X

eration of the soil in front of the leading grouser

as the value of pressure changes from 3.75

o

4. As a general conclusion, it seems that the soil below the
grousers is pushed under the leading grouser and then it changes direction
toward the free surface. Such a movement is 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 stresses are plotted as contour
lines, representing the analytical values obtained from the finite element

- modelling of the multiple grouser element behaviour under a constant pressure

Q -
boundary condition. Figures 6.46 to 6.51 concentrate on the Passive case,

illustrating the stress situations under the action of two pressures, namely

3.75 and 14.0 kPa (minimum and maximum values tested), for horizontal dis-

»

placements of 1.5 and 3.0 cm.

ter

The stress contours show significant differences, if compared

to the study of the constant elevation condition. The main analytical

'
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findings are discussed, herein:

v
» i

1. The 'rigid' behaviour of the soil material in the in-between

the grousers area is clearly demonstrated in all cases, showing slightly L

higher rigidity in the y - direction. As the whole grouser-soil interface
undergoes horizontal displacement in this region, the soil in the central

éoint shows lower horizontal stresg distributions than the contact surfaces

(Figs. 646, 6.47). However; these stresses tend to equilibra(te\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 exist, A .
similar behaviour is observed for the vertical stresses, although in a less
pronouriced level. The shear stress contours indicate some concentration

close to the cutting surface, being almost =zero in the remaining part.

The values generally increase with horizontal displacement and vertical ’/
pressure, being mostly positive. A -small discrepancy appears for high

pressure values, as they become negative (clockwise) near the face of the

second grouser.

4

>

2. In the zone located in front of the leading grouser, the '
horizontal and vertical stresses afe negative as in the constant elevation
case. The basic difference i; the shape of the contours. Figures 6,46,
6.47, 6.49 and 6.50 clearly indicate higher str;esses in the region of the
grouger toe, with ab tendency to gorm concentrations as the elemept dis-
placement increases. This behaviour is similar for the whole ;ange of :
applied ptessures‘, the only difference being the intensity of'the stress
contour values {(obviously higher values corresponci to the case of 14.0 kPa .,
applied uniform pressure). The explanation is simple, if we recall the i

applied boundary conditions which dictate the movement of the grouser

-
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Figure 6.46 Horizontal and vertical stress fields (N/cmz) at D = 1.5 cm.
Passive MGE, S = 12.5 cm, pressure = 3,75 KPa, constant
pressure ° ‘
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Figure 6.47 Horizontal and vertical stress fields (N/cmz) at D = 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/cmz). Passive MGE, S = 12.5 cm, pressure =

3.75 kPa, constant pressure e \ g
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A
element; i.e. in the Pfesem: situation horizontal and vertical displacement

of the element is allowed under imposed horizontal displacement and vertical
pressure boundaries, whereas only horizontal displacement was involved in

modelling constant elevation movement.

The corresponding shear stresses are positive (anticlockwise)
immediately next to the grouser face changing to negative (clocicwi.se) at an
avérage distance of 10.0 to 13.0 cm, as the grouser displacement 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 wvertical displacement of the element is the greatest.

3. Below the cutting surfaée, the horizontal stress values
increase from left to right, while 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 sinks considerable during movement. Simultaneously, the stresses
below the toe of the leading grouser are of comparable values to these
occurring above the cutting plane in the leading zone, suggesting consider-

able stressing 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, 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 element action in both x and y- directions. The plots

\
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Figure 6.49
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Horizontal and vertical stress fields (N/cmz) at D= 1.5cm.
Passive MGE, S = 12.5 cm, pressure = 14.0 kPa, constant

pressure
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Figure £.50

Horizontal and vertical stress fields (N/cmzs) at D= 3.0 cm.
Passive MGE, S = 12.5 cm, pressure = 14.0 kPa, constant
pressure
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D=1.5cm

D=3.0cm Oxy

Figure 6.51 Shear stress fields (N/cmz). Passive MGE, S = 12.5 cm, pressure =
' 14,0 kPa, constant pressure
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of the shear stress support these conclusions since concentrations appear
in the above mentioned zone (Fig. 6.51). For the greatest pressure tested,
the soil shear stresses suddenly change from positive to negative below

5

the toe of the leading grouser (Fig. 6.51). A similar change is evident

in the vicinity of the toe of the second grouser, which becomes more evident -

at greater horizontal displacements.

A typical example of the propagation of failure zones with combined

horizontal and 'vertical motion is shown in Fig. 6,52 for a Passive element

. under’ the influence of a uniform applied pressure of 3.75 kPa, In these

ufigures, the behaviour of the finite elements is illust;ated for horizontal
displacements of 1.5, 2.0, 2.5 and 3.0 cm. Cénsiderable differences in the
mode of failure may be noted, if compared to a similar multiple grouser
system under constant elevation bound;ry condition (Fig. 6.37). The follow-
ing points are of particular interest: ‘

1. Failuié of the finite element; is 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 top edge of the

v

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 is very

much pronounced in the constant pressure situation. Considerable distance
-
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Figure 6.52 Development of failure zone. Passive MGE, S = 12.5 cm, pressure = 3.75 kPa, constant
: pressure
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above the cutting plane in-between the two grousers.

4

behaves as a rigid body under the influence of the vertical pressure. Little
5 deformation occurs in this zone during motion, resulting in a direct transfer
- of stress to the region .below the separation surface, thus inducing 'deep’

failure due to excesdive deformations -, It should be noted that the failure

.

observed below and behind the second grouser is the result of the imposed
' boundary conditions which play a significant role in the performance of the i

proposed model.

a

t

- 6.4 Comparison of Analytical and Experimental Results

has been covered by the grouser relement before some finite elements fail

It is clearly indicated from Fig. 6.52 that the 'confined soil’

206
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This section presents comparisons between the multiple grouser

X
analysis ones discussed previously in the present chapter. The admissgi~
bility of the finite element method, as a means of predicting the -performance

of a multiple grouser element and the consequent applicatiot; of these results

° element experimental results reported in Chapter 5 and the finite element

to predict and evaluate track-soil systems, is permitted through such compari-

j
sons. In addition, the constraints and requirements implied by the proposed I

L4 -
analytical technique are examined, and the discrepancies between the physical

v 0

The correlations between the theoretical results and the physical
measurements which will serve in the evaluation of the proposed model may

be sumarized as follows:

1.

The horizontal reactions on the leading

¢7

and theoretical model are discussed.
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from the finite element analyses for different spacings and pressures are
compared to experimental values measured for the single grouser case.

- Such correlation will permit the viability of the assumption of the leading

grouser acting as a single grouser.

o °

2. The calculated and experimental horizontal reactions for the

FRPUNDR N

multiple grouser element are compared to provide an indication of the extent

of similarity between the stress fields.

3. The contours of the nodal displacéments obtained from the
finite element model are superimposed on the contours obtained from the ¢

experimentally recorded grid deformation to demonstrate deformation pattern

similarities and discrepancies, for the constant elevation case.

4. The predicted values of the dyﬂkmic sinkage are compared to

. e . 2 S
those obfained from the multiple element tests under the condition of con-

*
ey

stant boufidary pressure, to evaluate the performance of the analytical solution

in this case.

’

<

5. Finally, the energy deformation values of the multiple grouser

3

element system are examined for both analytical and experimental models

S

since the deformation and stress fields are reflected on the scalar values

of the energy fields. < ' ; T

¢

It isurepognized that such correlations between the stress and

»

velocity fields must be compatible, as there is no apparent independence
between the two fields in situations ﬁpch as the present problem which
involves mi;eddboundary conditions, specified in terms of both displace- .
¥
ment and stress. To avoid a voluminous repetition of results gimilar in 1

their main aspects, a typical sample will be presented and discussed

g
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hereinafter. It should be noted here that gince constant elevation tests
were not included in the experimental program of this thesis, the measured

v

load-displacement curves, used throughout this section for this céndition,

‘were obtained from the work previously carried by Elmamlouk (1980).

b .

o

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 recorded were the 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 thag of a single grouger with the same depth of
embodiment. Comparisons between experimental results from 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 valugs for the horizontal
force, independent of gpacing, for both the Aggressive and Passive grouser.
This is reasonable, since the insertion of the cutting surface in front

of the leading grouser obliges soil separation at a predetermined surface.
In addition, the fact‘that the multiple grouser element behaviour, including
the soil between the grousers, resembles rigid boq;\motion (little deform-

ation in the contained soil for the spagings'tested - 'see Sections 6.2 and

6.3) supports the above findings. The agreement between the éxperimental

S
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Figure 6. 53 Comparison of experlmental and predicted ‘horizontal forces on the leading grouser.
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CONSTANT  ELEVATION - BOUNDARY CONDITION

Mult iple Horizontal Horizontal Force, Newtons

grouser Displacement,

Measured, Predicted Predicted Average

element cm Single grouser S = 12.5 ¢cm S = 25.0 cm Error, X

Aggresgsive 1.0 117.5 175.0 .170.0 + 31.8
2.0 180.0 233.0 230.0 + 22.2
3.0 225.0 262.5 260.0 + 13.8
4.0 247.5 275.0 .275.0 + 10.0
5.0 257.5 —278.0 287.0 + B.85
6.0 260.0 280.0 291.0 + 8.9

Passive 1.0 , 84.0 92.0 102.0 + 13.4
2.0 132.0 143.0 150.0 + 0.9
3.0 162.0. 172.0 180.0 I
4.0 176.0 185.0 192.0 + 6.6
5.0 183.0 195.0 193.0 + 5.7
6.0 184.0 198.0 194.0 + 6.1

TABLE 6.2 Comparison of Measured and Calculated Forces on the Leading Grouser

DRSS & e min 00
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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-

e o e e e e o

tude errors found for the Passive grouser. The average error is 16Z 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 6.5? and Table 6,3 summarize the experimental and analytical
differences involved for the constant pressure boundary condition. The

average error is of the order of 5.02 for the 3.75 kPa pressure and 11.8%

for the 14.0 kPa pressure, both involving Standard multiple gégﬁser action. '
It should be recognized that the experimental values for the force-

displacement relationship are not direct éesults 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 is minimum, better corrélation of results

are obtained.

' The second grouser of the MGE may.thus be considered as a typical
grouser in a track grouser chain. Subtracting the effects of the leading
grouser from the multiple grouse; element behaviour, load-displacement
relationships for the second grouser may be obtained from the experimental
results and compared éo the values caiculated from the finite element

analysis based on the proposed model. Figures 6,56 through 6,58,

S NP
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CONSTANT

PRESSURE

BOUNDARY

CONDITION

" STANDARD MULTIPLE

GROQSER ELEMENT

Uniform Horizontal Horizontal Force, Newtons. S = 25.0 cm .
Boundary | Displacement,
Pressure, 2| cn sraenured | Bredicted Predieted | Difference,
P=23,75 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
P =14.0 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 K 227.0 + 12.8
5.0 205.0 232.0 + 11.6
" 6.0 209.0 235.0

+ 11.0

PRSI

o
CRFEV TS

TABLE 6.3 Comparison of Measured and Calculated Forces on the Leading Grouser
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illustrate the two sets of valués, which are also reported in Tables 6,4

I -

and 6.5 for the sake of comparison. The effects of assumed boundary
condition, type of grouser, spacing and boundary pressure are included in

the above comparisons. Thé agreement' between the experimental and finite
element results, considering the nuﬁerouy assumptions made, is generally )

very satisfactory. The maximum and minimum individual errors (at a
specific value of displacement) are 22.27%7 and 0.97 respectively, while for

a specific situation the average values are 13.3% and 2.7% respectively. The

©

overall error is 6.4% and applies only to the cases discussed in this
section. These statistical results are typical of the overall behaviour
of the finite element modelling technique.

<

1

6.4.2. Comparison of analytical and expermental deformation fields

| . ]
As it-was pointed out earlier, correlations of the soil defofmation

added to the previously discussed stress distribution correlations will

\

provide a framework of judgment for the applicability of the proposed tech~
nique. In this section the soil deformation mode is presented in two

stages: .

. 1. Comparison of measured ggd calculated dynamic 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 typ{cai comparisons concerning

the dynamic siukage of a Passive multiple grouser element under the

'

maximum and minimum pressure values considered, i.e. 14.0 and 3.75 kPa .

‘
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Figure 6.57 Comparison of experimental and predicted horizontal forces on the second grouser.
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CONSTANT ELEVATION BOUNDARY _CONDITION

Multiple' Horizontal N Horizontal Force, Newtons

Grouser Displacement,

Element cm S = 12.5 cm S = 25.0 cm

_ T ,
Measured Predicted Error, % Measured Predicted - Errorf Z

Aggressive 1.0 72.0 82.0 +12.2 117.0 132.0 +11.4
2.0 101.0 116.0 +12.9 166.0 181.0 -+ 8.3
3.0 115.0 134.0 + ]:4.2 200.0 - 206.0 + 2.9
4.0 124.0 145.0 + 14.5 224 .0 222.0 - 0.9
5.0 129.0 149.0 +13.4 240.0 234.0 - 3.5
6.0 132.0 151.0 + 12.6 248.0 240.0 - 3.2

Passive 1.0 44 .0 50.0 + 12.0 108.0 122.0 +11.4
2.0 68.0 74.0 + 8.1 146.0 159.0 + 8.2
3.0 81.0 87.0 . + 6.9 168.0 180.0 + 6.7
4.0 86.0 92.00 + 6.5 185.0 196.0 4+ 5.6
5.0 90.0 93.0 + 3.2_ 196.0 205.0 + 4.4
6.0 92.0 93.5 + 1.6 202.0 213.00 + 5.2

G

~ . t
FEL P RIS

TABLE 6.4 Comparison of Measured and Calculated Forces on the Second Grouser
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Figure 6.58 Comparison of experimental and predicted horizontal forces on the second grouser.

Passive MGE, S = 12.5 cm, constant pressure
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CONSTANT PRESSURE BOUNDARY CONDITION

PASSIVE MULTIPLE GROUSER ELEMENT

Uniform Horizc;ntal Horizontal Force, Newtons. § = 12.5 cm
Boundary Digplacement, - ‘
\ Measgured Predicted Predicted Difference
Pressire,P|  cm P=3.75 P = 14.0 z
kPa
P = 3.75 1.0 28.0 36.0 + 2202
2.0 53.0 58.0 + B.6
3.0 70.0 74.0 + 5.4
4.0 83.0 82.0 ' - 1.2
5.0 90.0 89.0 - 1.1
6.0 . 94.0 91.0 . - 3.2
P = 14.0 1.0 55.0 - 60.0 + 8.3
' 2.0 79.0 . 84.0 + 5.95
3.0 94.0 " 97.0 + 3.
4.0 102.0 106.0 + 3.8
5.0 "107.0 109.0 + 1.8
6.0 110.0 ' 111.0 + 0.9

Sl Sty o Ut s w fedh e e W St it ol e

TABLE 6.5 Comparisor} of Measured and Calculated Forcés on the Second Grouser
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DYNAMIC SINKAGE ,. mm
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Figure 6.59 Comparison of experimental and predicted dynamic sinkage. Passive MGE, S = 12.5 o,
“ constant pressure R
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Al
CONSTANT PRESSURE BOUNDARY CONDITION
PASSIVE MULTIPLE GROUSER ELEMENT .
Uniform Horizontal Dynamic Sinkage, mm. S = 12.5 cm
Boundary Displacement, - '
Pressure, P cm Measured P;'edicted Predicted Difference,
kPa ‘ P = 3.75 P = 14.0 4
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 + 3.9
5.0 1.46 1.54 + 5.2
6:0 1.46 1.54 + 5.2
‘ P = 14.0 1.0 1.00 1.10 + 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
. 6.0 2.60 2.53 - 2.7

it 2 00

§

TABLE 6.6 Comparison of Measured and Calculated Dynamic Sinkage
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respectively. The ’agreement of andlytical and experimental results is rated
satisfactory with a typical average error of the order of 5.0% and maximum
error never exceeding 103.  .Such correlations validate the comparison of
the load-displacement relationships between the leading grouse‘r of a
multiple element and the action of a single grouser for the constant pressure
boundary situation, since 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 1.5 cm grousers displacement, The experimental deformation fields

were calculated on the basis of the change of particle position in the co-~
ordinate dire_ctions, with the aid of an x~y plotter and a process cclmtrol
"computer. The particle displacements, were obtained from photographic
records of a deforming grid, inscribed on the soil, at 12-second intervals
of motion. The displacement field‘s 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 agssociated spacing of 12.5 cm.

The correspondence between the analytical and the experimental
fields for both the horizontal and vertical displacements is generally

]
satisfactory.

Comparing the nodal displacements, the finite element model shows
more rigidity in the x - direction than the physical model, while the
opposite is generally true in the y-direction. Both the experimental and

. analytical. plots reveal discontinuous horizontal displacement fields in
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Figure 6.60 Measured and predlctéd horizontal displacement fields (cm). Passive MGE, S = 12.5 cm,

p = 3.75 kPa, constant pressure
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Measured and predicted vertlcal displacement fields {(cm).
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 leading grouser, the experimental field shows, con-

tinuity while the finite element soluﬁfﬁﬂﬁxa\discontinuous all the way to
s, ,

the right boundary, as a result of the’inééféﬁﬁ cutting elements. Such ‘
behaviour reveals that while the discontinuity propagates with the grousers

movement in front of the element, it builds up quickly in between the

Y ¢
°

rousers as the 'confined' soil shows a high degree of rigidity increasing
g & g g y

with decreasing spacing.

Examination of the vertical displacement fields indicates that the
80il below and behind the leading grouser moves downwards while it accelerates
upwards in front. The zero value contour %s located half tﬁe diséance froy
the top of the soil to the leading grouser toe at the grouser-soil interface.
However, past the cutting interface, \the location of the experimental zero

B
value contour deviates from the analytical\Eng\E? being located further

.o

forwards.

6.4.3. Deformation energy predictimg
Yy i)
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 purposes of comparison.

. The deformation energy for the multiple grouser element-soil system

is obtained here by two methods:

4

1. Experimental; by integration of the areas under the experi-~
mentally measured fbrce-displacément curves;

2. Theoretical; by calculating the deformation energy of the

finite element idealizations proposed during a time interval, as (Desai and

\
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Abel, 1972 ) :

¢
D=/ S {o}r dfel de av (6.3)
v t

where:

.g. = element stress matrix;

d'e, = element incremental strain matrix;

. hA
t = increment duration;

V = element volume.

The results obtained from their applications are showp in Figs. 6.62
and 6.63 for an Aggressive anq/Passivé multiple grouser system,-respectively.
In Figure 6.62, two spacings of 12.5 and 25.0 cm under constant elevation
are considered; while two spacings and two pressure combinations, assuming
maximum and minimum values for both variables, are shown in fig. 6.63 for
constant boundﬁry pressure. The energy values for all the above 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 element results
overeétimate the experimental in all cases with a maximum error of 16.7% Qnd
an overall average value of 77, thus demonstrating that the developea analytical

model provides a reasonable prediction of the energy dissipated in the soil.
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Figure 6.62 Comparison of measured and predicted deformation energies.
Aggressive MGE, constant elevation .
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éONSTANT ELEVATION BOUNDARY CONDITION

—

AGGRESSIVE MULTIPLE GROUSER ELEMENT

Spacing, Horizontal- ;
cm Displacement, Deformation Energy, N cm/cm width
cm~ Measured Predicted " Predicted Differénce
S = 12.5 S = 25.0 - ) S
12.5 1.0 20.0 24.0 + 16.7
' 2.0 53.0 © 61.0 + 13.1
3.0 98.0 109.0 +10.1
4.0 _145.0 156,0 + 7.05
5.0 195.0 205.0 - + 4.9
6.0 244 .0 257.0 ~ + 5.05
} . ’
25.0 1.0° 30.0 . 1333.0 .+ 9.1
2.0 73.0 80.0 T+ 8.7
- 3.0 128.0 139.0- + 7.9
4.0 187.0 ] -198.0 + 5.55
5.0 245.0 258.0 ) + 5.0
6.0 308.0 320.0 +3.7

—

-

TABLE 6.7 Comparison of

Measured and Calculated Deformation Energy
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Figure 6.63 Comparison of measured and predicted deformation energies.
’ Passive MGE, constant pressure
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CONSTANT PRESSURE BOUNDARY CONDITION
PASSIVE MULTIPLE GROUSER ELEMENT
. Uniform Horizontal Deforméfion Energy, N. cm/cm width
Boundary Displacement,S [ . ) .
Pressure; P Measured. o Predicted Predicted” Difference
kPa cn : S= 12.5 S = 25,0 z
S = 12.5
P =3.75 1.0 17.0 18.5 + 8.1
2.0 40.0 {;3.0 + 6.9
3.0 1.0 .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
| 4.0 180.0 187.0 + 3.7
| .
i 5.0 235.0 247.0 + 4.9
L 6.0 295,0 . 315.0 +6.3 .

o A S < 2 54

TABLE 6.8 Measured and Calculated Deformation Energy -
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~ CHAPTER SEVEN

PREDICTION OF TRACK PERFJ'ORMANCE BASED ON ENERGY

CONSIDERATIONS

7.1 Introduction ,

The evaluation of the performance of off road vehgtéles is
based oln the maximum t:ractive‘ effort éleveloped per unit of fuel e:g‘pendi—
ture. The’tjecent concern of energy regources availability has vr/lecessi-

‘tated the establishment of the kinds of mechanics involved in. energy‘

transfer and expendiéx;re in a typical vehicle-terrain’interaction situation.

In the present study, the Finite Element Method was used for
the determination of the energy 1ossés; such losses result from the
deformation and distortion of the soil substrate which is du€ to the

thrust'deyeldped by a mox;ing grouser element.

A subsequeqt addpta’tion of the energy conservation principle
made possible .t:he predic‘tion of the'useful drawbarpull eneréy, as the
difference between the applied input energy and the total en;zrgy losses,
calculated from the Finite Element Analysis of representative multiple
grouser element models. . Results repoftedo by ﬁYong et' al (1969, 1980)

indicated that the same principle has been successfully applied tc wheel

and track-soil systems.

7.2 Energy Congiderations

Experimental observations of multiple grouser elements, moving
in soft soil under both constant elevation (Yong et al, 1979, 1980) and

o~

constant boundary pressure conditions (present study), have led to the

[ ' -232-
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" divigion of the deformed soil mass, beneath ,the track, into three distinct

zones ; hence the dissipated energy can be divided into three components

accordingly (Fig. 7.1). Their correspon’dihggdescriptions are summarized

in Ta];le 7.1.

4 '

The energy b;aiance equation foz: the t’rack/grouser‘ soll system
can be written as:
(Input) torque energy = pull enérgy + dissipated energy (7’.1)
where
dissipated energy = distorsion energy, D + compaction

energy, C + shear slip energy, S (7.2)

Equations (7.1) and (7.2) can be written as: ~

Mo= Py + DE + CE + SE (7.3)

wheré M = input torque applied at the sprocket;

! w = angular velocity of the sprocket;
P = useful drawbar p\fll;

v_= carriage (vehicle) velocity;

DE = distortion energy rate;

CE = compaction energy rate;

SE = ghear slip energy rate.

qu' reasons of comparison, ‘equation (7.3) may be normalized
by dividing both sides by V. as:

ﬁi-P+D'+c'+s' (7.4)

where
M T

E, = specific input energy = T "~ T -

i

r = sprocket wheel radius;

o
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-Fig. 7.1 Dissipated energy components




“

ZONE POSITION

DESCRIPTION

(A) Between the grousers

above the cutting tip

ey

Grouser motion forces soil displacements

1rqu_l!:ing in soil distorsion with very

level little volume change !
(B) Below the grouser tip Zone of small displacements or distortion
‘ By
level with no shear failure evidence. It sustains
- . sinkage resulting from horizontal movement '
and/or vertical loading -
(c) . -Located in a very thin The slippage or cutting mechanisms produce

layer at the grouser

tip level

a noticeable discontinuity in the displace-

ment and velocity patterns between Zones
(A) and (B).

r L

TABLE 7.1 Characteristics 'of the Three Distinctive Zones into Which the Peformed Soil Mass

Beneath the Track is Divided
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& i = glip degree;
n

T = total horizontal mobilized traction;

[~}
(]

specific distorstion energy = DE/VC;

+  C' = gpecific compaction energy = CE/VC‘;

[77]
-
[}

specific shear slip energy = SE/VC.

The specific components of the enmergy dissipated in the soil

between two successive grousers can be evaluated from the finite element
I 5

solution by the following equatibn:

D', €', 8" = (S, (o] afe] av)ivw_ - | (7.5)
.
where
{0} = element stress matrix;
d{e} = element incremental strain matrix; -
VvV = elemént volume;
, b’ = track: width;
v, " carriage (vehicle) velocity.‘

Such an evaluation of the digsipated energy compoments allows

the prediction of the drawbar pull, for a specified input energy, from
the energy equations (eq. 7.3 or 7.4).
7.2.1 Experimental and analytical prediction of the total energy rate
for the multiple grouser element . ) {\_m

- As discussed previously, the Finite Element Method can provide
' " the computation of the wvarious components of the dissipated energy by

- integrating the strain rate field over the volume of each finite element.

:
i
%
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Hence, distorsion energy, compaction energy and shear slip energy are

calculated for the finite elements in zones A, B and C (see Fig. 7.1),
respectively; their cumulative sum over a number of horizontal displace-

ment increments represents predicted values of the total energy dissipated

N

in the deformed soil mass. Measured values of the total dissipated energy
are obtained by integrating the area under: thé experimgntal force-displace~
ment curves. A flow chart, illustrating these concepts is shown in fig.
7.2. Comparison between experimental and predicted results shows very

good agreement, thus validating the suggested method of approach to the

grouser-soil interaction'problem.

Figures 7.3 to 7.7 are displaygvof the measured and predicted
disgipated energy rates v;rsus multiple gr;user element displacemgnc.
While Fig. 7.3 applies to constant elevation boundary conditions, Figs.
7.4 to 7.7 show the total dissipated energy rates (experimental) as well -
as the dissipated energy rate components (FEA) for the four cases of
applied constant boundary pressure. Due to the‘vast number éf situations
tested, results are presented only for the case of the passive grouser
element under the spacing of 12.5 cm. This spacing has been chosen since
it coincides with the spacing of the grouséra mounted on the model section
‘track. The selection of the passive grouser was based o£ the belief that
it will constitute the grouser of the future due to its high performance
tElmamlouk, 1977) as contrasted to minimum soil disturbance; both are
results| of the grouser's geometric features. Based on the same reasoning,

all predictions concerning the performance of the model track will assume

passive grousers,spaced 12.5 cm apart.
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- FEA OF MGE EXPERIMENTAL FORCE
T DISPLACEMENT CURVE E
DISSIPATED ENERGY CALCULATED FOR THE MGE
FOR EACH ELEMENT BY INTEGRA ]
TING THE STRAIN RATE FIELD LNTEGRATION OF THE S
OVER THE ELEMENT VOLUME . REA UNDER THE F-S
AN SUM OVER ALL INCREMENTS CURVE
’ -
SUM OF DISSIPATED ENERGY SUM OF DISSIPATED ENERGY SUM OF DISSIPATED ENERGY

REGION ‘A'

RATE FOR ELEMENTS IN

RATE FOR ELEMENTS IN
REGION ‘B’

RATE FOR ELEMENTS IN
REGION 'C’

DISTORTION ENERGY RATE + COMPACTION ENERGY RATE + SHEAR SLIP ENERGY RATE

Fig.

4

PREDICTED DISSIPATED
ENERGY RATE

EXPERIMENTALLY MEASURED
DISSIPATED ENERGY RATE

COMPARISON OF PREDICTED
TO EXPERIMENTAL VALUES

7. 2 Methods of measurement and prediction of the dissipated energy rate

for a MGE
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ENERGY RATE , N.cm/min/cm
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'Fig. 7.3 Dissipated energy rate Vvs. horizontal displacement.
Passive MGE; Spacing = 12.5 cm; constant elevation.
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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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ENERGY RATE, N.cm/min/cm

Fig. 7.5
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Dissipated energy rate vs. horizontal displacement. '

Passive MGE;

constant pressure

spacing = 12.5 cm;’
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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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'Fig. 7.7 Dissipated energy rate vs. horizontal displacement.

Passive MGE; spacing = 12.5 cm; pressure = 14.0 kPa;
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7.3 Track Performance Prediction Based on tﬁe Finite Element Analysis

of the Multiple Grouser Elements ‘ : e

At this stage, a simﬁlified procedure can be employed to
predict the overall track pérformance characteristics, such as traction
effort (input energy), useful drawbar pull (output energy) and energy
losses, from available information provided by the analytical model
éd;pted for the grousér element-soil systeﬁ. The success of a totall&
";naiytical approach could elim;natg the need for extensive testing which
may be regarded, as time consumi;g énd, if not properly\done, unreliable.
However, as the present énalytical model req;ires the experimental stress-

strain curve of the soil as input, carefully conducted strength tests,

representative of the physical situation in hand, will be necessary.

A further effort of mndélling'the constitﬁtive relationships for a materia;;

or a group of materials, would render the approach completely independent

of any testing whatsoever, but this is beyond the purpése of this study.‘

¥

7.3.1 Methods of prediction

4

Any ;easonable prediction procedure must satisfy both the
force and moment vequilibrium relatioéships. If, at the extreme, the
assumed pressure distribution is the true one,. then a aimpie application
of the energy canservation equation -~ total losses deducted from the

input energy - will yield the useful drawbar pull energy.

S
A free body diagram of the track section, as shown in Fig,

7.8, shows that if @11 variables are assumed constant, a variationrcof
’ - !
the drawbar pull eccentricity,'e;, will affect the moment equilibrium

ey
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relagion for the track. For stability, the poiﬁt of application of tﬁe
total normal contact pressure will change position (i.e.'e'will change)
and hence the sinkage and ﬁressure distribution beneath the track,”

" according to the rela£ion:
W(e - ex) + M= P-ey ‘ (7.6)
wher;
W = the track weight acting vertically at distance'ex'from thé
’ center line of the tréckqloaded area (positive toward the
rear), .
T = mobilized traction force at the level of contact area
between the track and the supporting soil,
R'- motion resistahce,:assumed to acf at the,s;me contact level,
P = useful drawbar pull, assumed to act h?rizontally at height
'ey'qbove\the contact leYFl,
Q = total normal contact pressure beneath the track,
M = applied torque to the sérocket, equal to the tract#on
force multiplied by the radius 'r'of the sprocket,
/

‘e = gccentricity of the total normal pressure from the center

line of the trgck‘loaded area.

Such behaviour has beenﬁgreviously deﬁonstrated 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).
;éﬁordingly, thg rear sinkage of the track varies ;s in Fig. 5.34 (since
the 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 known at a certain instant (or ‘assumed), the application

of the energy counservation principle alone will rendef a sa%isfactory
\ ¥ ,

method of prediction. Hence, two simplified methods of prediction are
possible at. this stage, if a uniform grouser sinkage, equal to the grouser

height, is assumed over the track lemgth:

1. Based on the constant elevation model energy relationships, and
2. Based on the constant ﬁressure model energy relationships

for the mmltifle grouser element.

Neither of these two methods takes into consideration the

-

drawbar pull eccentricity,'e;; hence, it is assumed that the contact

pressure distribution remains constant for all values of'e{ and slip, 1.

From these assumptions, the mobilized' traction force, developed
by each grouser according to its displacément in. the clay soil, can be
obtained utilizing the energy-displacement relationships presented in

Section 7.2.1, as follows:

-

1f, horizéntal displacement of the nth grouser, Jn = i-xn
' ]

where,

1 = degree of slip,

]

x, = the distance from the track contact point at the front to

4

the position of the nth grouser,

" then:

n
Specific Input Energy = I T (J.)/(1-1) A (7.7)
(N.cm/cm width/cm travel) j=1 ° B

where,
Tn = total horizontal mobilized traction developed by the nth'

grouser due to its horizontal displacement,'J;, intp the

i b ¢t Ay eoTaminni
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soil beneath the track, and
i=1- T’c_ , v, = carriage velocity

v = theoretical track velocity.

The!total;,é’nergy losses (distorsion, compaction and shear
o
slip) beneath the track may be computed from the finite element analysis "

results (Fig. 7.3 to 7.7), by summing together the participation of each

R

grouser accordi/ng to its horizontal displacement. Applying the equation

of energy congervation (eq. 7.4), the total losses can be deducted from

the input energy to yield the useful drawbar pull energy. Since the

moment equilibrium of the track is not considered, the simplified prediction

i o e bt oot oot At ora 3 e

methods are only as good as the assuniption of the sinkage (and hence,

pressure distribution).

\ , A rigorous method of prediction:, accounting for both force

aé\{i moment equilibrium may be achieved, if an iteration scheme is employed,
\\ . M - .

where a trial and error technique 1s utilized to satisfy both equilibrium

conditions within a desired range of accuracy.

4
Rigorous Analysis

=0

Referring to the moment equilibrium equation (eq. 7.6) and
Fig. 7.8, the three possible cases of pressure distribution which can

result from the applied forces and moments depending on the value of 'e'

I3

are summarized in Fig. 7.9 and Table 7:2.

. Ao is 3 e mer s
SR AT Pzt b e bR e e D L i o

The solution begins by an initial agssumption of the bresaure

distribution. A value of ‘e’ 0.0 and hence.an even pressure distribution

T S

is taken as the starting point. A value for the drawbar pull energy may

thus be obtaitied from the energy conservation equation (as previously

digscussed) based on the energy relationships obtained from the constant

i
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. of Motion !
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) 3. q;<0
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o o Fig. 27.9' Possible linearized pressure disfribui:ion‘ shapes beneath
‘ . ] the track
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Form of Pressure
Distribution

Normal Pressure
Eccentricity

Front and Rear
Pressure Values

Trapezoidal ) e < %-
L .

Triangular e=z
Triangular e > L

PR 4

. q_*+4q
r f W
where Q=5 =L

'L = length of track;
Le = effective length of bearing area;
W = weight of the track;

b = width of the track.

<0

q{at A) =0
' L
9. = 29 (T._é_

) o,
Le = 3(% +e)

-

TABLE 7.2 Possible Pressure Distributions Beneath the Track

& ot WAL e LT Rt i ebne &



251

pressure boundary condition finite element modelling. Following an
equilibrium analysis is performed yielding a new 'e' value. If the
difference between the initial and calculated 'e' value is nmot acceptable,
the new .pressure distribution is taken’as a starting point; input and
output energy values are recalculated, according to the pressure acting

‘

on each grouger.

This prediction technique is easy to set up inja simple

computer program, a-flowchart of which is shown in Fig. 7.10.

Hwevgr, the exactness of the rigorous prediction analysis

is subjected to a numl;er of assumptions, for simplification purposes, . s

as follows: ,‘ -
1) The pressure distribution beneath the track and along its

length 1s linear;
« 2) The sinkage distribution varies linearly for the assumption
of a('rigid track;

3) ‘i‘he(gro,users are ful'1y embedded at all times along the
effective length of the track bearing area (the effective
length vafies accordingly to the shape of the preséure
distribution; Fig. 7.9, Tabie 7.2);

4) The linear sinkage digstxibution of a rigid track, under

“’a specific pressure distribution and for a given degree of
slip, may be approximai:ed by the average li;xearized sinkages
of 'a series of multiple grouser elements, under a similar
pressuie distribution and corresponding displacements, ;.n

accordance to the degree of slip assumed for the track.

[
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INPUT:
—GEOMETRY

T

— WEIGHT
FEA OF MGE — TRANSLATIONAL } of TRACK

y VELOCITY

—SLIP RATE
PRESSURE—TRACTION
RELATIONSHIPS AS ¢

FUNCTION OF DISPLA-
CEMENT

2 —exe=(.0

— q aTRACK WEIGHT/CONTACT AREA

ASSYME UNIFORM INITIAL PRESSURE DISTRIBUTION:

ENERGY LOSSES .
BASED ON TYPE OF
GROUSER, SPACING MOBILIZED TRACTION — section .31
AND APPLIED PRESSURE : ‘
~ ’ —eq 5 B
‘ TOTAL INPUT ENERGY —eq 7.7
DISTORTION - o
COMPACTI o ,
SHE ARCSL&N +# | PREDICTION OF DRAWBAR PULL ENERGY
FROM CONSERVATION . PRINSIPLES — eq 7.4
.|
. MOMENT EQUILIBRIUM ANALYSIS — 6q 7.6
\
NEW PRESSURE DISTRIBUTION,
END *28new i = %new
A ‘T
@0y~ < TOLERANCE [@new ~ ®i| > TOLERANCE

Fig. 7.10 Track performance prediction procedure based on energy
x analysis ~ Rigorous method
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The third “assumption does not account for any partial pene~
Y
tration of the grousers resulting from the tiltiné of the track, particu~-
larly under high degrees of slip and/or drawbar pull eccentricity values.

The effects of grouser entry have not been accounted for, either.

-

. .
The last assumption is a gross simplification of the situation

in hand, as it is widely proven in the geotechnical engineering field for
the case of plate tests. The degree of approximation of such an

assumption willlbe discussed in the next section.

It is important to remember that the application of the ‘ r
previously discussed energy models have been examined for a passive track

only. Whereas the comparison of the predicted to the experimental results

may be rated as acceptable (within the limits of approximation) for the

paés:l.ve track, it may not be the case for an aggressive track; the

accute 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 previously demonstrated experimentally in Section 5.3.

7.3.2 Comparison of experimental and predicted specific energy results

for the tracl': section model

For the prediction of | the input and output specific energies
of the track/grouser systems, the three models discussed in the previous
section were employed. TIwo of them considered only force equilibrium
conditions (1.e. input energy = output energy + dissipated energy), and
were based on the constant elevation gnd' constant pressure multiple grouser
element analytical results, réspectively. Figures 7.11 through 7.13

illustrate input and output‘ (drawbar pull) specific energies for the

N6
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situations of 1) constant elevation, 11i) constant pressures of

3.75 and 14.0 kPa respectively. A comparison of these values to

experimental results, shown in Fig. 7.14, for the drawbar pull hitch

positions 1 and 4 (i.e. the lowest and the highest), reveal the following:

1

2)

3

et

The input energy is overﬁredicted in all cases by a w;de
margin for all drawbar pull eccentricities.

Whereaé the o;xtput energy (drawbar pull energy) is over-
predicted from the simplified method based on 14.0 kPa
constant pressure results, the approximation seems to

be better when constant elevation or low uniform pressure

is assun;ed, the error being minimum for the smallest
drawbar pull eccentricity tested. The reason for this
behaviour is due to the fact that for small pull eccentri-
cities; the passive riéid track systém does not devglop
appreciable tilting, thus approximating a constant elevation
movement; or that under a uniform pressure along its contact
length. It may be noted here tHat a uniform conta;:t
pressure of 8.0 kPa is generated by the track before motion.
Summarizing the above points, the discrepancy between
experimental and predicted energy —values may be attributed
to the fact that the ‘effective grouser sinkages assumed do
not reflect the real behaviour of the track mo’tio”n situation,
as moment eqdilibri;xm conditions are not satisfied. In
Tables 7.3 and 7.4, the energy values are reported as

obtained from the application of the simplified methods.

‘ Also, the values calculated from the experimental force-slip

’felationships for the section track are included.
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. Fig. 7.11 Predicted specific energy vs. slip, using the first
’ simplified prediction method (FEA of
Passive MGE at constant elevation)
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prediction method (FEA of Passive MGE at pressure =-14.0 kPa)
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INPUT ENERGY
Degree Experimental Predicted
of values, N.cm/cm travel/cm width values, N/cm/cm travel/em width
Slip,
4 Posgition 4§ Position 1 Constant elevation P =3.75 kPa P = 14.0 kPa
10 39.0 47.5 62.0 57.5 70.0
20 57.0 64.0 - 79.0 78.0 92.Q
30 71.0 78.0 92.5 95.0 109.0
40 84.5 93.0 108.0 ) 110.0 127.0
50 102.0 115.0 130.0 126.0 . 148.5 '
60 134.0 151.0 159.0 146.0 175.0
Predicted vs. Experimental results for: vs. Pos.4 vs. Pos.l1 | vs. Pos.4 vs. Pos.i‘ ve. Pos.4 vs. Pos.1
Maximum error, % N + 37.1% + 23.4% + 32.2 + 17.9 + 44.3 + 32.%L
) Minimum error, X « + 15.8% + 5.0% + 8.2 - 3.3 + 23.4. +13.7
Average error, I + 24.52 + 14.7% .+ 22.5 + 12.8 . + 34.2 + 25.6
) TABLE 7.3 Comparison of Experimental and Predicted Input Energy Values 2
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OUTPUT ENERGY (DRAWBAR PULL)

193 <HUTaa { W MEGM S0 WD ITMR IRt et e VA v s

; Degree Experimental » Predicted values,
| of values, N cm/cm travel /cm width N cm/cm travel/cm width
slip - -
3. X Position 4 Position 1 Constant elevation P = 3.75 kPa P = 14.0 kPa
10 26.0 32.0 ) 41.0 5.5 _40.5 -
' 20 45.9 53.0 55.5 53.0 59.0
30 58.0 68.0 65.5 65.0 74.0
40 67.5 18.0 74.0 74.5 . 88.0
, 50 ° 72.0 85.0 82.0 83.5 h 99.0
60 75.5 : 89.0 87.5 89.0 106.0
Predicted vs. Experimental results for: vs. Pos.4 vs. Pos.l | vs. éos.4 vs. Pos.l vsl Pos.4 vs. Pos.l
g Maximum error, X + 36.6 + 21.9 + 26.7 o+ 9.8 + 35.8 + 20.9
i * Minimum error, % + 8.8 - 1.7 + 9.4 0.0 + 21.6 + B8.1
Average error, % + 16.9 + 2.0 + 15.1 + 3.4 + 26.7 + 13.4

TABLE 7.4 Comparison of Experimental and Predicted-Output Energy Values

NI VR T S TSRS ST SAEE I

L]

-

09z




gt = v——— e bt worrmrmre = h e bt o Smn

-edge of the track generally decrease with increasing pull eccentricity
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i

The applicat;.on of the rigorous method of analysis yielded
satisfactory predictions of the input and output energies as illustrated
in Figs. 7.15 and 7.16, for the lowest and the highest drawbar pull
eccentricities tested, designated as positions 1 and 4 respectively,

Based on this analysis, the energy loss components (shear slip, compaction,
distortion) are plotted in Figs. 7.17 and 7.18 for the same drawbar pull
eccentricities. For all degrees of slip, the shear alip energy assumes
the highest energy losses, while distortion energy losses are minimum,

This behaviour 1s a direct consequence of the a’nalytical model employed
for the solution of the present problem. The deviations between the
predicted specific energy values and those obtained from the track section
tests in the tow bin, are shown in Tables 7.5 and 7.6, It is then observed
that the maximum error is in the order ,Of 13.3%, while the miz;imum value
18‘0.9:2. Hence, it is concluded tha}t a solution of this form pravides
better estimates of the useful (drawbar pull) energy, subject to the

approximations made in the theoreticadl c;evélopment.

¥ In an effort td’ investigate the variation of the contact

!

pressure distribution beneath the track with drawbar pull eccentricity
and degree of slip, the values of the pressure at the leading and the rear
end of the track are plotted in Fig. 7.19 (assiminﬁ a trapezoidal or

triangular linearized distribution), expressed as a ratio of the contact

pressure before the beginning of motion (i.e. Qf or ~Qr/Q, v‘vherg Q= EHL-).

The plots clearly indicate that the value of the pressure at the leading

and 3lip, while the trend is reversedrfor the pressure values at the .

track rear. The rate of change of the pressure dis‘tributiop ig very '

slow for the minimum height of the drawpar pull eccentricity, so that it

1
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5} POSITION 1
fNPUT ENERGY, N cm/cm travel/cm width' OUTPUT ENERGY (DRAWBARPULL) N cm/cm travel/cm width
. Degree - Experimental Predicted Experimental Predicted
- of Values Values . % Error- Values Values % Error
slip,
s A Y
Z .
10 47.5 54.0 + 12.0 32.0 > 35.0 + B.6
20 3 64.0 71.0 + 9.8 53.0 54.0 + 1.8
30 * - 78.0 83.0 6.0 68.0 66.0 - 2.9
40 9300 g6'0 + 3-1 ’ 78.0 76!0 - 2.6
50 115.0 116.0 + 0.9 - 85.0 84 .0 -=-1.2
60 151.0 144 :0 - 4-6 89,0 90-Q + L-l
-rs : s
Average error, % + 4.5 4 Average error, % + 0.8

TABLE 7.5 Comparison of Experimental and Predicted Energy Values for

Drawbar Pull Position 1 (ey = 18 cm)
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POSITION 4

INPUT ENERGY, N cm/cm travel/cm width

OUTPUT ENERGY (DRAWBARPUEL), N cm/cm travel/cm width

<Degree Experimental Bredicted ///" Experimental Predicted
of Values Values X Error Values Values X Error
slip,
b 4
g »
10 39.0 45.0 + 13.3 26.0 23.0 - 11.5
20 57.0 58.0 + 1.7 45.0 42.0 - 6.7
- 30 1.0 69.0 - 2.8 58.0 55.0 - 5.2
40 84.5 .- 80.0 - 5.3 67.5 65.0 - 3.7
50 102.0 '100.0 - 2.0 72.0 70.0 ~ 2.8
60 134.0 140.0 + 4.3 75.5 . 73.0 - 3.3
Average error, X + 1.5 Average error, % - 5.5

-

TABLE 7.6 Comparison of Experimental and Predicted Energy Values for

RPN o Lo

Drawbar Pull Position 4 (ey

= 40 cm)
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could be safely stated that the section track essentially remains in a

horizontal position, during movement, for all degrees 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 situation. Excessive
sinkage is expected at the rear of the track :he;:eof , a8 the pressure
distribution changes from trapezoidal to triangular. These considerations
are strongly demonstrated By the variation ?f the normal pressure eccentri-
city value, e, with drawbar pull eccentricity and slip. The results are
illustrated in Fig. 7.20 where the ratio of the normal pressure eccentricity
to the half contact le_ngth o% the track (e/L/2), denoted as the ptess{:re
eccentricity ratio, is plotted versus degree of slip. As it has been
discussed in Section 7.3.1, the pressure distribution becomes triangular

N

when e > L/6. For the conditions tested, the critical value of ¢ is

14.1 cm resulting in a pressure eccentricity ratio of 0.315. At that

instant, Fig. 7.18 indicates a value of slip of about 52%.

LN '

7.3.3 Evaluation of the methods of prediction and discussion

The good agreement between the predicted values, uls:l.ng the
rigorous predictive method, and the measured ones is therefore realized
over the considered range of slip; whereas the less satisfactory values
obtaine:i from the other two simplified methods are evident,

Uncil now, the evaluation of the proposed methods of prediction
have been concentrated on the values obtained for input and output specific
enargies. No mention, whatsoever, is made concerning the a:&nkage of

the model section track. The simplified methods of prediction, based
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2 .
on unchanged elevation or pressure conditions, do not allow for differential
sinkage between the two edges of the track (i.e. no tilting). This is
due to the imposed methods oiasolut‘ion which disregard the moment equili; ]
brium conditions. The unifofm track sinkage is assumed to be equal to: N
the height of/the grousers (fully penetrated grousers), when constant
elevation boundary condition energy values are used. However, it is
considered to vary according to displacement (or degree of Slip) when the
« other simplified method of prediction 1is employed, where energy values are

obtained from the cYnstant pressure idealization.

Based on the previoﬁs discussion, the 1imits of a simplified
method of approach are recognized. Hc;%ever, such an approach will justify
fo\r ro'ugh estimates of tlvfe asgsociated energy expenditure during the track “
mo tion praiéésa. As a fact, the pred;c‘tiona obtained will represent
good estimates of the actual values, given that:

1) The track is light, so that its sinkage does not greatly
exceed the height of tbé groust\ers’;

2) The degreeé of slip is low enouéh to ensure a minimum
amount of energy losses;

3) The drawbar pull eccentricity is small and hence the moment

involved will not encourage differential sinkage of any

appreciable amount. ‘ ‘ ~

It should be remembered here that the present study is
« concentrated on cases where the track belt tension is such that rigid
track motion may be resmonably assumed. It applies only to alow moving

vehicles, where the strain rate effects do not have to be considered.
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A}
Following the same reasoning, the rigorous method of

prediction can be evaluated, with respect to the actual model track
slip-sinkageé relationships, for different drawbar pull eccentricitg.\es‘

In Section 7.3.1, the assumptions to which the method is subjected were

stated as: ) ‘ «

S

1) Linear Pressure distribution;

2) Linear Sinkage distribution;

3) Full embedment of the grousers along thg track qcontact length;

4) Approximation of ‘the tra‘lck sinkage distribution by a linearized
| average of the sinkages of a number of multiple elements,

according to a pressure distribution. b

The first two assumptions are reasomable for the present

purposes, as such approximations are frequently encountered in the engineering

field. The third assumption will certainl& missinterpret the situation,
since each grouser 1s given only two optﬁ)ns: either fully pet{etrate

the soll or be completely free of contact. The choice of option depends

~on its relative position under the track and the extension of the contact

.

area between the track and the soil, according to the pressure ciistribution
atcthat instant. No intermediate situation is allowed. The conditions
under which it is applicable are:
1) The combination of track weight, type af soil, drawbar pull
| eccentricity and degree o,f slip, results in_a sinkage distri-
bution for which the minimum value :I:s equal or exceeds the
height of the érouser; |
2) The ratio of grouser height to the apacing.' of the grousers

does not allow partial penetration under a given sinkage

distribution..
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e ) Neither of the two conditions 1s true in-the case studied.

However, the second one approximates quite closely the interaction of the

passive track with the soll examined in this chapter, 1f the action of the

entering.grouser is not considered. .These concepts are illustrated in

Fig. 7.21. , ' .

Finally, the last assumption is theweakest point of the rigorgus . |

"

: tﬂnet.hod and could easily raise doubts coricerning its applicability. As
has been mentioned, the track sinkage distribution is assumed to be N
N adequately ‘describ'ed by ;a plecewise linear di;tribuﬁ?.on resulting from a
"\ geries of connecteé rigid multi'ple ‘elements. Each element is under the °
influence of a uniform pressure, the value of which is det:el;mined from the
calculated pressure distribution 'through energy considerations. Based
on the hypothesi&él:at the grouser ‘el\ements act i:dependently,_ such 'arrange-
g ment does not account \fbr\t:he interaction between elements rigidly
connected to each other. \?c:, qhe track sinkage distribution 1is in
error and consequently the predicted values of the contact pressure distri-
" bution. Figure 7??2\kmvares the\experimental and the predicted rear
sinkage of the track, as obtained fx the predicted pressure distribution
’ » "  and the displac;,ment-sinkage-pres ure rel ion‘ships, calculated by the

Finite Element model. It is obviouy (Fig. 7\.2\!2) that at higher values of

slip and/or drawbar .pull eccentricity,\the predici:ed sinkage is in serious

error. The xfeasoﬁ is that while the pressure distribution is almost
uniform along- the contact track length for low s;.ip and/oi: drawbar pull h
eccentricity (thus eliminating any interaction between adjacent grouser
elements), the same is not true otherwise as the moments involved become

gignificant in the overall equilibrium state of the track.

Overall, the r:lgbrous method of analysis may be considered
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step towards the development of a completely analytical procedure for
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satisfactory over the other simplified methods mentioned. It is a first a

: .
:_ track performance over soft soils. "
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(‘ o CHAPTER EIGHT
PREDICTION OF TRACK PERFORMANCE

ad USING FINILTE ELEMENTS

8.1 Introduction

o

& -

In developing a theoretical model which can predict the track-
soil interaction and thus evaluate the performance of low speed tracks
over soft soil, a two-stage approach was attempted in Chapters 6 and 7,
i.e.1

v

) The finite element method was employed in order t; analyse
- multiple grouser element-soil interaction, which provi&ed:
. (1) An insight into the various mechanisms operating
. from the initiation of motion é& the final stage

when complete soil mobilizatio; occurs;

(41) Horizontal force as well as dissipated energy -

displacement relationships.

2) An epnergetics approach (force and moment equillibrium analysis),

—— T 3t

using FEA-MGE predicted dissipated energy components as input,

evaluated track performance as a function of drawbar pull

eccentricity.

Analyses of MGE-soill interaction, using FEM and a displacmenet
boundary approach, revealed that most of the input energy is dissipated i
in shearing and conpacting'the goil (Section 7.2.1). Very little energy
expenditure 18 experienced in the soil confined by the two grousers,
*ﬁ?peci#lly fct siall grouger spacing and/or under the influence of an applied

boundar& load.
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These findings suggest th§t if the soil confined between the
grousers is assumed to act as a rigid body, a much simpler track modellmay
be developed with no considerable approximétions involved. ,The mechaniés
of track-soil interaction mayithen be demonstrated in terms of energy transfer
at the track-soll interface and the substrate.
. Analysis of interface and substrate.beﬁaviour in rigid-wheel/soil

interaction using the finite element method have been performed previously

(Yong and Fattah, 1976) using various rigid wheel surface ﬁroperties as

variables and a displacement boundary approach; while, flexible-wheel/soil

performance has been investigated (Yong, Fattah and Boonsinsuk, 1978) by

introducing the variable mechanical properties involved and the nature of

the tyre surface, coupled to a loadiﬁg bouﬁdary approach.
In the.limit, a rigid track may be considered as a rigid wheel
of infinite radius. Then, the angular velocity of the wheel is replaced
by the angular velocity of the sprocket wheel of the track, Vhich drives
;he track belt, whereag the translational velocity is considered in the same

sense. The normal presEﬁfé 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 reétangular pressure distribution is assumed in

the case of the track (Section 8.3.2) as opposed to the trapezoidal pressure

distribution found to be more appropriate for the wheel case (Yong and Fattah,

1

‘1976)3 The contact area of the track is well defined %fd does not need to

be approximated from experimental observations or theofeticalﬁﬁfediétioné.

Interface behaviour at the vehicle-soil contact area is quite different in °
the two cases (track or wheel) due to interaction of essenﬁiaiiy different

materials. Wheel material may cogsist of rubber or metal in contact with
&
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a

thg soft soil. Slightly ;ore complicated is Ehe situation concerning the
grack, since the soft soil iQterQﬁts with a combination of grouser material-
rigid soil. The similarities and . differences of the two mechanisms are
dllustrated in Fig. 8.1.

[

These considerations led to the organization of a simpler energetics

.model described in the piesent chapter. Its'main aspects are: -

(1) The main track body, the grousers attached on the track
belt and thé‘soil between successive grousers constitute
one component of the interactive system. The other
component is thg soft soil.

(2) The various effects of the grousers are not considered
expiicitely, as in the preceediné approach in this Ehesis,
bugltaken into account implicitely as will be discussed
in a future section of the present chapter.

:(3) The tfack—soil interface region 1s assumed at the grousers
toes elevation.

(4) The soil &eformation energy due to the track moviﬁg over
the subsoil is evaluatéd by the finite element method.

(5) The tangential stresses along the track—soil‘interface
are ;va;uated aé 2 function of track load (its own weight

. in Ehe\present case), trackv;oil surface charactetistics

and slip rate in order' to predict the amount of torque

« required to keep the vehicle in continuous motion.
) 2

(6) The overall track performance is calculated from energy ‘ -

conservation principles.
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5

Figures 8.2 and 8.3 1llustrate the simplified energetics model.
A group 'of computer programs under the name 'MAIN 1', similar in naturé
to the 'MAIN 2' series, provides the analytical solution, its main features

discussed in Appendix D.

“\

v

8.2 Energy Approach Application

The energy approach has been successfully used in earlier parts
of this thesis (Chapter 7) to evaluate the track performance from MGE
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 parasitic energy.
The parasitic energy has been previously analysed in terms of three
components, famely, distorsion, shear slip and compaétipn (Section 7.2,

-

Fig. 7.1). The distorsion energy is dissipated in the soil volume confined
by the tws grousers. ﬁﬁ&

In the present idealization, the track is simulated by a rigid
wheel of infinite radius with equivalent contact area (Fig. 8.1). The
effects of the grouser type and spacing are not considered explicitely
(Fig. 8.2). Comsequently, the parasitic energy is reduced to two components
(Fig. 8.1):

'l) The interfacial (or shear slip) energy, lost at the
track-soil interfa;e due to .slip, and

2) The deformation (or compaction) energy, lost in determining
the soil beneath the moving track.

In this section, the principle of conservation of .energy is

Py x

uséd, in a reduced form, in conducting the analysis carried out by the

-

finite element method, as: . .
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TRACK PARAMETERS:

Footprint length,width

Sprocket wheel radius

Translational and angular
velocities .

Track weight

Type of contact pressure
distribution

Slip rate

i | INPUT,

w Fre

BOUNDARY CONDITIONS:

Interfacial stresses
Pressure distribution

CONSTITUTIVE LAWS:
Stress-strain curves
Sled parameters

S ,

Fig. 8.3 Schematic diagram for track computer model Ve input and output information

(2T

TRACK PERFORMANCE:
Drawbarpull. dissipated &
input energy
_Efficiency

OUTPUT |

SOIL REGSPONSEi
Surface & subsoil deformation
(optional)
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Ein = Pv + Fi + Df‘ (8.1)
where .
Ein = input energy,
Pv = ygseful oytput energy,

F = interfacial, energy,

(=]
]

soil deformation energy.

The energy co 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 emergetics model (energy approach +

” S

finite element method) will be presented.

8.2.1 Input energy rate

’

The rate of input energy (Eig per unit wheel width may be

calculated as:

Ein m Tey (8.2)

where T = applied tg;que,per unit track width,

w = rotational velocity
The magnitude of the applied torque, per unit wheel width, is predicted
from the caléulntion of the tangential shear stress distribution across
the track-soil interface (discu;sed in Section 8.4). Experimentally

measured torque Qalues(are used in eq. 8.2 to provide verification means

to the proposedfapalytical procedure.

8.2.2 Soil deformation energy

The deformation energy in the soil continuum is calculated for

each finite element according to equation 6.1, repeated here for convenience:

=

[ Tx ot
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C p =Sy, (0T dle) deav | . (8.3)

LN

Since a constant strain triangular element is employed in the
analysis, the rate of deformation energy p;r element, per incremental

track travel distance and unit track width, may be expressed as:

« TA (0T ¢ )
Df Ax LU} d\Le] \f(s.‘b)

%

or in more expliclt terms as:

TA ) ' . ;
{ D-—[(o +0 )Yde_ + (0 +0_ ) de + (1 + T )de]
f 2Ax Xy x, X y; Yoy y Xy, Xy, Xy
(8.5)
Hefiig, the t%fal rate of deformation energy is:
D,rf Y D£ ‘ . (8.6)
wvhere o , 0 , T are the states of stress at time t, (start of increment),
o ,0 , T are the states of stress at time t, (end of increment),
Xy Y Xy 2 ‘ ‘
Tm= tz - tl 18 the increment duration time’
' Ax , is the horizontal incremental track trawvel distance,

m 48 the number of finite elenents.

8-.2.3 Interfacial energy
The differential velocity of the thin shearing surface, below

the track, results:in ehergy loss which is defined as interfacial energy loss.
This shearing surface has been observed to occur at the tipé of the grousers

during multiple grouser element [MGE] tests. In the MGE finite element

analysis the rate of interfacial energy (or shear siip energy as p;eviougly :

( defined) has .been calculated according to equation 6.1 for the joint elements
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used to idealize the shearing action.

& -

; Alternatively, the dissipated energy at the assumed interfacial
soll zone (along the track-soil contact area) can be calculated in the

finite element solution as:

Fi = g R, (mir - Vn) (8.7) .

where RT'- nodal point tangential reaction,

r = gprocket wheel radius of the track,

w = a;;ular velocity of the sprocket wheel at slip i,

Vn = nodal point tangential velocity N

n = total number of nodes at the interfacial soil zone.

According to the method employed for the tangential stress

distribution (see Section 8.4) and the corresponding célculagion of the

nodal point tangential reactions by the FEM, it will be apparent that the

grouser effect on the shearing sﬁrface is implicitely considered.

8.2.4 OQutput emergy rate -

e

. Having established the values of'input and digssipated energies

through the analytical model, the rate of useful output energy per unit

track width (Pv) can be computed from eq. 8.1 as:
! .

P_=E -F, =D .(8.8)

v in "4 f
The drawbar pull,‘measured in the soil bin experiments, is then used to
verify the energétics model. The experimental rate of useful output
energy 1s thus calculated as: {)
(8.9)

Pv - P'vc

R S

,
SRSt M

"
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where P = experimental drawbar pull per unit wheel width,
v, = tranglational (carriage) velocity.

M

8.3 Finite Element Analysis of the Track-Soil Interaction Problem

The glodelling of grouser and track-soll systems as two dimensional
plane-strain problems has been shown to be consiste;xt with the laboratory
Ggs,\t conditiong. The input requirements and the predicted track performance
i:nformation are presented in Fig. 8.3. A load boundary approach ig ’
attempted (ddecussed in Section 8.3.2) for the solution of the problem.

The. normal and tangential pressure distributions are approximated by suitable
functions according to the track and soll 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 involved simplification of the actual situation, the obtained results

will be compared with experimental measurements in Section 8.5.

8.3.1 Finite element discretization

Plain strain triangular 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

functions of the track footprint length (Fig. 8.4); since the track may

be considered as a wheel of very large (or infinite) radius, the effects

of the end boundary conditions are not significant (Boonsinsuk, 1978).
' / «
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. 8.3.2 Boundary conditions

A proper analytical solution of the track-soil system interaction
- requires the specification of boundary conditions which satisfy the physical
behaviour of «the system. At the track-gtiidinterface ‘the loading boundary
conditions can be specified either in terms of loads or displacements. Both
approaches have been used in wheel-s&il studies (Yong and Fattah, 1976;
Yong, Fattah and Boonsinsuk, 1978) successfully.,K Displacement boundary
conditions necessitate soil particle path measurements under controlled

ngb&fatory tests (Boonsinsuk, 1978) which render the application of the model

more difficult. , The load boundary approach requires knowledge or informa-

'

R 3 .
tion on the pressure distribution at the track-soill interface resulting
J

from track loading and subsequent motion. The normal and tangential
stress distributions need to be established as funct;ons of track-soil
relative propqrties and slip rate.

.The pressure distribution below the track depends on its relative
rigidity, which is a fumction of the number of wheels as well as the
track pitch-wheel spacing ratio. Low speed vehicles, such as agricultura£
tractors, provide a continuous track support with a relatively quge number
of small‘wheels closely spaced; such an arrangement results in a more or
less ugiform pressurenaisttibution along the éround contact area. Figure
8.5(a) shows measured pressure distributions resulting from different (
track arrapgements. According to the relative rigidity of the track, and
the drawbar pull height - slip ;ate‘combination, various assumptions can
be m;de for idealizing the contact pressure Sistrgbution (Fig. 8.5(b),(e)).
The model section track used during the present experimental series, may

be clagsgified as a low speed track (vc = 15 em/min); for small drawbar

pull eccentricities, it has béen shown that the contact pressure dfstribution

Nmr o e e - e RS g A ot
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18 nearly uniform, especially for low degrees of slip (Section 7.32,

ER

Fig. 7.19). 3
These considerations led to the adoption of the load boundary
approach in the finite element formxilation. A rectangular pressure
distribution, unchanged with slip rate, is assumed as a first approximation,
to simplify the analysis. However, aiternative schemes should be investi-
gated in the future, taking into aca:.f)unt the effects of the s8lip rate and
the drawbar pull\‘gcéntricity. It should be remembered here that the
energetics model does not account for the drawbar pull -eccentricity, i.e.

the drawbar pull is applied at the track-soil contact area level.

8.3.3 Conscitutive'relationships

In this study, the nonlinear elastic approach 18 used to formulate
the constitutive relations for the soil continuum. The model track test
conditiox;s (Chapter 4) allow the Assumptim of a plane-strain situation
as in the case of‘ the multiple grouser element. Consequéntly, the
formulation of the constitutive relations for the soil stratum in the present
finite element idealization is identical to the one previously employed

(MGE analysis). To avoi& repetition, the reader 18 referred to Sections

3.3.1 and 4.4(a).

8.3.4 Solution procedurex

In the finite element‘ analysis implemented herein, an incremental-
iterative technique 12:} used to account for material and/or geometric
nonlinearities, Smalil. load increments and update of the nodal coordinates
after each displacement increment ensure an acceptable approximation scheme

to 'large' strains involved. wSectioms 3.5 and 3.6 have discussed these

concepts 1in detail.

PP

s
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The solution begins by assigning nodal forces on the contact

track area, according to the assuied pressure and tangential distributdions.

w

Since, due to the re of the motion, it is quite possible that some ]

elements may logd while others unload, the possibility of loading/unloading

is ch:ecked prior to any assigned forward movemegt. The normal and
tangential pressure distributions are rever to unload the loaded sodil

elements using the unloading modulus of elasticity, Eu’ as:

E = 1.5 Ei’oc (8.10)

where Eu = unloading modulus of elasticity

Ei,oc- initial tangent modulus from the lowest confining pressure

.

°

stress-strain curve.
s Following, a small forward distance is assigned, and a number
of iterations for appropriate elastic moduli is provided to ensure conver-

gence. When the soil deformation energy agrees to a small tolerance between

two sucgessive displacement increments, the track-soil system performance

(o)
is evaluated. Preliminary 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

BN e W A Am W e e

in the form of a $lock chart.

8:4 Tangential Stresses
In order to define the loading boundary confiitions necessary for 4

the finite element solution, it is essential to formulate the relationships

vhich describe the magnitude and distribution of the_stresses acting at the

track-gsoil interfice. While the normal stresses imposed on the soil by the

track weight depend solely on the track-soil relative stiffness, the tangential
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stresses are controlled by two additional factors, 1.e. the track=-soil

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, is8 based on the type of tangential shear

stress distribution assumed to prevail across the track-soil interface,

d.e. \

Tm=TeL oberx/b - (8.11)

where T = tangential stress value for a value of horizontal displacement
or degree of sglip,

L = contact track length,

o
[ ]

track width,

r = gprocket wheel radius

The tangential stresses may be predicted by:

>

1) Assuming linearly relative displacement variati?n at the
interface region;

2) Assuming conatant:'degree of slip along the interface region.

When the contact surface .is small, as in the case of a rigid
moving wheel, the two methods will provide similar results, since the

variation of displacement is relatively small. The same cannot be said

- for a track, hc;wever, where a point on the contact surface will travel for a

while before contact is terminated. Industrial tracks may have c«;ﬁtact
lengths in the order of ten to twenty times that of a wheel. Therefore,

a linear displacement variation agsumption, along the track—-soll interface
is judged suitable for the present analysis. ¢

The magnitude of the tangential stresses is a function of slip

(or relative displacement) and relative stiffness between the materials

TP A

PRI e
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involved at the interface region. Since such a region is assumed to occur
'at: the elevation of the grousers toes (Section 3.2), most of the action will
be carried by soil against soil. This is particularly true for grousers
with small toe dimensions. ' ' o ’

A tangential stress—-displacement relation may be Sbtained 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 test models clay-to-clay action, an MGE
test can take into consi:ieracion the effect of the grouser-to-soil inter-
action. Due to the low translational velocities involved in the testing
program, the strain rate effects are not considered.

An experimental tangential stress-displacement relationship may be
incorpo'rated in the analytical model as a digitized form of coord‘inate points
or as a mathematical function. The latter representation is preferred in
this study, and it is expressed irli an exponential form: Two procedures
may be followed:

(1) Assuming that the intersection of the initial tangents of the curves
with their limiting shear stress have a constant value, )A; or '

{2) Assuming that the intetsectio'n of the initial t:gngent slopes for
the curves have a constant value, X.

The exponential tangential stress-~horizontal displacement relation-

ship is expressed in the form of:

(a) T = (C + gtan ®)(1 - EXP(- %)) . ) (8.12)

. for procedure (1);

(®) 1 = (C + gtan ®) (1 - EXP(- %” L(8.13)

Y

for procedure (2),

- =
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where T = tangential stress,

O = normal stress,

(] = experimental parameters called 'sled' parameters

>

The 'sled' parameters, obtained experimentally as will iae
discussed, are employed here to model tangential stress-displacement (or
slip) relationships for soft soil. The parameters 'C’' and '®' may be
obtained from tangential vs. normal stress plots. The parameter 'C’
is the intgrcipt of the tangen"t:ia]?:normal stress linear rela::ionship,
while '®' 1is the slope of the line. 'I'hej;' define the shear characteristics
of the interface region. The-sled parameter 'A' or "Y' represents the
initial tangent modulus of the tangential stress-displacement curve, thus
reflecting the track-soil relative stiffness. Methods for sled parameters
determination are illustrated in Figs. 8.7 and 8.8. For the present case
study, Figs. 8.9 and 8.15 show the experimental relationships employed to
establish sléd parameters values. Tangential stress vs.. displaceuient
relationghips from direct shear and multiple grouser element tests are
presented in Figs.~8.9 through 8.12, the llatter‘ being for Aggresgsive,
Standard and Passive elements, respectively. Tangential vs. normal stress
relationships from the same téat:!.ng arrangements are plotted in Fig‘. 8.13,
Whereas the direct shear relationship is obtained by conventional methods,
the tangential stresses for the MGE t{sts aré calculated as the ratio of

the horizontal force on the second grouser to the area contained between

the grousers.| e } v
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Table 8.1 summarizes the sled parameters employéd in the-—.”

present study. Differences are observed between the four sets of para-

meters due to the following reasons:

(1) MGE t;sts may be_‘considered as large‘ scale tests when compared Vt:o
the ‘direct shear test. The shearing area in the MGE tests ig
120 sq. cm at full soil mobilization, while it is only 32 sq.cm
in the direct shear test. Consequently, full soil mobilization

occurs at smaller displacements.

(2) 1In the direct shear test the shearing occurs in a soil-to-soil .mode.

Some grouser material-soil interdction is invclved at the shearing
Vg

surface during the MGE tests. .

(3) As far as differences in sled parameter values pbtained from MGE

tests are concern\ed, such i8 attributed to different grouser
LY

maeet%}als (aluminum and rubber) and grouser shapes. Tangential

Yy
stresﬁ&displacement curves for aluminum-to-soil and rubber-to-soil
modes, previously presented in Chapter 5, suggested that higher

shear stresses are developed in the aluminum-to-soil mode. The
J .
overall grouser shape effects (surface inclination and erttf of

)

-grouser) are reflected in the. ;ievelopment a\f the stresses at ‘the
shear gurface, and hence the development and maximum value cci‘fcpthe

horizontal fgrce_ and tangential stress values.

14

¥,

8.5 Discussion of the Measured and Predicted Results

)]
The ‘experimentally measured performance of the model track section

. :
is compared to the results predicted by the energy model (Section 8.2).

Thus, the application of the finite element method to calculate deforma-

tion energy in the subsoil is verified (Section 8,3). The track perfﬂormnce

" 1s evéluated bagsed on two different techniques for identifying track-soil
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Test Description c 0] A .
kg/ cm2 degrees cm
Direct shear 04095 6.0 0.16
MGE -~ Aggressive 0.073 23.0 3.33
- MGE - Standard 0.05 16.0 2.60
MGE - Passive 0.07 9.0 3.33 .
Table 8.1 Sled Parameters
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interfacial ch#racteristics, i.e. direct sheay test sled parameters and
aggressive, standayd and passive multiple grolser element test sled para-~
meters, res;ectively. The normal pressu distribution is assumed
rectangular and remains constant for all Galues of élip. The inéut torque
is calculated from the tangential stresses distribution, as indic;ted
previously in Section 8.4. Alternatively, experimental torque valueé
could be assumed as input in thé\model. However, such would r;;uce the
practical nature of this approach; and hence no attempt was taken for

1

carrying it out.

w8:5.1 Energy balance of the track-soil system °

The ‘energy dissipated in deforming the soil is determined by
defining the loading boundary conditions with.the knoéledge of the applied
track load, velocitles and contact area as well as employing logical '
asgumptions for the normal and tangential pressure distributions. The use
of an extremely rigid track implies essentially that the energy disaipated
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.

Figufes 8.14 to 8.20 present the results of the traék‘performance
prediction in terms of énergy coefficients (energy rate/weight of track/
trangslational velocity), all of which are based on the same track weight
(680.0 N) and dimensions (length = 85.0 cm, width, = 10.0 cm).

The input energy coefficient vs. degree of slip relationships

"are shown in Figs. 8.14 to. 8.16 for tﬁe cagse of an aggressive, standard
and passive track, tespgctiﬁely. Both predicted curves, based on direct

shear and multiple grouser element tests sled parameters are compared to

e D i R,
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experimental values, Similar ;esults are plotted in Figs. 8.17 to 8.19
for output (dtawbar'pull) energy coefficient wvalues.

Gener&ily, energy coefficients predicted using MGE sled parameters
show better agreement with measured ones, especially for low degrees of
slip. The small contact area of the directfshear ring fo;ces complete
mobilization of the‘soil at very small str s during the test, w#ich is
reflected in the predictions using direct shear test sled parameters. For
example, the maximum 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 8.19).
These differences are due to different ghapes of failure mode between the
direct shear test and the track. Complete mobilization of the soil beneath
the track does not occur in the early stages of motion since grouser
diséi;cements at the leading portion of the track are stiii‘small. It
should also be noted here that since the direct shear test does not account
for any grouser type effects, only one set of curves (input and output) 1is -
predicted, when the cor;esponiing sled parameters are used in the finite
element-energetics model.

In the following discussion, the FEA predictions using DSTSP
and MGETSP.are compared to experiméntally obtained results for the case of
Aggresgive, Standard and Pasdsive track, respecti&ely. The experimental
results are plotted for the smallest drawbar pull eccentriciéy value tested
(ey = 18.0 cm, Position 1). It has been experimentaliy observed that
even at small drawbar pull eccentricities some. track tilting results. As
an effect, not all of the grousers will be fully pénetrated at full mobiliz-
ation. In addition, the £11ting effect is more pronmounced at higher

-

degr@of slip (Section 5.3). The finite element model, discussed here,
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assumes that the drawbar pull is applied at the contact surface elevation
under full penetration of all grousers. Hence, some disagreement may be

expected when experimental results are compared to the predicted ones.

8.5.2 Input emergy coefficient prediction

Figures 8.14 tﬁrough 8.l§ compare input energy. coefficient-slip
relationships for an Aggressive, Standard and Passive tragk respectively
obtained from:

(a) Experimental results for a drawbar pull eccentricity, ey,
of 18.0 cm;

(b) FEA predictions based on direct shear sled parameters
(DSTSP) ; | .

(c) FEA predictions based on mulgiple grouser element s}edl
parameters (MGESTP).

Generally, when DSTSP are used in the FEM, the input energy is
overestimated, especially for lower degrees of slip. In the direct shear
test; full soil mobilization is reached at very low strain (or slip), thus
such results are eipected. One exception is noticed in the case of the
Aggressive track, where at high degrees of slip, input .energy predicted
from bSTSP shows lower values than the experimentélly measured ones (Fig.
8.14). This is attributed to the fact that even if nbc all the grousers
are embedded during the tests, the accute shape of the Aggressive grouser

produces very high rear sinkages and hence, high torques.

Input energy predictions based on MGETSP show good agreement

to experimentally measured values for low degrees of slip. The resemblance

of the failure mode between a typical grou?er on the track belt and the

second grouser of the multiple element is/evident. Aty;be same time, tréck
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tilting is not excegsive ;t low ?lips and, as has been shown in Chapter 3,
the pressure distributions do not deviate by much from the assumed
rectangular shape.

At 20.0% slip, the error is 11.0%,- 15.7% and 2.7% for the
Aggressive, Standard and Passive track, respectively, while fespective
errors drop to 2.6%, 10.0% and 1.2% at 10.0Z slip. At high slips, the
‘FEﬁ predictions based on MGE&SP underpredict experimental input energy‘fﬁr
the Aggressive and Standard track, whereas eﬁcellent results are obtaiped
for the Passive track. The main reason for such gehaviour lies in the
fact that the low Passive track tilting guarantees a npearly rectangular

pressure distribution for any degree of slip, thus producing the best

predictions. ' .

8.5.3 .Output energy coefficient prediction

Generally, the output energy coefficients predicted from the
energeticslmodel based on DSISP overpredicts éhe experimental ones (Aggre
sive, Standard and Passive), thle vélues based on MGETSP agree to within
a makimum error of 10.0-15.0% at high dégregs of s8lip (Figé. 8.17 to 8.19).

The dissibated energy calculated through the FEA'is a resuit of
the imposed boundary conditions: namely the tangential and normal pressure
distributions at the tracﬁrcontact area. To eﬁa}uate the output energy
coefficient prediction;, it is necessary to examine closely the total
diasiﬁat;d energy fint;rfacial and deformation) coefficient predictions,
since the output (drawbar pull):;;érgy is obtained through the energy
conservation principle. .

Figurs 8.20 to 8.22 compare the experimentally measured dissipated

é;ergy coefficients to the predicted ones, for the three track-soil systems
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examined. The following observationa are made:

1) Low degrees of slip -~ FEA pre&iction based on DSTSP

The dissipated energy thus obtained:

‘ 1) 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 shear, test represents the actual situation
in this case, it should not be forgotten that the tangen~
tial distribution (and hence the input energy) is over-
predicted at 1;w’slip due to the nature of the dire;t
shear test.and the resulting sled parameters. The

following discussion will clarify this point.

2) Low degrees of slip - FEA prediction based on MGETSP ¢

In this case the predicted dissipated energy underpredicts the

experimental results for all the tracks examined. The fact that some
P Y

energy is lost partly in the soil contained between the grousers and partly

o

becase of the effects of the pressure distribution assumption, accounts for

Y

¢
such discrepancies. Consequently, it is these effects that are balanced

when good agreement is obtained when DSTSP are uged, as previously mentioned.

3) High degrees of slip - FEA prediction based on all sled parameters

For high degrees of slip, the experimential dissipated emergy .,
values are overpredicted no matter which parameters are used. The main
reason is the resulting pressure and sinkage distributions, seen to deviate

from the present assumption of a rectangular pressure distribution for high
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slips (Chapter 7). For the whole discussion in this section, some
effects on the predicted results, due to the experimental nature and/or
subjective choice of the sled parameters (Section 8.4) should be
recognized.

S

‘ Consequently, the output energy coefficients, predicted in
Figs. 8.17 through 8.19, reflect the factors effecting the predicted inpl(.lt
and dissipated energy coefficients,

The experimental and predicted track efficiency (:anut/ougput)

is shown in Fig. 8.23 for all tracks. ’ /

8.6 An Alternative Approach ~

Summarizing, the track performance may be evaluated at different
degrees of slip through the analytical procédure presented.-in the present
chapter. Better correlations between experimental\and predicted energy
values are obtained when MGETSP are used as _in;:;ut. In this case, a 'series
of multiple grouser tests would be necessary to provide the MGE test sled
paraﬁeters. Alternatively, the tangential \strees-—diaplacement relationships
may be established through a FEA of the required MGE under constant pressure
boundary conditions, for several values of a?plied pressure (Chapter 6).

However, due to the simplicity of tt;e direct Bshear test, it
would be rentable if such a test could provide input parameters that would
enable .reasonable predictions. Up to this point, the investigation has
shown that due to several factors, discussed: in the previous. sections, good
correlations have not been obt;ined when DSTSP are employed. In view of
these considerations, it was thought that if a simple 'adjustment' was
possible, suéh that good predictions would be possible using DSTSP, the

energetics' appraoch would become rentable.
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‘ .

Figure 8.24 compares experimental and predicted (DSTSP) torque-

«

slip relationshiés. In the same figure, a curve termed 'reduced' appears.
It;bhas 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, '1i' as:

p=1+0.45 (8.14)

i

It is meant to account for the differences in failure mode between
the direct shear test and the actual track situation, as well as the effects
of the point (tangential displacement) where full soil mobilization occurs.

@

The 'adjusted torque curve was then used as input into the energetics model

to predict Standard and Passive track performance. The resulting curves,

. 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 have not been

{

considered, but nevertheless these effectsdo not seem to be of very great
importance. Both grousers have low profiles, so that their final performance
is comparable (Elmamlouk, 1977). The error involved in the output energy
coefficient predict:!.on i3 in the orderQ of 10.0 - 15.0%, i.e. comparable

to the resulting error when MGETSP are employed.

N

Since the factor 'p’ does not account for pressure distribution

differences between the physical and the analytical model, no effort was
made to predict Aggressive track perfomaxice, where tpe excessive grouser

A

height induces considerable disturbances in the sinkage and pressure distri-

butfions of t;.he track.
b
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‘Kl Summary

CHAPTER NINE

‘ SUMMARY AND CONCLUSIONS

While this dissertation investigates several factors which are
viable to any attempt of predicting the performance characteristics of
tracked v‘ehicles over soft soils, with a particular emphasis on the
initially assumed boundary conditions, the primary goal of the study
wag the establishment of a methological approach to the solution of the

track-grouser-soil interaction problem.

.
L

A general survey of the literature has shown a number of

‘Inadequecies of the available methods of analysis, which either neglect
— b

2.

the effects of a number of factors (such as grouser shape and geometry, -
spacing, loading cb'ncéitions, etc.) on track performance, or are based
on experime;xtal and semi-analytical lproaches bounded by usual experi-

mental constraints.

\

An alternative approach to the \p\resent problem was suggested
based on finite elements, and its applicab4ility for the case of a series
of interconnected grousers was established. In addition, the analytigal
results servéd as input to a ptedici:ive model which generated input and
output energy components based on which, the perfornzance of different

tracked vehicles may be judged. .

The experimental program examined the soil response behaviour
under the action of a simple representative track element (or single
grouser), as it 1ig pushed forward through the soil under the action of
a vertical constant boundary pressure. Grouser shape and geometry, ‘

spacing and applied pressure were varied to pfovide a better understanding

328~
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\
of the situation. All in all, three types of grouser. élements were
tested - namely standard, pass.ive and aggressive --with the spacing
between groﬁsers varying from 12.5 to 31.25 cm in increments of 6.25 cm,
Four different values of uniform pressure were tested, namely, 3.75 kPa,
7.(_) kPa, 10.5 kPa ;md 14.0 kPa. The tests were carried out in a lucite
side-wall bin of appropriaté dimensions filled with kaolinite clay.

Model track ‘tests were also performed in the same type of soil to investi~
gate the effects ?f the drawbar pull ai:plicatiOn height to tractive
efficiency. Four different drawbar pu}l eccentricities were assigned
and the testing was repfeated for the three grouser types mentioned above.

Similar experimental information was not available previously in the

literature to the best knowledge of the author.

,  The second phase of the study established the theoretical approach
of analysis, as previously discussed. For both assumed boundary conditions
of constant depth of cut and constant applied pressure, the solution

provided detailed stregs and deformation fields within the loaded soil, as

[

well as components of energy expenditure during different stages of hori-
zontal displacement of the multiple grouser element. The predictive model,
formulated on the basis of energy. balance of the system, used the latter
results to calculate drawbar pull values for various degrees of slip and’

drawbar pull eccentricities.

Hence, .while the finite element formulation has been previously
employed 1n the study of single cutting and traction elements, and the
energetics model has been shown auccessful with input semi-analytical \

e

values from constant elevation multiple grouser element tests, the present

<t
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approach comsists of a unique integration of existing techniques towards
a total theoretical analysis of the trafficability problenm. Last but
not least, the development of constitutive laws for soils (such as hyper-
bolic representation of stress-strain relationships for clay solls) could
reduce the testing requirements to a minimum, 1f a suitable field or

laboratory instrument is 1introduced for variable terrain conditions.

9.2 General Conclusions

The present method of approach to the mobility question as f:ar

as tracked vehicles are concerned, amply demonstrates the feasibility

" as well as the reliability of the proposed formulation, including such

agpects 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
ar'bitrary loading, cfoss-set;tion geometry, boundary conditions and material
properties, thus providing the necegsary inp'ut 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 theox;etical
approach is established for traction in soft soils. f

4

9.2.1 Drawbar pull eccentricity effects

Although previous studies (Guskov, 1968) implied the drawhar—
pull eccentricity effects on tr;ck performance, the first quantitative
approach was attempted by Elmamlouk (1980) based on a theoretical ana_.lysis.
The experimental investigation carried out in the present work (Sections

4.3 and 5.3) supported the previous findings as shown in Figures 5.35 to

R St i Tt 82
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5.37. For different track—grouser systems, it was demonstrated that

both traction and drawbar pull deteriorate as the pull height increases

o

above the track contact level. In addition, rear track sinkage increased

considerably for higher hitch positions, Consequently, higher motion
resistance and lower track efficiency were e;:perienced. For the aggres-
sive track section,» the calculated efficiency dropped by an dverage of
16%, while the drop was 9% and 6.5% for the standard and passivé track

section respectively. Higher overall efficilency values were obtained

for the passive track over the standard and aggressive track for all values

of drawbar pull eccentricity and slip rate tested. ~
. Rz

?

9.2.2 _Finite element ai(alysis of the multiple grouser element

The following is a short summary of the conclusions arrived at

in this study conceining the idealization of the physical situation by

<

3

1. The agreement between the experimentally measured and the finite
element calculated horizontal forces is very satisfactory for the various

spacings analysed, regardless of the boundary conditions assumed. The

e

maximum errors were estimated in the order of 16%. for the aggressive
l

leading grouser under constant depth of cu‘i:, while for the standard element,

yd

|
the error was about 12% under the action of 14.0 kPa uniform applied
pressure, Very good correlations were flso obtained for the dynua.mic
sinkage under constant pressure boundary conditions. Similar results

are demonstrated for the values of the deformation and energy rates, where

o

the difference in values calculated from the experimental force~deformation

curved and the analytically obtained ones did not exceed 15Z.
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2. The soil défomation is studied through an examination of thj,‘q
values and positionsn of the horizontal and vertical velocity contours.
For the constant elevation condition, the soi]: confined between the grousers
behaves as a rigid body, with the degree of ﬁrigidity reduced as épacing
increases. This behaviour seems independent of grouser shape and/or
horizontal displacement. The max{imum variation of the horizontai speed
ié 10% when the spacing is 12.5 cm, while a value of 40% is calculated for
the 25.0 cm spacing; the maximum dev:ation 1s observed close to the
:/qtf:ing surface. Under constant pressure boudnary conditions, the
'enclos.ed soil' shows continuous rigidity which is slightly increased
with increasing pressure. It is only cloge to the discontinuity surface
where the soil is ;hm slightly less rigid, but such behaviour is a direct
congsequence of the assumed idealization. The horizontal velocities below

. -
i

the grouser toes and in the vicinity of the cutting surface are stil

‘comparahle to the element horizontal velocity. The main differences

between the two boundﬁry conditions assumed are the r:l.gid'it}" of the soil
confined between the grc;users, as discussed above, and the gener£1 motion
of th; soil which, in the latter case, seems to be pushed under the leading
grougser and then directs 1tsélf towards the free surface. Such behaviour

is not detected when the depth of cut remains constant.

. i .
3. The propagation of the failure zone between the grousers is faster

vhen the element is moving in both x and y-directioms. However, the
P e

failure i{s spread below the discontinuity surface and considerable distance

/ G- .
has to be covered by the element before failure spreads above the separation

surface. The effects of the applied pressure are obvious, since no

<

significant failure 18 observed below the cutting elemepts under constant

\

depth of cut.
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9.2.3 Energy analysis of the model track

While the correlation between the experimentally calculated

c

input—output energy values and the predicted ones shows excellent results,

' as long as the fiéorous method of analysis is concernéd, rear sinkage

predicti’cns do I;Ot 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 this stage, it may constitute

a preliminary anélysis with a capability of providing general trends of
pressure distributions and pressure eccentricity ratios accounting for
variables such as drawbar pull eccentricity, degree of slip and track
weight. The present results show a gradual change of the pressure distri-
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 variabl;s is fagter as the drawbar pull applica~-

tion position moves closer to the top of the track.

9.2.4 ¥inite element analysis of the model track

The energy dissipated beneath the model track was predicted
wbén the finite element method of approach was applied to the whole track-
soil system. Tangential and nressure distributions at the track-soil
interface area were assumed based on simple laboratory tests. The grouser
effect was implicitely -eonsidered in the analysis. (In}?‘"lenergy predictions
based oh the assumed tangential distributions, provided dg;:ax; pull energy
values when coupled to the iarinciple of energy conservation.

The results show t;hal: the track performance may be reasonably

evaluated over a range of slip values, provided that the grousetr effects

- are not much promounced. Th: simplicity of application of this method of
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approach makes it attractive, when slow well-balanced vehicles are

considered mounted with small grousers.
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CHAPTER TEN k < (

RECOMMENDATIONS FOR FURTHER STUDY {

s A

The final target of the mobility research is to develop amalytical
models which can properly and accurately model actual track-soil inter-

14
action situvations. Hence, the capability of the analytical predictive

approachgs, 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 soils with both cohesive and frictional character-
istics. Thus track performance under various terrain:conditions may be
evaluated. -
The finite element model (and computer programs) may be updated
in several ways. Instead of predetermined discontinuity surfaces,
difficult to visualize under combinations of load and displacement boundary
conditions, failure and/or slip surfaces should be generated. guch would
require a atefwise'procedure with the mesh updated after each step, so that
special elements could be inserted at discontinuities. Cho;ces may be:
(1) Cracked elements replaced by smaller elements with new
node numbering; 2 .
(2) Joint elements inserted to transfer normal but not shear
stresses;
3 Rediétribuée atresseslaftér cracking through iteration \,
procedures after each load increment;
(4) Delete the cracked element stiffness matrix and redistribute

the strain energy in adjacent elements.

. ~335-
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(‘ A new finite element model may be assembled to account for

grouser entry/exit and/or flexibl; grouser connegtion situations. - ‘
Tension - Compression‘combination conditions and anisotropy
could ‘be introduced ;long with.analyticgl forms of comstitutive relatiﬁn—
ships, the latter generated throug£ variables establighed from simple
r instrumentation laboratory or field tests. ) b o

The energetics models can be extended to consider 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 concérning the ,

field performance of tracks with varyipg grouser depth/width ratio f
combin;tions. The effects of the track wheels and/or grousers can be
better modelled by updating the initial assumption of ﬁreasute distribution
type below the track. A Fourier serlies type of approach would be

.

itable to model such pressure distributioms. Further, three dimensional

effects cgpld be considered.

The effect of track speed and associated variation in subsoil

.

strain rates are cited as further research studies, to reflect ''dynamic'

strains associated with high speed vehicles; then, such effects could be

X

incorporatéd in an updated energetics model.
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"APPENDIX A

SOIL PREPARATION AND TESTING PROCEDURES

o«

A.) Experimental Test Facilities

{ — o

A.l.1 Sitil'e and multiple grouser elements test facility

The apparatus consists of a carriage mounted on roller
bearings travelling on polished guide rails. A tool plate attached -
to the carriage allowed both horizontal and vertical tramslation but

restricted angular rotationm. The plate top has provisions for

S

mounting additional load, while its bottom is attached to thé top of

a single grouser or grouser element. The horizontal force was measured ’
by a load transducer,‘ while the vertical displacement was measured by

a displacement. transducer, both connected into a recording system.

'

(Fig. A.1.1 and Plate A.l).

The drive mechanism of the apparatus consisted of a worm . 3

gear driven by a 1/2 hoxrsepower varying speed electric motor (0.0 to

8.16 cm/min) and a V-belt pulley assembiy through a gear system.

A removable lucite wall bin was positioned underneath the
carriage and tool asgembly, as shown in Fig. A.l.l. Its dimensions
being 90 x 10 cm in plan, the soil bin’ could accomodate a—clay depth

°

of approximately 30 cm.

Biadvamndy

4

A.1.2 Model track section test facility

The test facili'ty utilized for the model track section tests,

shown in Fig. A.1.2, consists of the following main parts:

J

1. Hydraulic pressure supply and control panel,

1
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2. Electrical D.C. mot:qr and sprocket drive,

3. The dynamometer carriage,

4. The model track section and its guide frame,
5. The soil bin and soil sample holder,

6. The electronic circuit.

The hydraulic motor was- used to power the chains pulling

the dynamometer carriage, at the desired speed and direction.
» £

A 3.0 HP shunt electric motor, with power rheostats controlled .

speed, provided angular velocity and torque to the sprocket wheel of the

model section track.

The dynamometer carriage, pulled by two continuous chains
carried the electric drive motor, and the track loading and guide system

travelling with the track section (Fig. A.1.3).

The track section (Ffigs. A*1.3 and 4.4(2)) consists of two p
aluminum side frames, a rear driving sprocket, an adjustable front wheel-
(to adjust belt tension), and five idler wheels. " It was guided inside
a frame, mounted on the carriage frame, by means of side roller bearings.
Two épring atee]n. flexure pivots, connected the track to the dynamometer

carriage; their associated strain during motion, measured by strain

gauges, represented the drawbar pull.

A 15 cm wide by 9.75 m long bin held a rectangular soil sample
holder filled with compacted kaolinite clay. The soll sample holder,
360 x 60 em x 10.6 cm interior width, was equipped with removable lucite

sided and top plate.
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3. Etectric motor

4. Driving sprocket

5. Torque transducer

6. Yrack frame

7. Drawbar pull
transducers

8.Track model '

9. Fiexure pivots

10. Bearings
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Fig. A.1.3 Track section assembly
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’
The electronic circuiitry recorded five different track
variables, namely: applied torque, left and right hand side drawbar

pull, angular velocity and carriage velocity.

-
, N

A.2 Soil Preparation d

The kaolinite clay used in the experimental program was

4

‘prepared using the following procedure: The dry kaolinite powder was

depos?.ted in a batching reservoir inm 50 pound 1ifts forming two-inch
deep layers. A sufficient amount of water was added in each 1ift in
order to bring the soil to the desired water content,. The water wasv
allowed to soak and the next lift was added. The soil was then allowed
to equilibrate for a week, after which 1t was mechanically nfixed to
improve homogeneity. As the water content was kept below the liquid
limit in the range of 42% to 44%, the soil density was not very dependent
on the compaction energy. A small vibratory compactor was found to

be sufficient for compacting the clay soil in the soil bins using a

certain number of passes. The compaction curve for the kaolinite clay

is shown in Fig. B.1.3.

A.3 Testing Procedure

,A.3.1 Single and multiple grouger element tests ;

After the soil sample had been prepared, it was placed in five
layers parallel to the glass side of the box, which was laid on 1its side.
The soil was compacted by the small vibrator after each layer was placed.

After the last soil layer was placed, the soil surface was trimmed and a

grid system was drawm using coloured sand. A smooth wood plate, previously

«
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attached to the top of the box, permitted‘ the creation of a horizontal.
i N

top soil gsurface. After the glass side of the box was bolted on, the
box was placed ?n its upright position and the plate of the carriage

system was connected to the top of the gingle grouser or multiple grouser

element.

At this point, the speed desired (5 cm/min) was preset on
the motor control box. An initiai photograph of the undeformed grid
was taken. After the carriage was set in motion, successive photographs
were taken every 6 seconds until the soil failed. A chart recorder was
ugsed to record the horizontal load and the vertical displacement changes '

with time.

\ . "

. IS
A.3.2 Model track section tests R

The soil sample was placed in small lumps, tamped and vibrated
in four-inch lifts. The final soil surface was trimmed, smoc;thed and
leveled. The seg&icn track was then placed and the drawbar pull mechanism
vag set at a prede;eémined position. The hydraulic pump, which cgltrolled
the carriage velocity, the electric motor, which controlled the degree of
slip and the five channel chart recorder were started at the same time.

The noti(';n was brougbt to a stop when the track section had reached the far

end of the soil holder. .
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' APPENDIX B

SOIL PROPERTIES AND STRENGTH TESTS

B.1 Soil Properties

During the entire experimental series, the soil used was
a pure kaolinite clay presently called ''Lee Moor SPS'. The chemical
analysis, by weight, and the engineering properties determined from
laboratory tests are summarized in Table B.1l.1. ,
d t
« The grain size distribution for the soil in question is shown

in Fig. B.1.1, while Fig. B.1l.2 presents the results of an x-ray diffraction

which revealed 93% kaolinite by weight with some illite (about 7%).

As this clay was received in 3ry powder form, water was added
during preparation in the required quantity, until the desired water
content was rea'ched. During the present experimental series the water
content was kept in the range of 42% to 44%, which represented a degree
of saturation varying between 93% and 95% under proper compaction. The
compaction characteristics of the clay soil are illustrated in Fig. B.1.3.

¥

B.2 Shear Strength Tests

Prismatic samples (‘5.0 cm x 3.§ cm x 10.8 cm) of nearly
saturated [kaolinite] clay, prepz;red in a similar manner to the compacted
samples used throughout the experimental program of this study, were
tested. ''True triaxial' tests were conducted under plane atx?;in conditioﬁs,
so as‘ to represent the assumed experimental conditions as closely as

possible. A modified triaxial cell was used, shown in Fig. B.2.1. The

goil samples were confined between two polished and lubricated brass plates.
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LEE MOORE SPS SOIL
1. Chemical Anlaysis ' ) .
c ent hae by Weight
omponen Y weig
[ ' @
SiO2 107.39‘
A1203 ‘ 37.94
Kzo . 1.17 3 a
Fe20§ ‘ 0.36 '
ca0 0.32 i
MgO € 0.18
Na20 0.07
TIO2 6.05 L
Loss ‘on Ignition 13.02
2. Engineering Properties
Liquid Limit . 54.5%
Plastic Limit 37.5%
, Specific Gravity . 2.62
- Particle Size Distribution 99.5% finer than 10 microns
78.0% finer than 2 microns

1

TABLE B.1.1 Chemical and Engineering Properties of the

Experimental Soll
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The distance between the plates was fixed at 3.8 cm, so that no lateral
deformation of the material was permitted. Axial load was applied
using a rectangular top platten of the same dimensions as the cross
section o/ff the initially prepared sample, The "tests were perfgrmed

-~

at three different confining pressures (0, 3.5 and 7.0 N/cmz) and _

£
axial loading velocities of 0.005, 0.40, 2.5 and 5.0 cm/min. The
results of the ''true triaxial'' tests are shown in Figs. 5.41, B.2.2 and

B.2'3'

Axisymetricﬂ triaxial tests 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
18 due' to the deformation characteristicsof the tested soll, rather than
the restraints of the plane strain ''True 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) s8oil-to-metal mode

3) soill-to-rubber mode

The direct shear test results 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 éor
the soil-to-rubber mode. The soil-to-soil direct shear test;s'showed
that the maximum shear stress value increases with increasing normal load.
This behaviour indicates the existence of some frictional effect on the

shear strength of the tested clay. From the latter direct shear tests,

the shear strength parameters obtained had values of:
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vhile the unconfined compressive strength of similar compacted clay .

samples was found to average &t a value of 1.7 N/cmz. .
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' APPENDIX C t

L od

FINITE ELEMENTS FOR JOINTS

o
3

C.1 iIntroduction , .
Jointed masses can'%e modelled by solid elements (e.g. T

. [

triangular, isoparametric, etc.) linked b pecial elements called
-—e-"ﬁ " \\'//\\i !
"joint elements', Such elements consist of two lines each with two
nodal points (Fig\ €.1.1).  They have been extensively used to examine

the behaviour of rock masses and have also been found applicable in

model ing the behaviour of concrete after cracking initiation.

Two common formulations of stiffness matrices for a joint
element are discussed in this Appendix, the first considering induced’
rotation of the walls of the element, while in the second, rotation is

not explicitely considered. .

€C.2 First Formulation

This approach is attributed to Desai an-d Christian (1977).
The strain vector for a joiqnt element may be defined by the
_relative &Isplacements and rotations of the two walls measured at the
Joint center as:

e} = [y, av, A (c.2.1)

u

where €, = strain vector:
u = shear strain :

Vo = pnormal strain;

w = rotational strain.
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Fig. C.1.1 Finite elements for discontinuities \
(a) Joint element
e (b) Joint element rotation
(Desai and Christian, 1977)
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The ''strains'' are related to nodal ;:Hsplacements by:

c3
\

Auo -3 o -+ 0 % 0. ¥ 0 u <
Av b =] 0 -4 0 -1 0 ¥ 0 4% Vi (c.2.2)
A, 0 1/t 0-1/f 0 1/% 0 =1/% Yy ‘
. v,
. ™ c |
Vg |
uy ’ g
VL ;\
The stress-strain relationship may be expressed as: - :
sn KS 0 0 Auo é
T- - i
{c}sn = cn =10 Kn 0 Avo (c.2.3) " 3
Mo 0 0 Kw Aw §
o 2
, i
where T = shear stress P . f :
sn - 3%
0. = normal stress s - ) \ i
n i
Mo = moment about center of joint : f
Ks = shear term
Kn = normal stiffness term %
P
If nodes | and J are fixed and all the force Is applied . ‘ |

s,

to either ndde K or L (Fig.

by considering moment and rotation as:

23
K = n
W 1A

- - >

If F, = -F and F, =

L I K
. to the local joint stresses by:

[ ——

{
i

), then the value of Kw can be evaluated

(C.2.4) - < l/./ 5;

-FJ, the nodal=point forces are related
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sl © 272
A AU
sL: L 0
\" L
Since: \"\‘,\r\\\ \
’ o {F_ )} -
. ' 113 ]
o \\\“\\\
ther; ! : “r"\-
\ 5
A\\‘ \\\ :\ KS 0
,\ v 0 2K
K 0
S
0 0
L
‘[:Ksn:l - I" -Ks 2
0 4]
N / -k, 0
."H\ s ~\\\/
’ 0 -2K
Lo

-
Q 0
-&/2 1/%
\
0 0
- 2/2 -1/2
i 0 0
¥
/2 )
0 0
/2 -1/%
‘\
\
EKsn] {u}
Ks 0 -Ks 0

-K 0 K 0
5 s
0 -2K 0 2K
n
=K 0 K 0
S S

0 0 0 0

C4

Y
T
sn
o, (c.2.5)
M
9 N
(C.2.6)
fﬂ)
-K ]
S '
o -
n
K 0
S
¢} 0
4
Ks ¢ {c.2.7)
o] 0
K 0
. S
0 2K
n
]

The stiffness matrix is formed with respect to local axis.

Rotatlon 1S necessary to find the term~by-term contributions to the

global stiffness matrix.
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C.3 Second Formulation

This formulatidn Is attributed to Goodman, Taylor and Brekke (1968).
Rotation Is not explicitely considered but it is assumed that the displace-

ment varies linearly along the joint.

The displacement along the top of the joint Is expressed as:

2x 2x u
utOp 1 + T 0 } T 0 vK
L 2x 1-2x K
‘ ] 0 } + T « 0 7 u|_ (c.3.1)
vto v
P L
'3 .

with a similar expression for displacements along the bottom of the

joints.

‘The shear and normal ‘''strains' are:

( Auo [ l"top ) ubot ]
AVD - v -

top " Vbot
, 1
-A 0 -8 0 B O A 0 \f
| =} [ J u (c.3.2)
0 -A 0 -B 0 B 0 A J
9 VJ '
. a
: Ve
Y
VL

(€c.3.3)
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Cé
If, for a linear load step, T
. A
Ks = shear stiffness and ‘
1
Kn = normal stiffness then, \i
T Ks 0 Auo
= ¢ (c-3"‘)
c 0 K Av
n n [o)
’ K 4
Considering the ene'rgy stored in an element, or assuming that the .
distribution of forces along the joint elements is proportional to
that of displacement, the local joint element stiffness matrix may
be derived as: 4
K. 0 K 0 =K. 0 <2k 0
s s 5 s
0 2K 0 K 0 =K 0 -2K
n n
K 0 2K 0 -2K 0 -K 0
S 5 s s
2 0 Kn 0 ZKrl 0 -2Kn 0 -Kn
K= E (C.B-S)
-K 0 -2K 0 2K O K 0 N
s s
0 -K 0 -2K 0 2K 0 K
n n A
-2K 0 -K 0 «»Ks 0 2Ks 0
0 -2k 0 -k 0 K 0 2K |
n n n n .J

Byrne (1974) obtained the same result, considering a limit
approach of a rectangular Joint element filled transversely with isotropic
material. The required assumptions were:

1) the thickness of the element approacives zero .
2) the Poisson's ratio for the Isatropic filling material

|
is equal to zero.

A similar approach can handle jolnt elements for three-dimensional

problems. They may consist of two planar or curved surfaces with three
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or more nodal points defining each joint wall (Desai, 1975; Desai and

!
Appel, 1976; Mahtab andgGoodman, 1970).
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APPENDIX D

COMPUTER PROGRAMS é

p,

D.1 "MAIN 2" Finite Element Computer Program

During the course of the present study, the computer program ’
,used to solve the nonlinear plain-strain problem of the multiple grouser
element moving in clay, was previously developed by nHanna (1975). The
program is grouped under a series names "MAIN" and is based on Zienkiewicz's

program (1971).

"MAIN 2" (Fig. D.1.l) uses a incremental-iterative method with-
out predictions to solve nonlinear problems in clay. It can handle
nonlinear material properties and handles problems with discontinu%}ties
in the deformation field. The program 1s written in the FORTRAN language
for use on the IBM 360/75 computer. A brief outline of the working of
the "MAIN 2" program is given here, along wi;:h general flow chﬁrt for

the various routines (Fig. D.1l.1).

The computer time required for a specific 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 known;
3. The number of increments; ‘ .

4., The numbgr of iterations.

D.2 General Outline of Program "MAIN 2"

The "MAIN 2" program consists of several subroutines ‘and a brief
o .

' degecription of the subroutines is given below. N
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STIFTHN) STIFT2(N) PRIN | NONLIN JNONLIN
P -
MODIFY
—

S MOSEAT e

N

Fig. D.1.1 'MAIN 2"
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D3

Main Program - "MAIN 2"

*

This is the main driver routine of the program. It calls two
R}

subroutines to handle the input data and calls several others to execute
the problem. This routine initfializes all nbw and element arrays,
and specifies the size of the loading increment. All output with the

N

exception of the reactions are printed out in the subroutines.

Subroutines "GDATA 1" and '"GDATA 2"

]
Since this program deals with nonlinear material properties, 1t

was found most appropriate to provi&é two data Iinput routines. Subroutine
"GDATAL" reads the basic data, which are:
1. Junction Coordinateg and element characteristics.
. 2. Initial material properties 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 "GDATA 2" im:orporat:s the nonlinear stress-strain
data into the program. As mentioned earlier, the str'ess-strain laws
derived from laboratory tests are used directly in a digital form.
"Several points on the stress-strain curve are selected as input to this
routine in the form of number'pairs. The first half of this routine
reads t;he selected input‘proints on the St;:ess difference (Ol - 03) Vs,
axial strain (el) curve for each confining pressure. The second half
reads data for the joint elements nonlinear properties. The input data,

in this case, are the hyperbolic coefficients (a) and (b), Eq. (3.6)

for each normal pressure.
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Subroutine ''STIFT 1(N)" and'STIFT 2(N)" , ,

The purposei\pf these two routines is to create the element

e

,

gtiffness coefficients appropri%ate to the problem. They have all

necessary data transmitted to them through common storage and passes

" the element stiffness matrix back to the calling routine: "FORMK''. The

element stiffness matrix is generated using the constitutive relations
p .

! .
of the material and the geometry of the element. Subroutine ''STIFT 1(N)"

computes the stiffness matrix for a joint .element (cutting or  interface

. element). In case the element is of the comstant straln triangle type,

subroutine "'STIFT 2(N)" is called to general the stiffness matrix.

F

o

Subroutines ''FORMK'' and '"MODIFY'

T
The "FORMK' routine assembles the tptal stiffness matrix for the

entire continuum using the direct stiffness method. Because of the bonded
form of %t:he resulting total stiffness matrix, only the main diagonal
elements and the lower triangle elements are stored in a rectangular matrix

with a width of half the band, (Zienktewicz (1971) .

*The '"‘PORMK'' routine also genei'ates ;he total nodal force vector.
The applied nodal forces are added directly, while the total stiffness matrix
is modified for the applied displacement conditions (Chapter 2) using

subroutine ''MODIFY''. THe body forces due to gravity are also added in

’

this. routine. \
|

1 \
1

Subroutine ''SOLVE!

R
This routine ugses Gaussian elimination method in order to

_solve for the unknown displacements from the set of stiffness equations.

generated in '‘FORMK''.
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Subroutines '"NONLIN(N)" and "JNONL(N)" o

D5

Subroutine "'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' 1s called for the determination of stresses a;nd
gtrains in the "CST" elements. The routine also computes the pli'incipal
stresses and principal strains in each "CST" element. Moreover, it

calls subroutine "NONLIN(N)'" to updaté the "CST" elements' elastic

ﬁroperties .

Subroutine "JSTRES" is used for the computation of’the average

incremental .shear and normal stresses across the joint elements and the

€

accumulative corresponding values. This routine calls subroutine:

"IJNONL(N)" for updating the stiffness values of the joint elements to

be used in the subgequent increments.

-

The nonlinear analysis is performed in these subroutines. In
"NOONLIN(N) " routine, values of E and v'are computed for each element
from the nonlinear stress-strain curves depending ?n the state of strain
and confining pressure in e;ach element.' This nonlinear routine can
handle several nonlinear curves for any numl;er of different materials

L

by‘Yitably altering the diménsion statements.

Lo

Subroutine "' JNONL(N) "-interpolates for shear stiffness values
(ks£‘£rm the hyperbolic shear stress-relative displacement relationships.
Values of the coeffici:ents (a) and (b), Eq. (3.6), are computed for
each cutting or int:;:'face element depending on the state of shear displace-

. A
ment and the normal pressure in the element. Again this routine can
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handle several nonlinear curves for any number of different joint behaviours

by suitably altering the dimension statements.

Subroutine "REAC"

The reactions at certain nodal points resulting from specifying
displacement?boundary-conditions for these nodes are determined in this, -
routine. The reactions at the desired node are obtained by mulfiplying
the nodal displacement vector of the element by the stiffness values of
the par£icular node. The reactioig obtained for any particular increment
are then added to the cumulative values obtained in previous increments

to obtain total reactions.

!I/

Subroutine "AVER"

+

+

In this subroutine output results are averaged at the nodes.
The stresses, the strains, and the strain rates of all 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 displaceme;ts
to the elemeﬁt 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 elements strain-rate compomnents
and their principal values and directions. The "LARDEF" routine also
computes the incremental dissipated energy components, i:e. distortion,

compaction and shear slip, and adds them to previously obtained values

for determination of total dissipated energy.
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Subroutine "PRIN"

This routine evaluates the principal stresses (or strains)

from the 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 oun the previous work done by Faﬁfah (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 well as the
induced pressure distribution.
The present computer program is grouped Jﬁder a series named ¥
"MAIN 1" and is similar to the 'MAIN 2' series described.in section D.1.
The main differences 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 forces according to the éressureghistribution
patte;nlspecified. ”MAIN.E“ simply reads in the i )
npdal forces.
3) 'MAIN 1" calculates input and output energy based on

energy conservation (main program), while in ‘MAIN 2'*

guch I8 not necessary since in the case of the MGE —

the input energy is completely dissipated in the soil.
The subroutines linkage for the ''MAIN 1" series is shown in
Fig. D.3.1. The description of the various routines is not repeated

“since 1t is similar to the "MAIN 2!' routires.
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GDATA?1 GDATA2 FOﬂMK SOLVE STRESS
- STJFT‘(N) MODIFY PRIN NONLIN
S |
Fig. D.3.1 'MAIN 1' subprogram lipkage
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,3 " CONVERSION OF UNITS

1 kilometer = 1000 meters } 1
1 meter = 100 centimeters 1
1 centimeter = 0,01 meter - | 1
T milimeter = 0.001 meter 1

1 square meter = 10.76 square feetr

1 square foot = 929.0 square centimeters
. .

1 cubic meter '= 35.32 squate feet

1 km{hr = 0.2778 m/sec =.0.9113 ft/sec

inch = 2,54 cm
foot = 30.48 cm
centimeter -‘0.3937 in

meter = 39.37 in

1 kilogram force = 2.205 pounds force = 9.807 newtons

1 newton = 0.102 kilogram force = 0,2248

pounds force .

s

1 kiloPascal = 1000.0 newtons/square meter

1 newton/square meter = 0.02089 pounds force/square foot

1 pound force/square inch = 6895.0 newtons/square meter

1 gram/cubic centimeter = 62:43 pounds mass/cubic‘f&ot

1 pound mass/cubic foot = 0.01602 grams/cubic éentimeter

1 pound mass = 453,6 grams
1 gram = 0.001 kilogram

1 kilogram = 2.2046 pounds mass
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