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ABSTRACT

FINITE ELEMENT ANALYSIS OF SOIL CUTTING AND TRACTION *

‘
A

A thesis p}esented by A.N. Hanna in partial fulfilment for the
degree of Doctor of Phjlosophy

Department/of Civil Engineering and Applied Mechanics
McGil1l Unfversity

Montreal qu 1975

The purpose of this study is to provide a rational analytical
means for predicting the performance of a cutting or a traction tool,
) q;*ﬁg‘parametérs that describe the soil response due to interaction with
the 5561.' The analytical techniques examined have the objective of
deriving statically possiﬁie stresses compatible with kinematically
possible strains while satisfying the boundary conditions.
' Due to t%e extent of the overall problem, the study is limited
in scope to the verification of the validity of the application of the
finite element technique to the anal}sis of simplified cutting and traction
elements interacting with cohesive soils under plane-strain conditions.

" The solution provides detailed stress and deformation fields within the

hloided soils, as well as contact stresses at the soil tool interface, for
various tool posétions. Consequent1y.-a relatively complete description - -
of the load-deformation behavior, as the tool advances in the soil, is
obtained. :

_ The applicability of the proposed analytical model is verified
by the suscessful prediction of tool developed forces and soil‘geformat16ﬁ//

4]




shown to provide reasonably good corrdlations with the experimentally,

measured and the finite element calculated energy components:
* ‘8 J
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; =77 L'ANALYSE DE LA TRACTION ET DE LA TRANCHEE DES SOLS PAR y
— LA METHODE DES ELEMENTS FINES

o

These présentfe -par Alfred W. Hanna faisant
‘ partie des conditions vrequises pour le titre
de Docteur de Philosophie

. 2

s Département de Génie Civil et Mécanique Appliquée -
» Udiversité McGill - ,
Montréal ; Mai 1975
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Le but de cetflietude est de pourvoir. un moyen analytique ‘
rationnel qui puisse préd1 re la performance d'un outﬁ de tranchée ou
. de trectionf et ceci en utilisant des parametres qui décrivent la
” réaction des'sqls due 3 1'interaction avec 1'outil. Les techniques
examinees ont pour offfectif de dériver des forces statiques compat1bles
- avec des défomations cinématiques possibles, tout” en satisfaisant les
conditions de limite.
Etant donné 1'&tendue du probléme globa], 1'6tude est 1imitée
? la vérif‘lcat‘lon de 1a.validité de 1'application de-1a technique des )
é1éments finis,‘i l'analyse des éI&ne;nts\sim‘l.ﬁﬂés de traction et de
tranchée et leur 1n‘te’ract1_on avec des sols cohésifs sous les effets de

dé.fomtions ] s@rface p‘lane.' La solution donne des forces et des

\

champs de déformation détaillés & 1'intérieur des sols chargés, ainsi que
»des forces de contact & 1a surface commune de 1'outil avec le sol, et ceci

St pour ?‘lverses positions de l'outﬂ Conséquemment, on obtient, durant

I L
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) - . Vravancement de 1'outil dans le sol, une description rela‘tivemeni cbmpM

des caractéristiques forces-déformations. _ \/

T

»

‘ - f La validité du modéle analytique proposé est verifiee par la
bonne prédiction des forces developpees par 1'outil ‘et des deformations

du sol. En plus, en appliquant le principe de 1a conservation de _
1'énergie au probléme et en utflisant la méthode de ~ln plasticité visuelle,
on peut calculer 1'énergie dissiipéen dans le processus de déformation du
sol.  Les valeurs de 1'énergie ainsi obtenues, c;lorpnent de bonnes corre-
,'1a¥:1ons avec colles mesurées expérimentalement ainsi qu’avec les /v;'leurs

obtenues par la méthode des é1éments finis. o , . ' ‘
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N N ) _
in(s). inchZes) o . . .
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min. , minute * g )
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» INTR ION

1.1 SUMMARY OF THE GENERAL PROBLEM ~

-

Cutting and traction‘tools are mechanical devices used to

apply forces o ¢ the soil to cause some desired effect such as cutttng.
"movement of soil,Muction of adequate traction for suitable

e

trafficability. For purposes of d \ef‘miﬁon, a tool will be considered

\ " a single séﬂ-working element whereas an 1mp]emeht or\‘tnaghine will be

~Considered a group of soil working elements. ~Although ti ﬁage and

traction are nearly alauays affected with.a méhine. the emphasis here
‘will be on the performance of a single tool rither than implements

. and tm?wa es, v

ﬁartia‘l tement of the overall sofl-machine interaction -
.ﬂ ———
problem is shown in Fig. 1.

—

It is appreciated that this description
" centers on the manipulation of so
results of the final soti condition and

by mechanical forces, and the

reaction of soil to forces

are of primary importance. . Thus, primary

' These mlrieﬂ nthods are trial and error atunpts; the tool or track
Lalamnt [gﬂmer] 1s varied 1n some mnner, and acccpublo designs are
thed when the resitlts are Judged to be satisfactory. ant‘ltative
destriptions br ‘Fapresentations of the findl soll condftions are seldom

m

.
A AP . 1.
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used and, in additfén‘. the forces requi red" to move the tools or grousers

are frequently not quantitatively assessed. Generally, no effort is

madé to.describe the reactions of the soil. Gill and Vapden Berg (1969)

present an excellent review of the empirical methods being used at the present

. time for design purposes. The following is a brief summary of the

developments as well as the problems encountered in soil-cutting and sofl-

grouser interaction analyses:

1.1.1 ~ Sofl Cutting

The knowledge of soil mechanics has only been recently applied
to the study ‘of the problem of soﬁ cutting. In'the early part of the
century, research in the Unfted Kingdom and the U.S.A. was confined to

“the investigation of the draft of tillage implements. The inability -of

~ researchers to isolate the relevant soil parameters made it difficult

for them to visualize the possibility of a theoretical ana1ys1s in terms

of classﬂ:al 's01] mechanics.

The history of the development of a quantitative analysis of

. the action of cutting tools fn sofl has been described by Hettiaratchi

(1965). Follouing the work of Paymﬂwss) on the action of agricul-

-tural tines and Bekker's (1956) success with the study of vehicle perform-

ance, Mn (1964) showed that the rgtgining wall theory dev;eloped by
Ode (1938) could accu}ately predict the forces required to cut a wide
rmg; of sofls. Reece (1965) put forth an eﬁnit%n. which was similar
in form to Terzaghi's bearing capacity equation, to pred'lct $he force
acting on a blade. This equation was later modified by mmmcm
ot al, (1966). A suwsary, bf tht Nporud 'ltmst{mﬁons in. soﬂ cutting

-

~

|
3
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is presented in Appendix C.

In reviewing the liter;ature, the various methods attempted to
provide a solution f&r the blade problem appear to fall_in four groups; '
methods relying on dimensional analysis [Wismer and For'th (1969) and

. Wismer and Luth'(1970\)]. rigid body statical techniques [Osman (1964)],

L4

plasticity techniques such as those using a form of the Prandtl
solution, specialized for bearing stability tOsman (1964) and Reece ‘ - :
(1965)], and methods relying on the principle of limit equilibrium of

" the soil [Yong et al. (1969) and Yong and Chen|(1970)].

It must be realized that in employing dimensional analysis -
techniAques. using laboratory model tests, 3 required assumption is E
that soil properties can be ade&uate'ly scaled. The difficulties

~~ \ surrounding the scaliqg of soil, or the derivation of ‘appropriate
scaling laws fog‘ soils, are most complex [Yong et al. (1967)]. In
addition to th; problems of separate examination of component parts, s
one must recognize that the problem of a moving rigid blade in sofl é
is an 1nteract'l’ng phenomenon ard, -therefore, should be: considered as i
o an interdependent system. The behavior of the soil mass in front
of the moving blade is conditioned not only by the geometry of the
. blade ftself, but also by the driving forces associated with the blade, |
In tum. the pmgnss of the blade in the soﬂ is controlled or [
inﬂuenced by .the mmm' in which the soil uﬂ\ deform, the boundary .
condit'l‘ona.‘ and the constitutive makeup of the sof l&sﬂf. -

® iz seteouer it N
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intensive investigations into the p}oﬁlems associated !?th s011-wheel
interaction [e.g. Reece (1965), Freitag (1965), Yong (1969-1970) among
others]. The same cannot be said for those problems associated with ]
soil-grouser interaction. Some attempts have been made at eipmiﬁfhg

the geometry of the failure surface beneath a moving rigid grouser “
[e.g. Bekker (1960) and Haythornthwaite (1961)] but apparently investi-
gations into the mode and mechanisms o% failure have been limited. 4

Intensive research efforts are necessary in order to define the influ-

ence of such parameters as track .type, grouser spacing, grouser

geometry and grouser size on the magnitude of the forces exerted on

the grouser plate by the soil.

" As a consequénce of the fact that the locomotive ability of

any vehicle is dependent on the soil response, it would seem logical
that in any attempt to describe the overall behavior of a tracked

/!ghicle in soil, a clear understanding of the fundamental interaction

////‘procesﬁ between grouser and sofl s necessary. The little research

///// which has basen done on the problem has been oriented towards the pre- )
diction of macroscopic effects and has been directed more towards <i

\ vehicular response than towards soil response.

" Previous to the second world war, the de;ign of tracked
} vehiclgs @ﬁi largely an empirical process. Some research must S |
f undoubtedly have been carried out before this, but apparently was rot - _
% reported in the available literatuhe., The first systematic attempt {ﬁ h
at providing a solution to the overall problem was made by Micklewatt -

L Qsas), e mmad #n uupmm squation describing the trmm _
ﬂ‘?m dmdupd hy » tﬁchd vehicle moving on soft sofls, an squation
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R f + 1
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which formed the basis of design until Bekker (1956, 1960, 1969)

examined the problem from a more rigorous point of view.

With the assumptions that the ;rousér plate could bé approxi-
mated by a strip footing, and an elastic stréss distribution 11{ the soil,
Bekker was able to derive a theoretical expression re1at1ng the horizon-
tal thrust on the grouser to the grouser parameters. By o pt1miz1ng
the grouser spacing and Sl‘lﬂlﬂing the_horizontal forces operative on each
grouser rlate in the track, he was then able to predict the horizontal
thrust exerted on a tracked vehicle by the soil. The equations for

the horizontal and vertical forces on a grouser are given as:

2y ' .
H = b(n, e+ yng ]z\”’"v} )‘sine (1.1)
- z " '
H-{b(nc Ic + Y ng 12 *47 nyl ) cos @ ‘ . (1.2)
whe !
b = grouser width, in {inches.
Mgs Mg Ty » dimensionless trafficability factors which are

dependent on ¢, 6 [shown in Fig. 142] and the ratio 1/h.
"1 « grouser length, in inches.
pth, in inches.

n = grouser
- ¢ = cohiesion, in psi.

/l{thgt. in fm;hos. K

Th. gmﬂ'y of the forces ‘h\u Sm in Fig. 1-2 in which
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6 = arc tan (H/W)

and the bearing capacity of the soil under the footing is given as Pp.

Despite the fact that no experimental evidence was cited in
support of, his th%oreticﬂ conclusions, Bekker's equations formed the
basis for the design of tracked vehicles until very recently, at which \\\ N
time an ex‘ter@le research programme was entered into by the U.S. Army
Waterways Experiment Station at Vicksbuﬁg. The results to date of \
this pro}jramne have dealt br1mar11; with the response of soils to the
action of rigid wheels [e.g. Freitag (1965),(1965a),(1965b).(1968)],and an

absence of reported data on the response of soi'ls to grouser action is

sti1l evident on an examination of the available literature. A

‘ summary of the reported investigations has been given in Appendix C.

o

PURPOSE OF STUDY,

Most of the sB8i1 cutting and traction research conducted-to
date have been F:ased on empir?cal approa;c‘hes using the results of a:P
large amount of experimental data obtain?d from tests to develop methods
ohf analysis.and design. ﬁile such approaches may have been necessary
fn the past, the advent of digital computers and the development of
Aupdem‘methods of numerical analysis now provide the necessary tools
to obiaiq analytical solutions which can re’pll_ace mich of the empirical
testing carried out in the past. However, such an'a_'lytical solutions
must be checked by a'sélected. but ‘smal lgr: number ?f eiperimental o

tests to verify their accuracy.

¢

The prolﬁm of soil-machine 1g|téraction has been the sﬁbject‘

of 'a rigorous study under a research programme in operation at the
/ e '

L3
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. Soil Mechanics Laboratory of McGill University since 1963. This

prog’ramne can be divided into two distinct phases. Investigation of
the behavior of soil under driven rigid wheels [Yong and Webb (1969),
¥ong-av'fd‘WTn’cﬁsch (1970) and Windisch and Yong (1970)]1, anq the study

of the performance of an isolated element [tractive or cutting] moving

7 ——through soil [Yong and Chen (1970), Yong et al. (1969) and Yong and

——

Sy'lvestm-bli]]ﬁ?(]%‘?ﬂ. N

TTe—

The present study is a continuation of the second phase of
/

the overall McGill programme. Its purpose is to provide a rational
ana;l ytical means for predicting the performance of a cutting or a
trf/active tool, using parameters that describe the soil response due to
i‘ﬁteraction with the tool. It is to be appreciated that an accurate
prediction of machine-soil response behavior would provide a sound )
basis for the evaluation of thé efficiency and economy o.f soil cutting
and mobility. Consqquent)w, the computer solution t/e"chniquej developed
herein can be used to aid in-the designing of the tool or the 1ntex-
acting unit, since the various machine and soil parameters input Eo the

computer code can be varied and the resultant output evaluated. This

. philosophy is demonstrated in schematic form in Fig. 1-3.

A w hS -

T

1.3 SCOPE OF STUDY ] -

H

The factors consfdered pertinent in soil cutting and traction
_ experiments ‘relate to: |
© (a) sofl . - Type, tde'nsity. and shear resistance pafameters. -
. 'k . (B) mtting"or'tngctim too) - Geometry, depth of cut,
i . ‘ ’ / . speed of tra‘gé‘l and inter-

facial characteri sﬂcs.

L]
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NEED FOR DEVELOPMENT OF A vty
RATIONAL PREDICTIVE PHYSICAL-MATHEMATICAL TOOL v,
FOR DESIGN EVALUATION AND PERFORMANCE ~
g

\

TRACK-
SOIL
" INTER-
ACTION

. DEVELOPMENT OF
MACHINE-SOIL 'INTERACTION MECHANICS

Application of
Solution
Techmique

DEVELOPMENT OF REALISTIC
COMPUTER CODE PROGRAM -
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(c) Forces - Developed forces [horizontal and vertical].

In general, the variations with regard to the above are

concerned with the specification of the desired condition, 1.e.:

(1)‘ Specifieci .constant speed and constant\ depth of cut.
This will yield developed forces on the tool, which
may subsequently be decomposed into ‘horizontal and
vertical components.. |
(2) Specified constant horizontal force and constant
depth of cut. The measured variabies in this
’ instance are speed and developed vertical forces.
-+ (3) Specified constant horizontal and vertical forces.
‘ In this particular case, both speed anc!-depth of
cut are the measured varfables. : ,
To allow for a rational approach in the analy}_sis ;cf\resuu;s,
the experiments -performed in the course of this ctudy arﬁiinited to
the first condition '[1.e. specified constant speed and constant-depth
of cut]. The procedure employed accounts for 'measurement of de§e1oped
forces [both horizontal and vertica'l]. accompanied by photographic
record‘lng of son distortion, +

L
i
.
L)

The scope of this ‘swdy 1s 1imited to verifying the validity
of the application of the finite element technique to the analysis of

. simple problems of soil-mechine interaction in necrly-safurated

kaolinite clay under plane strain conditions. Comparisons between

theontical and experimentidl results are mde to assess the va’lidity

'
. R , N
.
. ¥ - +
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1.4 ANALYSIS OF JHE PROBLEM

s

Within the broad definition of the prablem, there are
numerous path!; that can be followed according to emphasis and
~N
assumptions made. Figure 1-4 shows a schematic diagram of a number

of available solution procedures.

If soil defnnn&/tio‘n is neglected, rigid body forces and
the?iies of ciass/fcal sofl mechanics can be used in attempting to
calculate the deve1oped reactions. Forces are evaluated by stud_ying

- o the static equilibrium -of an assumed failure surface which is chosen
—— to satisfy the 1imiting stre;ss condition of a. Coulomb material.
These theorfes, however, neglect the sofl deformation and therefore are

- not sufficiently accur}wmuble

If the soil is assumed to be perfectly plastic with a Coulomb,

or any other yield surface, there would be no d‘tfficuity. in principlg,/ e T

- in computing reactions. The theonems of limit analysis [upper.and
Tower bound theorems] will ﬁ‘ive bound on the a //gn( Yong et (1969)
and Yong and cmWave successf% used -the of limit
» ' equilibrium to predict the fwe fequired t
frictional material. Yong )déyivestre-uﬂliams (1969) adopted the
same approach to sm traction of grousers. L1m1t equﬂ1br1um

ve a blade through a

- amlys‘ls uses a statica'lly admissible stress field, gfxing Tower bounds
' - A - /
e, .

A lower bound solution requim‘iﬁ ass‘pption of a statically -




: o ( @
;i "
j - " 4
PR \o ' ' _
T _ \ : SOLUTIONS OF SOIL-MACHINE
- Lo C INTERACTION PROBLEMS
i" [ \ - ‘ ?
\<\~~ - \\ # ! ’ -
J “\cussmf. 1) (. \ J : EMPIRICAL OR SEMI-
: chs SOLUTIONS - ) © | MUMERICAL  TECHNIQUES ' " JANALYTICAL TECHNIQUES
Vo w
B _u,, 5
- - SOLUTIONS OF ‘ 7 FINITE ELEMENT C 2
- DIFFERENTIAL EQUATIONS |- . o oMETHOD | , '
\\ \ / ) ' - .l / ‘ .- |
. ‘ \ 1 FINITE : o :
N ,‘ | \mm ;a{ | DIFFERENCE S ‘ {
" WEIGHTED_RESIDUALS, | o R
GALERKIN, COLLOCATION | - ‘ L ‘ |
| LEAST SQUARES, ETC., . N ' ) ) : .
L_| vammiow, eaee- || .
¢ RITZ . ’ ' .
FIG. 1-4 - A SCHEMATIC DIAGRAM OF A NUMBER OF SOLUTION PROCEDURES ’

= FOR_SOIL-MACHINE INTERACTION PROBLEMS

:ra:w'ﬁ




e I U 308, st i RO - 1 1 i B 0 5 4 . L o
.

14

admissible stress fieid, while an upper bound solution requires a

kinematically admissible displacement or velocity field. In a mixed
) boundary-va‘lue problem; thegje is no apparent independence between the

two fields.' and comphtibility between the two fields is the essential

final justification that the solution obtained is, in fact, the - -

correct one,

' N
Unt{l quite recently, d&n important defect in the theory of .

earth pressuré lay in its deve10p;nent without reference to str‘ess-‘,str;ain
relations, the theory being based upon the concept of 1imiting equili-
briun satisfying Coulomb's ’Iawiof soil failure in conjunction with an
extremum principle. This procedure k@lects the important fact that

stress-?train relations dre an essential constituent of a complete

I | g

theory of any bran¢h of the continuum mechanics of deformable solids

[Morgepstem and Eisenstein (1979)]. v

Semi-analytical techniqués such as the \;1s10plastic1ty
mei‘.hod were investigated at ﬂcGﬂl University. Yong and Webb (1969)
used this method for determining the useful outpyt energy for a rigid
moving wheel.  Yong and Windisch (!970) used it for determining the
‘interfacial and subsoil stresses under a towed rigid wheel. In the
visioplasticity method, the displacement field is recorded experiment- .
ally, from which a stress.fl\e\ld is determined ugdng a cohstitutive
relationship.  This method 4s only applicable to small scale testing
[assuming steady-state conditions] ,:and cannot be Iused to predict
field conditions. . | -

o . - .
L] v

Based on tho above discussion, it was concluded that a .

‘%mi mhod whicirican predict both the stress distribution and
o /
e . ° . ' \ . .




the sofl deformation resulting from a cutting or a tractive tt;ql would
have a place in soil-machine mechanics. . Such a method should take
into account the non-linear behavior of soil and the effect of large

‘"deformation due to the implement movement,

PROCEDURE FOR DEVELOPING A RELIABLE

For a giver; problem, development of a reliable numerical
* technique involves various steps as depicted in Fig. 1-5, These
steps e;sentgially represent a trial and error procedure v;hich
requires the examination of factors such as idealization of the problem
as a discretized body, numerical characteristics and constitutive laws.
In the Figure, the first two factors are indicated by dashed lines, .
whereas the trial-and error procedure for constitutive laws is shown

by solid lines [Desai (1972)].

A numerical technique for sg}viné,soﬂ-machine problems can
be develop® 1in progressive sfages. The p;erOse, of the technique is
to quantitatively describe the action of the‘ machins on thé soﬂ.‘ In
the 1n1t1a1_ recognition phase, the action is observed and noted to be
repetitive. The recognition phase is gradually supplanted by an
“equivalent" model. For complicated problems, the idealization stage -
can be difficult and vbuId require a number of trials before a model of
acceptable accuracy can be evolved. The final model may be arrived }t
after a number of trials. ’

¢ The second st.epf of developing a so1ut16n teéhniqﬁe is arriving

at a representative constitutive Taw. A constitutive law for 5011 is

i
~

4
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- ‘ usually dependent on a number of factors such as density, siﬁggf

Ehistory. water content, and exigtence of discontinuities. The\bqn-
st{tutive relation can be establiéhed through the application of seVéra] )
distinct phases of study. First, Some specific behavior ¥s observed
and studied. Second, having noted the pehavior. factors 1nvol§ed in

the behavior are identified and their re]ition ascertained in a cause-

and-effect manner. Mathematical equations\q(g required to quantitatively

describe the cause-and-effect relation and, heﬁgp. the behavior. Reso;t1Ng“

\ to mathematical equations is possible only when both input and output
\ \ [
quantities can be expressed in some form of numerical description,
\\\

; With reasonably accurate,constitutive equations, a complete
; :

“ analytical technique can be developed to describe machine actions A

_ specific machine tool has a fixed geometrical.shape that San be exp}essed

by appropriate equations. An overall coordinate framework
established in which the direction of traysl and the path of togl motion,
the orientation of the tool, and the continuous nature and p&pf11 of
the sofl can be described, Specify1n§ the path of motion of the tool in
the reference: framework thus produces the boundary conditions necessary
to define the problem. Simultaneous solution of the system of govern-
‘1ng equat1ons utilizing the boundary conditions provides a quantitative

solution to the problem.

- Many numerical techniques can be attempted in developing a -

solution for a particular soil-machine interaction prpBTem. among them
are the Hmit equilibrium [classical soil nechanics Jolut1on], the finite
difference, and the finite element method [Figure J-4]

'@
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Adopting the 1imit equilibrium approach, Sokolovski (1960)
developed the mathemat;cal methods that made it possible to solve
numerically the equations of equilibrium to obiain the force requ1oed
to fail soil by loading an interface. 1In a'plane problem, there are
three unknown stresses and two equations of equilibrfum. If the soil
1s assumed to be-in a state of failure, the Coulomb relat1onsh1p could

therefore be introduced as the third equation. In three-dimensional

-problems there are six unknown stresses and only four equations; a

solution is therefore 1mpossib1e - without the introduction of stress—
strain and compatibility relationships It must be pointed out that

if the problem {s statically determined [i.e., boundary conditions are
only given in terms of stresses], the equiiibrium equations and the
Coulomb fajlure condition are‘sufficient to give the stress distribu;ion
without any reference to the stress-strain relations. However, if dis-
plgcements or velocities are specified over part or all of the boundary,
thoo the stress-strain relations must be used to relate the stresses to
the strains and the problem becomes much more oomplicatgd and must
usually be solved by trial and error. A-stress field satisfying all
stress boundary cond1t1ons is assumed The velocities are then com-
puted and a check made to see if the velocity boundary conditions are
safisfied. If not, the stress field is modified and the procedure is
repeateo as often as necessary. In addit}oq to all these difficulties,
the solution obtained is valid only fof the case of incipient plastic
flow; once plastic flow progresses, the shape of the boundaries changes
considerably and it becomes necessary-to satisfy the boundary conditions
on the deformed boundary. This makes it virtually impossible to &
obtajﬁrthe ioad-deformation history of a continuously deforming soil.

]
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The basic difference between the finite dif?erence and the

. finite element methods lies in the approaches used in arriving at the

node point [or discrete mss] equilibrium equations. In.tﬁé'lgsuﬂ
finite difference techniques, the governing system of diffggential
equations is approximated by difference equations, ,uMéh' ,1n essence
require an assumption of the displac/ement’f’orﬁi/between neighboring node
points. The restriction app]ied b_y this approach is the relative
uniformity of node point spacing which yields solutions at only a fixed
number of points in the domaih of interest, and may require additional
interpolation for solutions at other points. Also, the finite
difference method can be cumbersome for handling irregular bogndar‘les
and honhomogeneities. In the finiteﬂement technique, on the ‘other
hand, the soi1 mass is divided into various small elements, with each
element connected to 1ts neighboring elements at their node points.
Over each elem'entg(approximate displacement functions are defined. In
this manner, the finite element method recognizes the continuity of
masses. and doés not require separate interpolations for extension to
other points.,  The use of separate approximating models for each
finite element permits greater flexibility 1n tackling masses with
extensive nonhomogeneities. complex realistic geometries and mixed
boundary conditions.  Since the main advantage of the finite elemgnt
method lies in 1ts capacity of handling relatively complex probiems,
the method was chosen 1n this study to investigate the subject of

simple cases of 'sofl-machine interactions.

a\\
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, 1.6 'ORGANIZATION OF THE THESIS o e

5

The Th;esis is divided into two separate parts:
J  The first part deals with the development of the -
anal yti?al model us;ed in this study, together :
with the results of the experimental program.
, In addition, comparisons between theoretical,
4 experimental and gnalyticﬂ' results are presented . ' 4

to assess the validity of the assume;i model. {

2. T!:e second part of the "thesis, which consists of
five appendices, concerns itse]f mainly with
providing the pertinént information necessary
‘fqr‘“a complete appreciation of the computational **4

and experimental techniques.

é The first part, which deals mainly with the introduction, . .
4 | apprec1ation, application, and ver1f1cation of the proposed analytical '

& quel is 'subdivided into eight chapters [see Fig. 1-6].- )
E'J,' hagter 1, of which this Section 1s a part, is an ( |
;* introductory chapter in which a statement of the problem s presented

- *.  Chapter 2 describes the finite elanenwe and the

proposed model adopted in this stu&y. ' \
i ’ ‘

) Chapter 3 provides a brief description of the experimental
factlitias and techniques used, together with some initial experimental’

iy

a . " . Chapter 4 contains results of the cutting and traction experi-
Ao ments perfamd, and results of the strength tests, In addition,. this’

data.

-

? -
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Chapter provides a d&ve]opment of the visioplasticity method as applied
to the present study, together with an appreciation of 1ts applicability
to the problem by means of the invoked assumptions.

Chapter 5 {s concerned with the presentation and discussion of
the finite element results of soil cu§t1ng analysis, and- comparisons
with the experimental results.

Chapter 6 presents the finite element results 6f soil
traction ana]ysis accompanied by comparisons with the experimental
results. = ,

Chapter 7 d%§cusses the applicability of the proposed
anilytica] solution bj’examining the significance of implied conditions

and requirements in relation to observations and resu]is. This is

gzzzﬁﬁ1ished by dividing this Chapter into two main Sections:

1. finité element analysis, employing the proposed model,
7 | of a Tong vertical wall retaining clay, and comparisons
with a c1osed-form solution scheme, and
2.. comparisons of 5011 cutting and traction analytical and ' )
experimental results obtained in this study, with
results computed from existing theories.

Chapter 8 contains the summary and conclusfons.

v

The second part of the thesis s comgosed of thé'exgerimental
and data reduction techniques, as weil as computer brogram descriptjons
and other pertinent material required to provide the input for the
txperimental-theoretical study presented in the first part of the thesis.
This part consists of:
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Appendix A
” Appendix B
Appendix €
Appendix D

_Appendix E

- experimental considerations.
- data reduction techniques.
- review of previous work. ‘ .

i

- solution of linear equations by
direct Gaussian elimination method.

- computer program 11st1n§s.
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FINITE ELEMENT METHOD
AS APPLIED TO THE PRESENT PROBLEM

i . ‘e

h)

v
2.1 INTRODUCTION

Ahalyses of soil-structure interaction problems are of con-

siderable importance in investigations concerned with soil-implement and

1
i

‘soil-vehicle mechanics. The calculation of earth pressures on structures
¥ * has been given detaiTed attention by researchers, and there now exists a

wealth of both theoretical Mexpéﬂmemeledge_on this subject.

g
These sources are continuously being investigated with a view to possible

adaptation and improvement to meg{t the more specialized requirements of

sofl-machine problems. As an"é;tample of this appro?ch, the familiar ‘

cases of two~-dimensional soil response encountered in long retaining . ' |
‘ .walls and strip footings bear a close parallel to wide cutting-blades
' ‘and track-lTaying tractor running gear, r:espectively. . This analogy is

not; limited to the actual physicgll siinﬂarity between these structures . 7
but extends to the more-significantfactors associated with the problem

boundary conditions, the soil mode of deformation and the actual failure

surface geometry involved.

" It nust be emphasized, however, that the mechanics of sofl
cutting and traction 1s much more complex than that of the soﬂ—structure

fnteraction, as there is. more than one process in- operation. The

s addn B iy
r + 5, LY
o AR o 3 s o
. Nt et 4N % s S

_ resistance-of soil to the forward motion of a tool is caused by shear-
ing action, friction and adhesion between the soil and the too), raising

-

\ 0 . L
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d&nd accelerating the soil, and crackir{g if the tensile strength is

exceeded. .

The problem at hand is so complex that an acceptab_lé general
solution technique capable of handling a wide variety of soil-machine

interaction problems is not anticipated for some time to come due to:

1] The d1_fference in soil response to the action of an
implement. This can range from shear failure for

" cohesionless soils to brittle behavior for a nonplastic
soil to' flow in. the case of wet cohesive soils. |

2] The different functions which determine the shape of the

implements, their manner of movement [such as depth and

I e e M s
,

|
speed], orientation and path of motf%n.

- ) Within the‘se 1imits the problem can ran(gg from investigating
’ a case of a simple tool moving in a homogeneous soil with controlied
properties to evaluating performance of complicated machinery designed
to perform in differer;t soils, With this in mind, the scope of this
study as statéd in Chapter 1 1s to investigate a specific simplified
- _ problem under certain esf:abl'lshed conditions. While these conditions
and ﬁ:nce the abproach adop_ted.may seem to be restrictive ,_s.to render
a solution téchnique too specialized to be of immediate practical use,
it is believed that a ’prop&sed technique that possesses a potential
“ "~ for extension :3» similar and more_difficult problems with some or - -
14tt1e modifications will ultinﬁtely have practical usefulness. _
— . Furthermore, such a-technique can be very 1nsfmmenta1 in 1nv€st19at1ng
° © and understanding the fundamental mechanisms involved in the case of
= stmplified cutting and tractive tools moving through sofls.
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] )
. . In the specific problem of a soil-tool Yinteraction, an accurate

analytical determination of soil reactions as well as the internal stress
L4 ;
and deformation fields in the soil mass throughout the loading sequence y

is compiicated by a number of factors. Some of these factors are:

1] The system is composed of two materials, soil and metal,
{ having in most instances complex interface geometries.
2] ;rhe system has_‘a continuously changing topology caused by the
movement of the tool in the soil. This will have the
effect of jintro’ducing cracks or discontinuities in a
. brittle or frictional soil or flow in a plastic soil.
s 3] The strgss-strain relationship for soil is nonlinear and
is a function of many variables. Constitutive relationships
and failure criteria for soils under combined stress states
~ are difficult to obtain, )
B _— 4] _Soil behavior is dependent on loading rate and sequence.
g 5] The characteristics of the sofl-metal interfack in terms
B / ‘ , 'of the 'dgg.ree of soil slip and the nonlinearity in the
relationship between interface shear stresses and shear

displacements add to the complexity of the problem.

One of- the factors thatrequires special consideration in-the

construction of a realistic analytical model for soil cutting and traction
* l is the effect of the p}gressive cutting of the soﬂ at the tool tip with
- the possible development of faflure surfaces wherever the shear strength

i h ” of the sofl is exceeded. Figure 2-1 {1lustrates the general mechanisms
optrat‘lng in cases of soil cutting [constant depth of cut] and soil-
grouser systuus [constant depth of embedment].

(®
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In view of the great complexities mentioned above, the pro-
blem can be classified from the continuum mechanics point of view as
an inelastic, nonlinear analysis of a nonhomogeneous anisotropic system.
An analysis to determine stresses and deformations throughout the soil
medium by a direct application’of the classical theories of continuum
mechanics can bé extremely difficult. However, if by an adoption of
a numerical technique such as the finite element method, detailed w
stress and deformation fields could be determimey for various tool positions,

studies or the basic interaction behavior would be {immeasurably aided,

IDEALIZATION

In‘deve]oping an analyt1;a] mode] for p;oblems of soil machine
méchanics, it is essential that proper appreciation be giveg;fo the
material performance and boundary conditions. The appropriate frame-
work defined by using realistic 51m11ar1t1es between physical and
mathematical boundary conditions will ensure a higher order of predicta-
bility with the developed ana]ytica1 model. The observation of soils
deformation and failure patterns during a loading process often provides
the basis for the development of valid models 1ead1ng to selutions of

forces and stress fields.

—_ .Classical soil mechanics idealizes soils as a Eigid plastic
frictional material [Chapter 1]. That:is a material which éupports

“

loads without any deformation until a certain shear stress is reached,

whersupon total failure occurs. This maximum stress is described by
~ Coulomb's equation:

-
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Thax =(C +0 tan ¢ .

and where the shearing occurs against a rigid interface by

Tmax = Ca + g tan §

The strength properties of the soil model are defined by the
three parameters, co\;;esion C, angle of internal friction ¢, and
density v. 6 is the angle of soil 1nperface friction and Ca soil
interface adhesion. As previously mentioned in Chapter 1, this model
as well as the theory of Timit equﬁibrium has been taken to a proper
logfcal conclusion by Sokolovski (1960). Faflure q.)atterns préd1cted
by this approach are shown {n Fig. 2-2a for a cutting blade and in
Fig. 2-2b for & grouser. \ .

It shouTd be pointed out that the Timit equilibrium model
leads to a solution by predicting the shape of the regions of soil
sheared off from the main body. ‘In practice, however, the soil in

" ihe failure zone does not shear all at the same time. Due to the
. gradual increase in the/stresses_with increasing strain, the conditions
" for the trans;uon into the passive state are not realized. In ”th'ls
event, shgar failure occurs locally and the s1ip 1ines do not propagate
to the surface. This type of failure is termed progressive failure.
Furthermore, the 1imit equilibrium model provides a solution for the
7 . forces up to the formation of the first sheir plane or faﬂure surface

vm:h no provisions for extanding the solution beyond this stage.

Another 1{mitation in the appHca‘Hon of this appmch is that an
@ ‘ assumption has to be made regarding the degree of mobil{zation of the
~ $011-rigid interface friction and adhesion, -
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While the 1imit equilibrium approach was utilized successfully
for predictions of forces on cutting blades [Yong et al. (1969)], and

A N .y
grousers [Yong and Sylvestre-Williams (1969)]3M£t is argued that a 2

¢
development of a finite element model to handle some of the cutting and

traction problems can quite easily overcomg‘post of the above limitations.

&

With this background, it is ﬁow possible to examine the
deformation mechanism operative in a tool-soil system. Figure 2-3
divides the loaded soil into three distinct regions for ease of analytical
treatment. These regions are typified by elements A, B and C. The first i
of these represents an interfacial element in which sliding of the soil on

. the rigid interface does occur. The second element [8] 1s a cutting
elementrin wh1cp large shear<distortions caused by the tool cutting action
develop. Finally, element [C] represents a region in which plastic |
_deformation takes place with poss1bf11E1Sé’gf,ggyeJOpment’uf‘TBEET1zed or
general shear \failures. While this representation may seem to oversimplify
the soil response behavior, such philosophy does, in fact, take into account
all the operative factors in the deformntion'process. It now remains to
idealize these three elements to arrive at a viable finite element model

for the problem at hand.

b l Thecinitiar step in developing an analytical model using the
-finite element approach consists of idealization of the problem by drawing A
a finite element mesh which simulates the presence of the soll mais 2 g
. ‘ the tool. The construction of the finite element mesh requ1re§/tﬁ;;n:;e'
| - type and number of .elements fncluded should be adequate to a}z{in the
o correct flexibility of ‘the continum,
N

1

* ' ’ ‘\
/ . , o, -




- ARG e N TR Y IR

nitial Soil Surface

TR i@\\%

‘k\\\\Successjve

ailur )
Surfaces

-

Tement Subjected
to Shear Failure

utting Surface




I A

v R

Rads bl

~r-:‘r‘;.’u}z*:~‘, . .

T pupgee . -
WO+ ot - o o ht gt oo

i R e i

33
N4
. ' To idealize a simple soil-tool interaction problem by a finite
element model certain characterisucs must be incorporated in such a
model so that it can represent the various elements shown 1n Fig. 2-3.

Some of these characteristics are: . e

-
pred
—

P 1] Relative displacementsoccur across a thin discontinuity

- at the tool tip level, fortool fixed depth of embedment,

due to the cutting-action caused by the tool movement
_____—nthe ’s:ﬂfvass. Above this discontinufty the soil is-
dispTaced by the tool while below it very little deformatfon
- oceurs.: »

2] On the interface between soil and tool, relative displace-

ments do occur and play an important role in the interaction

Between the two materials. The nature of the 1nterf;|ce
~— _ behavior depenc;s upon the roughness of the tool and the
fr'lction and adhesion of the sofl. ' Most finite element
analyses havg _begh perfo using one of the two fo]lowing
Hmﬂ:ing assumptions concerning the characteristics of a
,f»""'/ soil-rigid interface interaction: U
“{1) that the interface {s perfectly rough, with no
' possibility for slip between\ the rigid inter- \

face and the soﬂ or \
(41) that the interface is perfectly smoth with no

possibility for shear stresses which would retard

rehtfv'e movements between the rigid interface

and the sofl.

o ' Experimental and actual field ‘evidence show that these

| 'assmptions are not realistic. ' L

B

|
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. , For a realistic analysis of the problem, it “is essential that
if - . _any relative displacement or discontinuity in the deformation field

' should -be taken into consideration., It is obvious from the above dis-

cussions that the plane strain_continuum elements used in the finite

———
———

element analysis [constant strain triangular elam:%?‘emﬁe}{an-
not satisfactorily model the soil deformation behavior in a case where
discontinuities may develop. These elements are a‘ssumed to be connected
at the nodes preventing any slip or separaiion behavvior. However, if
an {dealiz_ed materfal element that can transmit shear stréss parallel
 to 1ts direction - providing\this does not exceed the fr"!ctionall

T -resistance - is incorporated in the overall model, one will be able to
adequately include such behavior features; as failing in shear and

development of discontinuity surfaces.

S v

Previous atéanp;s have been made to develpp discrete elements
~ i to represent discontinuities embedded :a cont:;iruf;us system [Goodman
| et al. (1968) and Zienkiewicz et al. }]. In the following
h section a review of the resear:ch that pas been done %o simulate a di_s-
continuity in the finite element ina]ysjs is presented, followed by
the approach adopted in the present §§udy to deal with such behaw;ior.

2.2.10 . Ideasztipn of Discontinuities B

Resga'rchérs in the fields of reinforced concrete and rock
mechanics have iinvestigated the pdssi\bﬂ’l“ty—efmdgujnidfscontinuities
in the deformation field by the finite element methé)d. In reinforced -

» éoncrete. the combination of steel and éoncrete, by 1tself, presents no

'\, . difffculty in the analysis. However, the means of modelling the

A
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= ' béhavior at the 1nterface bet\;:een the two ‘mqterialsq"reqdire special' N

.,‘ttfention. In the first appHca'tjon'_o_f the N element method Lo .

A reinforced concrete, Ngo and Scordeiis (lf967) develo ed a 11nicagé ele-
' ment consisting of two orthogonal springs to which stiffness _was

ascribed to represent other than a ‘perfectly rigid connection -S‘egeen .

~ two nodes of ad;]acent el_ements. This element, shown 1n Fig. 2-4, has

.
Y

been used by many 1n§est'fgators. such as ‘Ngo et al. (1967) and Nilson
(1968), to simulate the bond;slip relationship between a reinforcing

<

bar and the surrounding concrete.

With respect to cracking, Ngo and Scordelis (1967) studied
;| the stress distribution 1n singly reinforced, simply supported beams
3
into which they *had {ncorporated predefined crack patterns. Nilson
4o A K" v

(1968) ex;ended the vi:rk by anowing cracking to take place along the

common e e between Qhe elements where the principal tensile stresses .

iaaadl &= V0 B

5 § exceeded the modulus, of ruptune of concrete. . The crack was represented .
by altering -the topology of the discretization ‘by disconnecting cracked
elements at their common nodes. ' In addition, Nilson introduced non-
linearities 1n the material propert1es and. in the relationship beween
bond stress and bond slip. The loading was applied incrementally and

" the behavior @udied up to the ultimate Toad, I
3 . ] . . 7

- In rock mechanics, a number of approximate models [or theories]
[ 4

have been proposed\to represent the behavior of , jointed media. These

: ’ . _theories incorporate ana]yses of intact material, pre-existing or in

: | | " situ joints or fractures,, closing-opening and propagation of cracks. . .
9 | and sliding behavior of joints 1nterpreted 1n terms of contact and inter-

_ locking of asperitids.
. N— °

N




b oS e o T

’

: 4 -
] < Stee) Element < 5
e v i
] ' é <«——Linkage Element—-
7 ‘
/4 L)

0.

Concrete
Element

O
&
ke

4
&




. .

. s,

. :

" with-its thickness in the normal direction assumed as zero. This joint

. an}! Duncan (1971) performed analyses of retaining walls using the one- .
~ dimensional finfte elements to simulate the interfaca between the wall

In order to account for a fault, Anderson and Dodd (1966) used
a pin-ended one-dimensional element, Fig. 2-5. This element can allow
;cr}ansfer of éombressive stresses across.a fault, but cannot sustain”v
shear or tensile normal stresses. Duncan and Goodman (1968) proposed p
three different procedures:- ubiquitous joint, orthotrop;ic coh:tinuum
and single joint anai_ysis. shown in Fig. 2-5. The ubiquitous Joint
analysis is based on the continuum approach in.which the 1r;duced shear
stresses are computed on a large number of plane orientatioh. Then
the 1ikelihood of slip or opening of joints that really exist is
evaluated. The orthotropic continuum approach is based on linear
elastic theory in which equivalent elastic parameters are computed for
the parent mass influenced by three orthogonal joint sets. In the
single joint analysis, Figs. 2-5d and 2-5e, stiffness formulation is

obtained by considering the joint as either one- or two-dimensional.

The stiffness of a joint is defined in terms of its normal an& tangent -
fal stifffesses. This approach is a modification of the concept pro-

posed by Ngo and Scordelis (1967) for cracking in concrete elements.

The one-dimensional single joint proposed by Goodman et al
(1968) and Heuze et .al. (1971) is defined by four nodal points, Fig. 2-5d;
[
\k‘,ﬁ
element, when inserted between two portions of the parent mass, can per- *
mit large relative displacements. Zienkiewicz et al. (1970) have for-

muldted single ‘joint analysis by using {soparametric element concept.

In applié;:tion to soi]-structure interaction problems, dough'

~
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. and the backfill. The analyses were performed in a series of increments,

¢
BT e

adjusting the properties of the interface and the backfill in accordance

with the stresses for each increment to approximate nonlinear behavior.

2.2.2 Idealization Adopted in the Present Study

*

The model adopted in the present study incorporates a prede-
fined discontinuity at the level of the tool tip. This discontinuity
is positioned on the cutting surface shown in Fig. 2-3. The purpose of
including the cutting plane discontinuity in the finite element model is
to represent the action of the cutting element, shown as element B in

Fig. 2-3, where severe rehtiv‘disp'lacements and sebaraﬂon of soil

blocks’ take place. Such discontinuity can be visualized as a thin soil

layer on which the soil above slides on fhe soil mass below. This :gi
=~ s1iding behavior 1s governed by the soil qonstitutive shear stress-
relative displacement relationship. It must be emphasized here that‘
it 1s essential to consider such sliding action if an investigation is .
N to be made of a continuous sofl defom;ation process.
T he d1scont1nu1ty location ieas predetermined in this study
due to the fact that the tool is assuméd-to be moving at a constant a
g'levation. | ‘Such a predefined ﬁgiscontjnuity plane is not to be c{mfused N
with a failure plane which can initiate at the tool tip at any angle 1
‘with respect to the hor.izontal depending on the direction of the max‘1- ;
mym shear stress. J i 43

‘o
1,5

The horfzontal movement of a cutting or a. traction togl often

-

, produces i series of failures in the soil which are usually 1nducéd from

e g AR .
(Y ” g‘gg‘xflé

the 1evel of the tool tip to the sofl s'urfice. While these failure )

i
'y
“
%,
o




40 \\ c

sdrfaces could be modelled also as discontinuities, a prior specifigation
of failure surfaces will limit the usefulness of the proposed model.
Location of the 7ailure zones or surfaces in the soil medium is deter-
mined in this study, by examining the maximum shear stress induced in

each finite element after each increment of tool disp]acgggntf/— If the
f

stress is found equal to or greater than the shear strength of the soil

at that Tocation, the stiffness values for this element are reduced to

smal]l magnitudes, and this element is considered to have fa11gd in shear.

It becomes esseptial now to point out that such an approach for deter- &
mination of failure zones or surfaces does not allow cracking to take

place, and hence, s1iding along a series of failure surfaces is not

possible,  Such behavior was net included jn the proposed model partly

because it did not take place in the expeﬂqﬁental1y observed deformation

W

field, as will be shown later, and partly becayse of the large amount of
computer memory and time required for such an analysis. However, in

case sliding along a failure surface is found to be of importance in
\

fonn of a joint element, similar to those described 1n the previou
section, along the cracked elements' common edge. By a11ow1ng these .

Joint elements to transfer coﬁ‘?essive stresses but not shear.or tensile

-

normal stresses, ‘one wil1 be able to represent the propqgatlon of fai]urew

Rsarfacgs, and subsequently sliding along these surfaces.

' As prevfﬁﬁiﬂy stated,\in conventional finite element theory g

7

the 1splacementsaw{19 thf/ boundaneen adjacent finite elements are }
s

¢ \‘ \ \\/“ ‘ ‘ /”
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| - N

required to be compatible, i.e., no gaps may open or relative displace-

" ments may occur between adjacent element:s. It has also been pointed out
that during the soil deformation process, reﬁtive d1sp1acements‘do occur
on the interface between the soil and the tool representing a discontinuity
in the finite element displacement field. Such discontinufty, is presented
in Fig. 2-3 as element A.  Since the relative displacements occur in the
tangential tﬂ’rection\ at the interface, the joint element, presented by
Goodman et al. (1968), \can*be inserted between the tool surface and the

soil mass, Fig. 2-6, to allow for soil slipping along the meta] interface.

A similar approach is employed to model the cutting plane dis-
continuity in view of the fact that the d;forqation mechanism of thig
plane, presented in Fig. 2-3, by element B, is similar to that of a rock
Joint in that relati;e disp'l'acements occur across a thin discontinuity.

hus the simulation of the assumed d1scoﬁt1nu1ty can be the same as that

surface which were initially in contact. )

a ’ _ Sumnarizin;,; all of the above -points, the finite element idealiz-
ation adopted in this study, shown in Fig, 2-6, for a'blade-soil system,
consists of: - ‘ AN

3

‘1] Continuum elements [constant strain\ triangles] representing
' the soil mass. f ' )
2] Interface dtiscontinuitx_'cmploymg Joint [interface] elements
to represent the soﬂ-t;:ol interface characteristics. ‘
,3] Cutting discontinuity modelled by joint [cuttinp] equﬂis

/ . fnserted between the continuum elements to represent the
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shearing or cutting of the soil caused by the tool

movement.

2,3 FORMULATION OF THE PROBLEM

The analysis of plane strain problems by the finite element
method has been fully‘described fn many publications [Zienkiewicz (1971)].
The derivations will ﬁot be presented here, only the general formulation
and thé essential features of the procedure required ‘for the analysis of

the present problem will be discussed.

From basic energy principles, for a body to be in equilibrium,
/
its potential energy expressed as a functional I should assume a

stationary value in a class of admissable variations (6U1) of the dis-

placements Ui of the equﬂlibrium state. The functional 1 {s given

. by:
n(u1) =Y -W"
where 1 * - A». i
g _ Y = strain energy, and '
W = work done.
’ In a detailed form the above equation can be written as:
| ‘ v W B ‘ ~.
where
‘ T, = Btress tensor., L
] s}l - str‘ain tensor. con o \
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e Fy = body force field : |

9 T, = surface force field, and W

B, V represents the body boundary and volume, respectively. / 4

3 In a matrix notation Eq. (2.1) becomes:

n(u,) = ! 3 TledV - I o7 Fav - l v’ TdB (2.2)

Using a stress-strain relationship of the form:

el
g | o Where Ci js a stress-strain matrix at stress level 1, Eq. (2.2) can
now be written as: o
mu,) = Iie ¢! eav - f o' Fav - AQT TdB (2.3)
v v '
o Assuming a displacement field given by:
B U= 20 3 | (@)
T N } ,Where ¢ 1is the coordinate matrix of the nodal points', and gi are
generalized coordinates.

N "It is possible to represent a in terms of ¢ and U by prgmu]tiplying
| both sides of Eq. (2.4) by ¢ ', giving: N
1. . . . .
3 a=hU ‘ . a \
g} A ~ ~ o~
; where o
" h= o
The strain vector can now be obtained by differentiating the displacement
( ,_,,? vector-. g . with respsct to, ¢ and can be up}eséed as? ¢ o 4> :
o ' erhy . L (2.5)

~




w

h
where &' 1is the ¢ matrix after the necessary differentiation.

-~

T Sl

Substituting Eq. (2.5) into Eq. (2.3) yields:

e N

mu,) = 4 {gT h o' Tchenuav- l uT F v - lgT T d8 (2.6)

After proper iptegration and conversion of the body forces F and

syrface tractiony T to nodal forces, Eq.”™$2.6) can be wriéten as:
. .
UARE NSNS , (2.7)

where f are the lumped nodal point forces.

g
{

From the theorem of minimum potential energy, in an equilibrium

state the variation of the functional N vanishes, f.e.

So L gl

—

31 (U ‘
sufy,) = —~3-6;jl-- 0 ' (2.8)
Applying the condition set by Eq. (2.8) to ET. (2.7), yields "

s1(u,) -‘59 - f=0 ﬂ{ o i Y
/ , .

- H

/

/

where '5 is the element stiffnéss/é;trix.

ving Eq. (2.9), sybject to the -boundary conditions, provides %

both the stress and deformation fields. ) &
= ¢ ) ‘ : E;i

2.3, int. Element Stiffness Formulation. | &
/A Joint element was developed by Goodman, Taylor and Brekke - &

7/
/

. Y ‘i . )
© {(1968) ‘and applied to saveral rock mechanics problems: sliding of joint

»
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i

. with a tooth, behavior of joint intersections, tunnel in a system.of
staggered rocks. Héuze and Goodman (1967) also used it to simulate

the thavior of mine roofs.

The following is a derivation‘of the stiffness properties of
a joint element 'a/s‘ ﬁresented by Goodman et al, (1968). This element,
shown in Fig. 247 in a local coordinate system with the x-axis along
] the length, has a length, L, but very small widttf., The origin is at'

f' the center.

\

The stored enefgy, %, 1n*such an element i{s due to the applied
forces per unit length acting through the disp]acqments and must be

summed through the element.  Thus,
e

T L/2
/’/ -0 =} [ w; Py dx (2.10)
' -L/2 .
I : ‘ /

in matrix nota’tion

- L/2 ¢ ' .
o=i [ @ (P ax (2.11)
-1/2 ’
/( . : ) P
in which’ ¢ (w) = the relative displacement vector given by
L ’ Top _ Bot'tonq
wi w. /
(w) = g | : ) (2.12)
m’rop wlocton
n n
/ . S \
' ®
4
. ) Ps . :
'! - , jﬂl (p) = P *, the vector of force per unit Tength _(2.13)

[ . )
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The vector,(P‘)’, may be expressed in terms of a pMuct of unit joint

bt asnude couit alie s LUl Rt R b ane i U v~

stiffness and displacement .

(P), .'..(.'F) (w)

(k) =

D NS
T e
[N
.....
........
PN
LEN N
v
S

Substituting Eq. (2-15) in Eq. (2-14), gives

Y ¥ S
.Q.QI ()7 K) () dx
-L/2

f

'

placements (U) tfirough a iinear, interpolation formula,

bg“disblacgmnts in the tangenﬂ‘la'l and normal directions, respectinely,

at nodal point 1 along the bottom of the element

. ‘ :apotto-

wbottén

-

-

o 1+

2%

2

12 o

0

, 2x
'It"r

The displacement (w) may be expressed in terms of the nodal point-dis-
Let Ui and Vil

(2-14)

(2 15)

(2-16)

§

r



49 Fp— - T
p ! e
- { s
Top1 T 2x* 2 1] . %
w‘ ] "' '[-: 0 ] - -r- U0 U3 .
. . :
-4 N 8| (2.18 3
- . U4 ¢ ) :.
Tpl | g 142 o 1.2 |y -
\ “n T T 4 -
L\ J L N . - L
t v
Thus the relative displacement in the element is ( ;
a ~T U1 1 '1‘
v, N 4
[ Top Bottom | ¥ i )
w P g -A 0 -B 0 B 0 A %\ Uy |
i . l)? o 2 ' .
» o - 20]9
(w) - P | . U3 ( )
V3 :
¢ TOP . Botton ¢ -A'c -8 0 8B 0 Ay,
i | ) L s S : - A v
% , L -
N <
£ Where
i " . 2 C 4
\ x ] % _
% A"'l-'-[-, and B lﬂ--t-z
!
. Syolically .,
) =2 (D) (V) C L (2e20)
° . " 4 : “ Y i
in which (D) ynd (U) aredefined by Eq. (2-19).  Substitution of k
Eq. (2-20) in Bg. (2-16) yields: A
' - ’ : ' , ' v : .
1 ' sz :
R SO G RUR O . (2
M 2 4 ° s/ . .
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‘ Substituting and simplifying, the expansion~df Eq. (2-‘21) gives |
e=3L () (K) (W R C (2.22)
in which
- * -
st 0 k,.s 0 -ks 0 -2ks 0
- 0 2kn 0 kn 0 -kn 0 -2k
- :
{ ks 0 2ks 0 -2ks 0 ks 0
0 k 0 2k 0 -2k 0 4 3
)~ g 0n 2k on 2k on K on (2.23)
s kg s s $
- - 0 <k O 2 0 2k 0k
hS
-2k 0 -ks 0 ks 0 gks ) 0 .
o 0 K 0 k02 ,
. K = the joint element stiffness per unit length

The e]ementsﬁffnessktrjix has 32 nonzero terms but it depends on
' 7 - only two quantities, the unit joint stiffness in the normal and tangential

directions.

P ) )
i The_last step in the derivation is to place the element in a

. ’ coordinate system for the enfire structure. Adopting a global coordinate

system X, Y as shown in Fig. 2-5, the transformation takes the following

form: < |

el

(2.24)

» o
sino,  cos ® Y

b

"
t

«  where c . N v :
'ﬁ ‘ x and y =\Jocal coordinate%e tangentfal and normal

\ - | o fre?ioné;uspecti‘v’e]y.
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. 2.3.2 Boundary Conditions -

7 " In the two-dimensional problem considered in this study,the
N boundary conditions can be e'ith;er specified forces, specified displace-

ments or; Soth. A;sming direction of tool motion to be horizontal,
the boundarf conditions. at the tool surface are specified hof‘i.zontal
displ.acementsz The top soil surface is considered a stress-free
boundary unless there is a vertical ldad diktributed-uni-?onﬂy on a
grouser ¥tool (a) - Fig. 3-1 for e;ample]. At a reasonable distance
from the tuol, the bottom boundary is assumed to move only in the x-
direction, while the sides are smooth {in the y-direction but fixed in

the x-direction. The ass\ﬁ}tiéd boundary conditions)\are shown in Fig.2-6,

~ If the boundary condition is that of an applied lqad, the
* value of the load s‘ simply added to the appropriate components of the
: vector f 1n Eq. (2.9). Equivalent nodal point forces due t¢ hody
] i ' fgrces and surface tractions are calculated and assembled concurrently
] with the element stiffnesses. The body forces in a triangular element
i ! due to gravity are lumped as one- third values at each nodal point

|

omprising the triangte.

N
>

In case displacement or kinematié boundary conditions are

specified, as in the’ bresent study, the stiffness matrix K has to be
suitably altered to a¢count ?m‘ the specified disphcements. If the

1th element of the dehection vector U {s specified to be "4, the
corresponding row of tihe stiffness matrix is mde zero and the diagonal

-

term 1s made unity, 1.e.,

| ' TR
[ : - : * (2.25)
k .ol for"'jt J.‘.ln ....n ™ .
13 . Yz

——
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The corresponding force element, fi’ {s then set equal

f to the prescribed displacement value A. One major disadvantaég of

this procedure is that the altered stiffness matrix, K is no longer

™~
, ‘a
LN
®
»
2
o
\\&k/\

symmetrical 1eading to added storage requirements while solving for the
unknown displacements. An additional modification, however, will

restore the symwetry of the K matrix as outlined below.

‘In addition to satisfying Eq. (2.25), all elements in the

th

17" column, except the diagonal element ki1’ are sef equal to zero

as in Eq.(2.26)the symmetricaf nature of the K matrix is retrieved.
%

ke = 1 : p
o1 ]

. (2.26)

kji = 0 far it ; =1, . SR n
The force vector f on the righthandside of Eq. (2.9) now
has to be altered as:
f1 = A
C ,’ (2.27)

' ‘ N
,fj = fj - kji A, forig¢J, j=1,.....n

Thus, Eqs.{2-25), (2-26) and (2.27) can be used together to achieve the
desired pﬁfpose. The method s discussed n more detail in Ziénkiewicz'
book (1é71); 1t is very easy to program and is adopted in the computer
program dgve'loped in this work.

PR T WP
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N,

N

2.3.3  Solution Method ) -

Equation (2-9) after being MOdified for necessary boundary
conditjons represénts a set of linear simultancous equations. Various
solution Sschemes that utilize certain special characteristics of the
coefficient matrix have been used successfully in computer programs
for the finite element. The banded nature of the matrix has led to
the use of iterative meihods of solution with over-relaxation factors
[Fox (1965)]1. The coefficient matrix has been deéamposed into block |
tri-d1agor;1 form and subsequently solved limination procedure,

mﬂso been used [GiHJava-

’

1labhan (1967)]. The direct Gaussfan elimination is simple and

- effective to program [Zienkiewicz (1971)]. It has been adopted in tq@ﬁ, %

2.4°

ES

CONSTITUTIVE RELATIONSHIP FOR SOILS
—AND FINTIE ELEMERT NORLINEAR ANALY

program developed-in-the present study.- A detailed discussion of the
technique is presented in Appendix D.

SIS V 1

In the previouslsection, the finite elemant formulations were ~
derived assuming that the stress-strain behavior of tﬁe 6ater1a1 is
known. A set of equations that defines the stress-stra?n behavior of a
material represents the constitutive law for the mater1;1; Constitutive
relations for soils are derived, based on some simplified assumptions for
the behavior of the material. The number of variables occurring in the
law would depend upon the compiex1ty of the model chosen to simulate soil
behavior.  Nonltnear analysis by the finite element method or other
numerical techniques will be 1nfiuqnceﬁ by the‘nature of the model chosen, *
In general, thé more complex the mode), the mor;e the nhbur of variables

7
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] (].l ' to be taken into account and the more involved the nonlinear analysis.

s
1
i
’
3
A
¥
N
3
4
v
*

Moreover, for a realistic analysis, it must be possible to obtain values

for the constanks involved ih the constitute law from laboratory

T \

experiments, ﬁ “

2.4.1 Remarks on Constitutive Relations

The simplegtpgonstitdtire law will be the one that assumes

~_ that-sotk behavior cantibe represented by a linear, elastic o
- \ - AN

material. This 1ine§r. elastic model has been used by many research

.

workers in their investigations. OtherAﬁérkers have considered soil

to be_e]asto-plastic or nohlinearily elastic. -

e

' The.elaéfo-p]astic proach idealizes the stress-strain curve

, @ for the soil, and uses the equatfons of elasticity in the elastic range

STe . " and the equations of plasticity ik the plastic range. The nonlinear

" elastic approach, on the other hand, does not idealize the stress-strain s
curve, but uses the equations of eTagticity to solve for the stress

state even after yielding has oceurre in the soil. Any degree of non-
linearity can be accounted for in this approach. The elasto-plastic

approach appears sound from a theoretical standpoint, but the practical
problems involved in defining a yield 1imit and a flow law are quite a
handicap. In as much as the nonlinear elastic analysts represegis the

actual stress-strain relation obtained from tests, it seems reasonable

to expeét fairly good results from this type of analysis.

! - 4

It 1§ to be recognized that anitotropy in materials can be of

0 two types.  Material ani sotropy represents different elastic properties

in different directions. In nonlinear materials, stress-induced aniso- )

w
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1 ‘ tropy always exists and this may be coupled with material anisotropy.

The principal stresses under a loaded condition will selgom ba the
same, and this will result in different elastic values in different
directions depending on the stress level. ‘This causes stress-induced
anisotropy. It is generally difficult to take this type of anisotropy

. into account without elaborate testing or simplifying assumptions.

2.4.2" Solid Elements Constitutive Behavior

In the computer program developed in this study, the stress-
strain reiations obtained from laboratory plane-strain tests were used
fn the finite element analysis to predict the load deformation behavior

- +

of the continuum.

The nonlinear analysis in thé finite element method is con-
o ducted as a ;eries of linear analyses by an iterative or a step-by«step

procedure, or a combination of both! ¢Methods developed to obtain such

A X

solutions are described 1q the next section. However, both methods \
reqhire procedures to compute values of 'E and v, elastic modulus

and Poisson's ratio, for the sofl during any stgte of loading. . The /

. prqcéﬁure that is used to obtain these values from p1ane-stra1nwtest

i)

\ results will be first outlined.

,‘,k oo .

‘ Evaluation.of € and v from plane-strain triaxial test results:
‘. ' ‘ ‘ )

ig "Hooke's law for an fSpirop1c, linear, élastic material in a

A
principal plane can be written as: " 1

P
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i
! ‘ e,=9€~—’g-(02+0,) g
B 0‘2 v
A ) ’ 52 = ' = E (01 + 03) (2.28)
g v .
€, --E’-- E'(cx +0,)
’ where .
oy (i = 1,2,3) are the major, intermediate and minor
.~ principal stresses, resbectively.
/ gg (1= 1,2,3) are the major, intermediate and minor
h principal strains, respectively. \
A ‘ . .
\\ For the case of plane strain
z ' \ €, " 0
{ ——
| ~ . and the second equation in Eq. (2.28) reduces to ’
3 / ' . {
5' o, * vlo, +0,) _ . . )
for an 1ncompré§s1ble material v = 0.5, and from the first
equation of (2.28) 1t can be shovgl that
3 Q
i e, "3 (01 - o)) &
Cor ' ) )
-~ ’ a 3 al - o! i ' >
E T. 5 ' ' (2,29)
1 ol - G, 7 ’q i;
The —— term in Eq. (2.29) represents the slope E, Pl
1 o . . £
- of the deviator stress, (0, -.0,), versus principal strain, ¢,, Y bl
o curve. Thus in the plane strain case , - &
3 . o < : ¢ . ?f
E=§E . | (2.30) '
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of direct shear tests. The nonlinear tangential stress-d1sp1acanend

2.4,3 Joint Elements Constitutive Relationship

As mentioned earlier, the cutting phenomenon caused by the
tool movement in the soil mass fs idealized by inserting joint elements
betweer{ the solid elements. In evaluating the stiffness of these
elements, it is aSSum‘ed that both normal and shear displacements vary
Tinearly along the le}\gth of the element, which is compatible with the

external boundary displacements of. the continuum elements used herein.

The properties of these elements consist of a novmal stiff-

ness, kn' and a shear stiffness, ks, which are related to the

normal and shear stresses acting on the element by

kn 8, = %n
and ks As\‘ T \-‘ : (2.31)
where An = av’erage relative normal displacement across the element,
and A, = average relative shear displacement along the element.

o
The values assigned to ks can be determined from the res«%]ts

L d

. z
&urves shown 1in Fig..2-8 may be approximated by hyperbolae having eq-1ation

of - the form’ )

L]

e i : . (2.32)

- 3 s

T = cutting stress, S

‘ [ ]

‘%s = ghear displacement,

{
.
ad a, b = empirical co;fﬂcimts(,whose values are determined e,xpeli-f ‘ '
: iatally, - ' 1, -
|
!
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N 2

The values of the coefficients (a) and (b) may be determined
most easily if the stress-displacement data are transformed’to another
set of axes, on which the hyperbolae plot as straight 1ines. By trans-

posing Eq. 12-32), the following relationship may be obtained

|

- . ! .
: %§-= a+bag : / (2.33)

If values of Ks/r are plotted aéainst values of A, as

shown in Fig. 2-8, the resulting variation will be a straight line if
‘the shear stress varies.hypgrbol1ca11y with displacement. It may be
lshbwn from the form of Eq. (2.33) that coefficient (a) is the intercept,
and coefficient (b) is the slope of the straight 1in9 on this transformed

plot.

’

The reciprocal of coefficient (a) is the initial slope of the
shear stress displacement curve, and is apalogous ta the initial tangent -
modulus of a stress-strain curve. The quantity ca]]ed herein the initié] ) .
"s;gar stiffnés§. Ks{’ has units of force.pgr gubic le:gth. or pounds
per cubic 1ﬂggéfor the curves shown in Fig, 2-8. The recipracal of ;

coefficient (B? is the asymptote approached by the shear stress displace-
/’Jigﬁt curve at very large values of displacement.

-

Tangent stiffness values, representing the slope of a tangent
to the shear( stress displac«nent curve, may be readily found by
differentiating Eq. (2.33)with respect to by and, eliminating Asfrom

the resulting equation, the tangent. stiffness value may be expresséd as

J

x -}(1-1!:)' | < ' - (2+34)
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‘ ‘ Possible npdesz of behavior for the joint element are shown in
Fig. 2-9. It can be seen that in the compression and combined modes
the adjacent continuum elements tend to overlap, a condition which occurs
because cu;\bress‘ive stresses require compressive relative displacements .
across the element, which, for purposes of analysis, is assumed to have

very small thic{mess.

The stiffness values assigned to these elements varied depend-
o ing on the mode of behavior and the element stresses. For compregsion,
the value of kn was made equal to f.hg initial elastic modulus of the
continuum elements, and tﬁe value of ks was calculated using Eq. (2.34). .
Aftebr an element had failed in shear, with the element still in compression,
ks was reduced to a negligible valye but the value of kn -was kept. con-
"stant.

*

v ' Both the shear stiffne:ss, ke» and the shear strength of the
‘cutting zone depgnd ;an the value of the normal stress existiné on this |
layer. The tangential stiffness values assigned to these elements
varied depending on the element normal stress. This was done by con
sidering the values of the coefficients (a) and (b) as a function of

~ the normal stress existing in the element. B

§ ‘ In a similar fashion, the properties’ assigned to the interface -
{ - elements are determined from the results of direct shear tests consisting

S ; partly of soil and partly of tool material., Equation (2. 34) 1s again o
used to predict the tangent stiffness modulus provided that (a)and (b) - .
- coefficients are obtained from a soii-netal Interaction test. "
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2.5 METHOD OF ANALYSIS

In this particular study, norﬁdnearities occur in two different
forms. The first is material or physical nonlinearity, whie%h results
from nonlinear constitutive laws [Section 2-4]. The second is geometric
nqunear:ity, which derives; from finite changes in the geometry of the

deforming body [Desai and Abel (1972)]. | - X

.

Material nonlinearity alone‘enc‘mnpasses problems in which the
stresses are not Tinearily prope:'-tionalt to the strains, but in which
small displacements and small strains are cgns1dered. Displacements
refer to the change's in the overall geometry of the soﬁ body, whereas
straips are related to internal deformations. Because of the small
dﬁplacements encountered in some cases, local distortions of an element
can be ignored and the areas of the original, undeforme& é]ement can be
used in cor;1put1ng stresses, In this case the linear strq1n.d1splaceme\nt ~

equations written for: plane strain problel;s as:

!

.. Ex " 3x € " 3y { (2-35)

'/.
- where ¢, and e, are the normal components of strain,.

fs the conpdnent of shear strain, *© -

S ¢
. Xy . ) ..
u and v are the displacement components in the x- and y-directions,
-are used. , ) e
- | 4

T
\ - 1y

Problems involving geémtric nbnlinurity-aﬂse both from non-

1inear strain-displacement relations, written for a plane s‘tr\i\in case as: . ’
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3v , 3u-, dudu, 3V 3V
3x
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o

. and from finite changes in geometry. In other words, this category

encompasses Hrge strain and large displacements.
i} te 2 .
The most general category of nonlinear problems is the com-

binatlion of .the material and geometric non][nearities. It involves
Boen, .nonlinear const‘ltfutive behavior as well as large strains and finite
“dispquaments. T',“S Section begins with the explanation of the
_computational procedure adopted to treat mat_:’eﬁa‘l nonlinearity,
followed by a brief discussion on geometric nonlinearity.’

¢

2.5.1 Material Nonlinearity
/ ,
" o Noanear stress-strain behavior may be approximated in

) 'finite element analyses by assigning different modulus values to each

of the elements into which the soil is subdivided for purposes of /
analysis, as shown in Fig. 2-6. Thé modulus value assigned to ‘each
e!énnt is selected on' the basi;. of the stress or strain in each
elesent. Because the modulus values depend on the stgesses.’arid the

- stresses in turn depend on the Mulus values, it is necessary to make

repeated analyses to insure that the modulus values correspond to the

3

Two techniqués for approximate nonlfhear analyses by the

' finite element method have been tried [Desai and Abel. (1972)]. These
l : o ' ‘ ,

' /.n: \ : . %

\ stress conditfons for each element in the system
-
|
l

g N L - . e
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1] Direct fteration method, shown in Fig. 2-10. By
this method, the same change in soil external

. .loading is analyzed regpeatedly. After each analysis,
' ol » N @ - &

the values of. stress and strain within each element

SO g

are examined to detérmine if they satisfy the appro-

e

priate nonlinear stress-strain-relationship. If

/.

the values of stress and strain do ngticorrespond, a
new value of modulus is selected foé?%h#t element
for the next analysis. The main advantaée_of‘th1s
technique 1s the capabilfty of the procedure to
répresent stress-strain relationships 1nvwh1ch the
stress deéreases wiﬁh increasing strain after
reaching a peak value. The shortcoming of the
1térat1ve procedure. is that it can any give the s
. solutfon for the final level of applied load, and ‘
.cannot consider the 10ad and deformation history of
the sofl.

Incr method,* shom 1n Fig 211 In"tms
' ' . ) \pr::f:ji;: on the other hand, the soil loading 1s
‘ . considered to-be applied {n small 1ncrements. If
e " the state of stress and strain at the stirt of{an
1ncrament s known 1in each element, the state at
“the end of the increment can bé found by an
| ¢ additi’u of 1ncremnnta1 changas.‘ The constitutive
ﬁ | ‘ relationship to be used for each ¢lement may be-
dctarmined at the beginn1n9 of each {interval. Thus‘
the uanlinelr stress-strain rclat1onsh1p is apprdxi-

1 , ) ’

. +
“ .
“ . ‘ . -
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mated by a,series of straight’ 1ines. The
princip&] advantaée of thi§ procedure {is that -

- it prdvidgs a relatively complete description N .
of the load-deformation behavior, as results are °
obtained for each of the intermediate states

v corresponding to an increment of loading.

B .
~ b

In the present ‘study, it is essential that the sofl

BN
«/

deforma\tion 'and stress fields are obtained and examined as the tool —— —— - -

advances in the soil. For this purpose the incremental procedure was

employed. o : v

oo, The incremental technique ’adopi:ed in the analy§1s makes use
f the plane-strain triaxial stress-strain curves to compute the value |
of the elastic modulus, E, during each increment. The value of N i

o . , ) &
Poisson's ratio v {s kept constant in the.analysis, \

kS

The starting value of the moduius. ~En' is taken as the
initial slope of the plane-strain triaxial stress-strain curves at zero
confining pressure.  With the assume_d val&e of Pojéson's ratio, the
stresses or strains in each element due to the first increment of dis-

. placa\en; is computed using the elastic analysis. A new value of the
modulus to be used in the' second increment 1s computed by using the
nonlinear curves, - E1tﬁer the stresses or strai_'ns éunputed in the

e'lmnts'can be used in the nonlinear curves to-obtain the E _values.

The modified constitutive relation 1s used in the next increment of . -

dgfoma\t!on.l The process is continued until the desired total

deformation 1s obtained.




h

The modulus value, E, is calculated in each increment as:

3(91 =¥0,) 1 - 2 (9, -0,) 4 - N : (2.37)

El)f B (el)i -1

3

where 1 represents the current increment state, and { - 1 represents

the previous 1ncremeﬁf\stage. Figure 2-11 illustrates the incremental

procedure. -
?

" " There are Several possible ways by which the solutions

" obtained by the incremental method can be “improved. Since for every

increment the elastic constants used are from the previous increment, it

is necessary that the increments be quite small to obtain good results.

?urther if there are abrupt slope changes 1n the stress strain diagram,

the method is 11ke1y to give unsatisfactory results One'gf the ways
to reduce some of these errors is to iterate a few times after each
increment to bring the assumed E values close to the actual values,
This procedure would also allow taking'larger load increments in the
analysis. fhe incremental-iterative method suggested is used in the
computer program developed in th?sﬁstugy.

In most pr6b1ems, it is found sufficient to iterate two to
three times at each increment to obtain compatible stresses and. stra1ns.
The number of fterations at each 1ncrement ‘may be reduc!ﬂ by predicting
the value of .E for a load increment based on the stresses or strains
attained in the previous increment, and by using this value of E as a
first trial in the cdmputatiens. Linear and parabolic predictions were
progrummsd in this study and gaVe very satisfactory performance for a
fiu idealizod exanple problems For sofl stress-strain curves, it.is

'l

|
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‘ felt/ that the paraboHc prediction will work much better than the ’ . s

’Hnear- one. F'Lc_fure 2-12 diagrammatically illustrates the workmg of
gp

o . the linear pr/ediction method. : ' | .
/- :
‘ % ' ' _

2.5.2°  Geometric Nonlinearity .

- .
- =

/ In the previous subsection [2.5.1], the material or physical

/" nonlinearity arising from matgrial properties was considered. It is
recalled that in the case of material nonlinearity, both.strains and

) displacerents are assuméd to be small, but §tresses are not proportional
to strains., In t/his particular study, in addit‘lor{ to _matertal nonlipear-
ity, geometric nonlinearity occurs due to the finite changes in the
geometry. of the deforming soil in front of the cutting or traction tool.

Combination of both nonlinearities 1s particulaﬂy simple {f an incre-

{\»mental procedure is adopted.

. 1f & full load-deformation study is required it i common

Apﬁactice to proceed with small loading 1ncrements and treat for each

' suc\\ 1nerement the problem as a piece-wise Hneg;,\one w1th the tangential
t1ffpess matrix evaluated at the start of the increment. If the nodal
coordinates are cont1nuously/{quated the cg]cuhtion ft;l'lows‘ precisely
the same pattern as used in small d1splacanents-j,nfinit;esimal strain .

-~ analysis. Updating for a plane strain case takes the form:
y ,

) ' B
Xp = Xxgtug Yyt Yty

tos

o
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. L . .
Slope of 7 0A - first trial value for E without prediction for second increment.
Slope of _AB - first trial value for. E with linear prediction for secord
Slope of AC - actual E value for second increment after 1terat10n1?°rmnF'
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where B
%" Xgo SQ are the updated noda] coordinates: at the end
”;1 , of the 1th increment. .

Xys }i are the nodaT coordinates at the beginning of
i v the, i*" yncrement.

B th

uj» v; are the 1™ displacements in the x- and y-
directions, respectively, associated with the
nodes.

' > P
Strains 2re now determined by the derivatives of displacements with

respect to the updated coordinates.

‘ It 1s possible to' use the general defipnition of strains,
known as the Green's strain tensor, which is valid whether displacements
or strains are large or small For plane strain case the Green strain
is defined by Eq. (2 36). If displacements are small the general first-
order linear strain approx1mat§én {s obtatned By neg1eét1ng the quadratic
terms [Eq. (2.35)]. Because the loading increments are small, it is
assumed that the strain 1ncremhnis may be regarded as infinitesimal in

the usual sense. In such case, the»linear strain approximation

' [Eq. (?.35)] can be used. It- 1s recogn1zed. however, that the same

may not be true of the accumu1ated values. In the 11wut of infinitesimal
1ncrcmqhts of londing.'it may be shown that this prégedu?e gives the so-
called logarithmic stfgins;‘ rather than simple hispl;cement gLadients
[Fong(t§65)]. While fﬂjs is adwnittedly an approiimation to the more

formal definition of largg'strains. Eq. (2.36), the degree of approxi-
mation appears to be consistent with that of the overall method.
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CHAPTER-3 /‘
) | !
S EXPERIMENTATION ‘ A
3.1, INTRODUCTION .
3o,
The analysis described in the previous Chapter solves
approximately the problem of a siplified cutting or traction
interacting withn'soﬂs. Two kinds of unavoidable approximations were
introduced into the analysis, namely the insertion of the cutting 1
" [joint] elements in the finite element model to represent the tool 1

cutting effect, and the adoption of a numerical solutton [incrementa? . ‘
finite element] technique. The combined effect of‘ all approximations'
can be investigatéd by comparimg the results of the analysis with expe}ﬂ-
mental measurements. Therefore, the purpose of the expérimental_
progrﬁme cirried out during the course of this study was to provide

" data on the interaction of the chosen cutting and t‘ractjlon elements

"with cohesive soils under plane strain conditions, which could be com-

pared with the analytical results. Mainly the following facts were
investigated: '

- .
(1) The load-displacemens, résponse of the soil,
(2) The soil deformation ff%lds.

,'(3)‘ Failure mechanisms. o 4

In simia[f:'lcng traverse motion of a cutting or tractive
element, 1t is common prattice in laboratory experimentation t‘o'
control: © - " '
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(a) Depth of element travel - i.e. varfable vertical

% force resulting therefrom.
(b) Appl ied.verucal force - 1.e. variable depth of

element motion.

;_. The resultant forces developed for situation (a) are

“ obviously different from those of (b) - due to the different boundary
conditions developed. -~The actual field problem however involves |
neitherL situatfon (a) nor s1tuat19n (b), i.e. neither vertical loads

nor elevations are controlled. S,

While in traction analysis the constant pressure appropch
'[situatioﬁ (b)] intends to similate a portion of the vehicle wefght
applied to the top of the grogser and maintained throughout‘the
entire test, it could be argued that this is not the case in reality

B/ <A

as; the vertical pressure on the grouser changes in magnitude while the
“track is moving. And since the actual field situation in traction
involves multiple grdusers on a ~11nk or a belt system, the predi;fion
of mobﬂity for track systems based on single grouser analysis must

-

suitably account for multiplicity of grouser action. Track analysis

however constitutes & separate problem and is not covered within the

t of the work ﬂoﬁe up to the présent time on the analys1s

Lot the problem of sofl cutting assumes & constant depth of cut [Osman
(1964), Reece (1965), Huttiﬁgi:;:;\i et al. (1956)‘0‘!5& Yong- et -al. 11969)]
TMs condition was mintaincd in both the cutting and traction test

scricsocondug:tcd in this study. The reason for adopting such a condition
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' in the traction series was to apply similar boundaryéi:ondit1ons as
those assumed for the soil cutting case, thu's obtaining a unified

method of analysis.

" The t?sts performed in the course of the investigati&n T?y
be divided into two categories: '
(a) Cutting tests, in which a series of strafght blades
with d1fférent angles of inclination were moved
throudh the sofl. ' Vertical movements of blades
were not permitted so as to produceé a constant
depth of cut condition.
(b) Traction tests, in which grousers with different
geometries were moved in the soil at a constant

- ’ height relative to the initial soil surface.

In both cases, the n)eas’ured parameters were: the horizontal and vertical
forces, 'and the tool horizontal displacement. All meas;jrements were
made on a time base which allowed for the determination of the L
horizontal carriage velocity. A complete description of the experi-

Y mental facTity and procedures used in the experimental phase of the
study is provided as Appendix A, )

_ Briefly, 1l;he experimental fac111ty consisted of a tool~
carriage assembly moving through a soil sample contnined in a bin with
transparent lucite side walls, | Two soil types were esiployed during
the course of investigation. These were kaolinfte clay, with a_specific

gravity of 2.62 and a 1iquid HME and plastic 1imit of 54.5 and 37.5
. - »-~\;*\4,p¢r cent, respectively, and an artificial, ofl base, clay [trade -name

~

"Plasticine’]. In a1 cases, the dimensfons of the test specimens

I \{ Q

-
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dére such as to permit full developmént of the failure zones without
1nterference occurring between the deforming ‘zones and the ends of the

samp1e holder.

As a means of specifying the‘dgformption history during the
deforﬁatioﬁ process, a network of 11nes was inscribed on the side sur-
face of the test specimens. ;ﬁe inscribed 1ines provided a grid ofh
one-half-inch squares and photographs og the deforming grijd were taken
every five seconds of tool motion. . Subsequent pIq;t1ng and super-
position of the sequential photographs provided the history of the

deformation process over a range of tool movement of three inches.

CUTTING AND TRACTION TOOL GEOMETRIES
{

The intent of this study is not to compare different tool
geometries for the purpose of establishing suitabilfty, efficiency or
perfofmanée. but rather to develop an analytical method capable of ¢
predicting the 3nteraction behavior of a wide spectrum of cutting and
traction element geometries. Therefore, a number of tool geometries
were chosen‘and tested to evaluate the applicability of the proposed
method of analysis. '

- /7/

-
In case af the cutting exper1@gnt3, four alum1num blades each

-

measuring four 1nches wide by four 1nches Jong were utilized. The

blades were set af/jfglg§/of/fb + 20°, 40° and 50° with regard to the
e . .
vertical. S ) .

v

. . :
As for the traction experiments, the groupings were separated

in terms of the shape of the traction element and .consisted of:

<.
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‘ ' (1) Right Angle Plate Grousers [R.A.P.G.], [Fig. 3-1a] with
aspect ratios h/1 of 0.5 and 0.833. The length !
was maintained constant at 3.0 1nch%s. while h was

varied to provide the differences in h/1, /

(2) Straight-Edge Wedge Grousers'[S.E.w.G.]. Only one tool =,
 was utilized with 2 hefght of 2.32 inches and tip
' , angle of 45°, Fig. 3-1b* |
(3) Curved-Edge Wedge Grousers [C.E.W.G.]. Two geometries
, v were utili2ed to provide different boundary conditions.

The dimensions of the C.E.W.G. are shown in Fig.‘ Nos.

L 7‘ ,
~3-1c and' 3-1d. _
These grouser shapes simulate the most common boundary \ {
- . ¢
conditions of individual grousers which can arise in practice, and ‘)~ ot

the results obtained from their analysis shg‘xid therefore be

representative of the beha;nor of the soil mass under typical loading

~systems, y ) } :;,
. N ' _
3.3 EXPERIMENTAL PROGRAMME y
/ . . N
, The experimental research programme can be subdivided into
< n phases, namely, cutting and t.ractive elemem':'s, testjng*. and
) sol “strength testing. \ '
3.3.1 Cutting and Tractive Elements Testing C§
1 .
This phase consfsted of two distinct groups. The groupings :;
0 were separated in terms of the type.of experiment, whether cutting or g
" traction. . In addition, two soils were used: an artificial, ofl based, |

e
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‘ clay and a kaqlﬁﬂte clay soil. The arti%icial clay was preferred in
the initial test series due to the fazt that preparation of the

\ samples did not require water content{control as they n;erely required

i3 . SRR s =

4
st
o~

moulding in the test bin and subsequent compaction. This permitted

e
o 7
o

the development and debugging of test equipment and experimental :
techniques. The tests were continued'to:proﬁde 1nforma:cion regarding
the interaction behavior of a cutting or tractive element with a

plastic material. The conventional e'ng1neer1ng properties of the
kaoHnite soﬂ tested may be found in Appendix A, together with a

4

descriptmn of the art1fic1a1 oil based, clay.

To minimize tiwe number of experimental variables, the tools-
‘wfre tested at constant rate of horizontal movement of about 1.0 inch/ i
m'lr.Iute. The varioys experiments perforn;ed are listed in Table 3-1 for
x soil cutting tests, and in Table 3-2 for traci;ion tests. It will be
} noi:ed f\er‘e that the horizoﬁpa] speed fluctuated betwéen 0.85 and 1.05

.1nches/m1nut.e The torque output produced by the varying speed DC-motor

e v-v(. °

utilized in the éxperimentﬂ facility, was found to ‘be very sensitive

e
Y

to the input current“at low speeds, making it _difficult to reproduce
any destred torque. .This resulted in difficulties in ma*lr{éaining the

TN

same horizontal speed throughout the duration of the experjmental

L e s "
SIS S

program. However, the speed was constant during any one test. :
: S 4 -
t. .

Inc]udecr in Tabla&3-1 and Table 3-2 12(a 1ist1ng of the appli- -

v A §
. cable bulk den51 ties and mer contents for eac

ments. . Examination of these vagues will show that both were very

of the ;eported experi--

o - " peproducible over the entire experimental series. Finaﬂy, Fig. 3-2
shows the density variations encountered in"both the cutting and

trac\tion @est series for the kaolinite clay, reported in terms of dry.
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TABLE 3-1
INITIAL DATA FOR SOIL CUTTING EXPERIMENTS
- - ol [
TEST |ANGLE OF BLADE| HORIZONTAL | DENSITY | WATER
NUMBER | WITH VERTICAL| SPEED PCF . [CONTENT
inch/min, , y S
| ARTIFICIAL CLAY TESTS L j
- 8 | - 100 0.85 | 10.6 | -
' 9 0° 1.084 | 110.90 | -
~ |2 10° 0.98 108.0 | --
3 20° 1.0 - | 109 -
4 20° 0.95 | 109.5 -
A2 20° 0.9 ' | 111.0 .
/
10 40° 1.05 110.2 - e
23 40° 0.95 | 109.0 | -
6 50° 1.0 | 1085 | - §
o7 50° 0.97 110.0 - ’
22 50° | 1.03 109.3 [~ -
NATURAL [KAOLINITE] CLAY TESTS
( 27 " 100 1.05 101.00 | 53.75
30 10° 0.90° | 102.80 | 52.15
| a8 20° 1.0 101.80 | 51.49
35 20° . 1.05° | 102.40 | 52.50
2 . 40° | o098 | 102.25] 50.90
3 40° 1.03 99.96 | 51.30,
20- | © s0° | 1.0 160.80 | 53.20
3 . BO° 1.0 101.75 | 53.60

I




TABLE 3-2

INITIAL DATA FOR TRACTION EXPERIMENTS

Is

| L N .
Test Tractive Tool Horizontal Density Water
. : No. Speed PCF Content
. inch/min / <
o # | ARTIFICIAL CLAY TESTS /-\
18 R.A.P.G. 1.05 109.31 -
19 R.A.P: 0.97 110.0 -
¢ 20 R.A./I;/.:T 0.85 110.7 -
40 C.E.W. Type (1) 1.0 109.5 -
8 C.E.W. Type (1) 1.05 1M1.0 -
; ) 13 |- C.E.W. Type (2) 0.95 108.92 -
| 14 C.E.N. Type (2). 1.0 109.57 -
25 C.E.W. Type (2) 1.0 110.0 -
‘ | 16 S.E.N. , 1.0 110.35 -
~ 17 S.E.W. 1.05 m.2r | -
' ' 24 S.E.MH. 1.03 109.65 -
(\
'NATURAL (KAOLINITE) CLAY TESTS
3% R.A.P.6. 1.05 102.40 | 52.80
39 - R.A.P:G. 0.95 1103.00 | 53.20
82 | C.E.W. Type (1) 1.05 102.2 52.6
. 43 C.E.W. Type (1) 1.0 ' 100.0 51.2
2 . - ’ o
33 | C.E.M. Type (2) 1.0 102.80 | 53.35
38 C.E.N. Type (2) 1.0 100,10 | 50.95
/ s
. 2 | % . S.EN. 1.0 101,22 | 52.57
37 . S.E.N. 1.05 103.10 _ | 51.79
P
Notes: Traction tools indicated by the letters - _
R.A.P.6. - denote Right Angle Plate-Grouser
C.E.N.. - denote Curved-Edge Wedge Grouser

S.E.N. - denote Straight-Edge Wedge &

ey

rouser
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density. . In addition, it is observed that the kaolinite soil samples

used in these e)\(periments generally achieved a degree of saturation of

<
L et W I RS

the order of 95 per cent. >

3.3.2 Soil Strength Tests

Migp .‘to) the cutting ‘iand traction experiments, strength
tests"were performed on compacted soil samples to obtain the stress-
strain relationships \\gquired for the analytical solution. The results .
of these tests will tge'\present’ed in the following Chapter, and complete
des.criptions of the teqhniques and apparatus are given in Appendix A.
Briefly, however, two types of tests were perfom% ) . «

(a) Tests to determine the stress-strain relationships for the soil
represented by continuum elements in the analytical solution

After the cutting and traction tests were completed, undisturbed

. ) raction t
blocks of the/scﬁj/wereb/alwp from the test bin at various locations
away from the region of loading. These samples were subjected to

two loading conditions, the first being testing of prismatic samples

under plane-strain conditions in a modified triaxial chamber. The .
second co'ns1.sted of the application of axisymmetric loading to a
cylindrical soil sample p]acﬁed in a standard tria'xia'l cell. Some
‘preliminary studies were conducted with a view to finding the

effect of tﬁe ‘rate of strain on the. strength prépgrﬂes of the

\soﬂ.' Triaxial tests at three different rates of speed [0.1, 0.5

and 1.0 inch/minute], and three different cmf1n1n§ pressures *

to, 2.5 and. 5.0 psi] were run on duplicate samples.’ The results

" showed some gain in strength with speed,” Fig. A-5, Appendix A.
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‘It was therefore decided to use the triaxial test results

obtained at the same speed at which the cutting or traction element

is loaded in the model test. RS

A

Tests to determine the broperties of the joint elements used in
Jdealizing the cutting and interface behavior

As mentioned previously [Chapter 2] joint elements are
utilized in the analytical solution to simulate the discontinuities
in the finite element model proposed~in this study. The properties
of tne joint elements consist of a shear stiffnesc, ks’ and a normal

stiffness} kn. These coefficient?’(Ké and Kn) express the rate

of change-of shear stress with shear deformation and of normal

stress with normal deformation. The nonlinear, stress dependent,

"joint behavior may be convenientiy obtained by performing direct .

shear tests due to the /fact that the relative displacement in thfs}
test occurs a]ong a predetennined plane which can be visualized ‘as
a discontinuity reflecting the behavior of a joint element:. Two
types of direct shear tests were performed. l

(1) Cutting tests The soil was tested in a direct shear'

machine to obtain the stiffness values assigned to the
Joint elements inserted getween the continuum elements
to stmulate the tool cutting action.

(1) Interface tests In these tests, the lower part of

the direct shear box consisted of a specimen of aluminum,
the same material used in the fabrication of the cutting -
and traction tools, and the soil was compacted in the
upper part of the shear box. The .gap between the

S
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. ™~ kept as small as possible, and the tests were interpreted '
assuming that the relative displacements between the upper
and the lower parts of the box were due entirely to inter- 4
~ face movements. J
J f
N | *  Furthermore, to account for the dependence of the shear .
B stiffness modulus, k., on the normal stresses, the normal load, in
b | both test series, was varied through the values 0, 2.5 and 5.0 1b. : :
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CHAPTER 4

EXPERIMENTAL RESULTS AND ANALYSIS

\

SECTION A - EXPERIMENTAL RESULTS

g

GENERAL CONSIDERATIONS

o

A soil-tool interaction pre;ﬁct'ion mu;t be..based on quantit-
ative descriptions of the forces applied by the tool and the resulting
behavior of the soil, The actions recogr;1zed as being present in
sofl cutting and traction must be separated into/s1mp1e behavior, which
can be studied. 'Simple behaviors {include, for example, stress-stra‘in‘

relations, soil-metal friction and adhesion, and yield by shear.

\ .

. As previously stated, descriptions of behavior can.be
established through the application of several distinct bhases of study.
First, some specific behavior is observed and studied. Second, having
noted the beh;vior. factors involved are identified and their relation
ascertained in a cause-and-effect manner. Analytical techniques are
required to quantitatively describe ‘the cause-and-effect relation, and,'
hence, the behavior. The sequence adopted in the presentation of the
test results and the methods of analyses in the present, and the follow-
ing Chapters are shon in Fig. 4-1." In this Figure, the separation of
the gj:stinct phases of the study is clearly evident, '

One of the difficulties lin ﬁndgrstanding a soil-tool action

e

ts that evary behavior is not always operative. A behavior may appear

-
-
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‘ﬁi% intermittently, and its presence may be difficult to detect or assess.
‘ For example, a dry cemented soil does not exhibit plastic flow
beha&ior or even compression fajlure to any great extent. Similarly, .
a wet saturated soil may hxhibit\g

failure. Elijah and Weber (1968) identified four distinct types of

reat plastic flow but l1ittle shear

, } ) soil failure for flat cutting blades. They were designated as-"shear

plaﬂg , “f1ow", “bending", and “tensile” failures This terminology

was created by the authors as the most descrjpfive of the patterns
1nvot§gd. They have stated that "Pred1ct1ng‘the type of failure 1n‘
a given sofl with a given tool will require some new soil parameters, ° 1
ones that will d1st1ngu!sh quantitatively some ‘of the soil characteristics

? ’ - that are now expressed in qualitative terms™.

The results and associated discussions presented in lhis

-

f ~ J : )

§~ ) study deal mainly with plastic soils interacting with a number of

¥

£ tool geombtries. The soil deformation behavior observed during the
5” experimental investigation is of a plastic flow nature. The solution
A

technique, in turn, is oriented towards analyzing interaction problems

o

2 R ‘ involving the plastic flgwsoil failure, and therefore cannot be con-
sidered a general solutio hnique covering the wide soil behavior

spectrum. Houever. in the analytical approach adopted it {s essential.

that proper appreciat1on of the constitutive performance of the material

and boundary cond1t10ns be obtained and subsequent1y applied. Such

I R

rigorous requirements “should provide for more general behavior pre- E

dictions by the analytical method. . ] . s
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0 4.A.2. TYPICAL EXPERIMENTAL RESULTS /

4.A.2.1 Soil Cutting Results

¢

fhe soil cutting tests which were carried out in thepcoﬁ;se
of the experimental programme are listed in Table 3-1. Prior to -
presentation and examination of test results some points should be
discussed in order to arrive at a better 1Bsight and evaluation of p

_.these results.

‘ The entire test series was perfoﬁhed at a constant rate of‘
blade mo'ion [abodt 1.0 1nch/minutq]. Although many studies have
shown that the forces acting on soil-engaging tools 1ncré;se with the
1nérease in speed [Rowe and Barnes (1961), Olsen and Weber (1966) and
others], no satisfactofy explanat1o? of this phenomenon has been
repo}ted. This 1ndrease'in force has been attributed to acceleration
of the 5511. increased shear strengfh, and increase in length of the
failure path [Siemens (1963), Shdpe (1956)]. ' Rowe and Barnes (T96;)
and Olsen and Weber (1966) studied the effects of speed on the draft of
iﬁ inclined flat blade and concluded that increase in Araft with increase
in speed was priuarily'due to 1qcreas§d soil shearing strength. Some

.

of the conclusions reached by Olsen and Weber were: P

1. acceleration of the loaded soil segment was not a
s1gn1f1cint contributing facpor to the increase

in tool force with increase in speed,

2. there was no sig;ificant change in length Sf the
fatlure path o} angle éf 1n§11nation of the
. ~ faiture piang with charige of speed for the sof]
1!’ - | - tested, and | :

¥ ' . *

. - . . {
o
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.such effect is already included in
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3. .the shape of the stress-strain curve of 4 soil-seems to
t , » ]
gnitude of the

increase in tool force with /increase {E~j?eed.

1at1ng the stress to the strain

for the soil used in. the experiment 1 1nvestigat1on. It will be

" recalled that the stress-strain rp%ations obtained from 1aboratory p]ane-
strain tests, performed at the §:;e speed at which the cutting or traction
element moved in the soil, are used in the finite e1ehent analysis to
predict the Toad-deformation behavior of the sofl. - While ré‘nzing
that the strain-raee dependence of a certain soil may vary with the '
test constraints [1.e., the difference between the boundary conditions

of a plane-strain triaxial test and the model tests] which may lead to
some error in pred{ct1on, sucﬁ error should not diminish the
effectiveness of the above technique, since by adopting a more ' oo
appropriate framework defined by using more sim{larities in boundar}

conditions ensures a higher order of/predictability.

The draft force is usually taken as the maximum force produced
t is easy togdeterm+ﬁe the draft force
| the draft-displacement curves exhibit

peak values at small displacements. However, if the draft force

during the cutting operation.
If the material fails in shear 2

ngdquIy increases with toof displacement, tﬁe cutting forces should be
compused at a specified-value of displacement. Contrary to most of the

previous research which was direcf%d towards the measuréement and prediction

e e



of the -maximum draft forces regardless of the displacements at which

these forces were atfahped, the present study is concerned with the

\

prediction of the forcg-displacement history. For this purpose the

tool was moved in the soi} for a distance of 3 0 inches, and: the forces

.and displacements were recoqled. "
/

It has been previously mentioned that the model.igsts were

A

performed for the purpose of ¢hecking the validity of the analytical

approach. W‘lth this 1n mind, the experimenta] results s\&l]d be

viewed not as a study of vt:he various factors 1nf1uenc1ng soil cutting,

but rather as data gathered for the purpose of verifying the appH-

cabflity of the predictive technique adopted.

A sample of the results showing measured horizontal and

vertical forces for blades with inclination angles of 10°, 20°. 40° and

50° with the vertical &re-shown in Figs. 4-2 and 4-3 for the kaolinite
clay, and in Appendix A  for the artificial, oil based, ciay. It
should be noted here that the blades employed in this study wena of a

constant length of 4.0 inches which resulted in a depth of cut-yrymg
with the blade inclination-amgle. Suth-variation in the depth of cut
makes 1t difﬂ/cﬁt to compare the forces developed by the various blades.

It"is argued that a hognal jzatiop of the results by comparing thg forces
per unit depth of cut {s not a yi.able approach since interaction forces
cannot be assumed, without experi;ugntal evidence, to be directly ~
propot:ﬁonal to the de'pthﬂof cut for a :pagticu'lar ‘blade. Any conclusion

derived."l;rom a formalization technique employing such a;l assumption, with-

< out experimental verififntion. can be greatly misleading.
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‘It has been menti&ned in Section 2.2.2. [Chapter 2] that

during the cutting process no distinct failure planes were devg1oped

in the loaded soil; instead contiquous failures took the form of/

bulging. Such behavior was observed during the deformation process

using the glass-sided soil bin [Chapter 3], ard is confirmed from fhe

plots of draft forces versus ﬁisplacement; Fig. 4-2, for the various

blades emp1oyed in this investigation. These plots show a nonlinear

1oad-d1;p1acement relationship exhibiting ﬁé peaks that can indicate

the formation of shear or failure planes. Yong and Chep (1970)

observed in thgir investjga;ign that the force-displacement plots for

cutting blades in sand and é - & soils exhibited a first peak -
' representing the major or maximum force development at first failure

and subsequent perturbations which generally show-higher values, corres-
. pond1n§ to the subseguent deve1omﬂgnt of secondary shéar planes. In

the case of clay soils iested in this study, no such bea;s were recorded

and the draft values are shown to keep on incrgas{ng with blade nnvgment,
““an indication of the surcharge accumulation effectnin front of the

moving blade. - ' N e e

The development of the vertical forces, presented in Fig. 4-3,
shows that the sense of the vertical force changes from downward (
[positive] on the blades with fnclination angles greater than 10° to

upward [negative] for the 10° inclined blade, Such behavior s

A

consistent with the concept put forward by Osman (1964) stating that in
;;be absence of much blade friction, [or adhesion] the vertical force
Aact; daunward; for small blade rake Pngles. changing to upwards at a
certain point as the rake angle 1n§reases, 'fhe frjct1oq goi adhesion]

! .
T —
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force always acts upwards along the blade because-this 1s the direction

of relative soil movement. The effect of friction [or adhesion] is
therefore to diminish the downward force on low rake blades, increase

the upward force on near vertical blades.

The influence of the angle of bl;he inclination on the
developed horizontal and vertical forces at 1.0 inch displacement is
illustrated in Fig. 4-4, for both kaolinite and artificial soils.
Discussion relative to the above and also the following results will be
developec in Chapters 5, 6 and.7. For continuity, the material
presented at this point will relate primarily to the presentation of

results, in a form which is amenable for examination and evaluation.

4,.A.2,2 Traction Results

Regarding the traction test results, while the intent of the
experiments is similar to that of blade test!ng, the results [in terms
of developed forces and soil deformation] must be viewed from a
different perspective. The purpose of using lugs or grousers on
traction deviées, {s to cause deformation of soil in ; certain manner
as to develop adequate traction capacity for a grouser. - The deformation
of a particuhr‘ soi1 plays a very importint role in the production of
adequate traction for a single gro;xser. The deformation charactgristicsf
could be manipulated by' chaﬁging the geometry of the traction tool in

order to produce enough interaction, for efficient p’effomance, Td this

end, the purpose of performing the traction experiments was to investi-
gate the influence of the tool boundary conditions on the interaction

process in order to arrive at desirable developed forces for effictent

&
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conversion of traction into pull.

This study 1s concerned with the mechanics of a sing1e grouser
acting on clay s0ils as a phase of the study of track-soil interaction.
Again, the intent here is to provide information on the physical
behavior of the action ofrthe moving grduser in order to formulate the
necessary mathematical model and boundary conditions. Grouser action .
is defined in this study as qu motion of @he grouser in the soil to
create a failure condition in %he sof1. Thus,‘the 1imits of ‘the magni-
tudes of the horizontal and ve§¢1ca1 forces defined for the action of
" the grouser'serve to identify the maximum forces that can be applied to
provide for forward motion of the tracked vehicle. Having established
the viabklity of a certain predictive technique, further studies on
multiple grousers can be 1n1t1atéd.‘ The end jpurpose of multiple grouser

I!“qZSe best total aggressive

study is to detérmine 6pt1mum spacing to

grouser motion,

* With this appreciatfon of the problem, it will be recalled
that grouser testsmaybedivided into two categories [Chapter 3:']. viz:

1. Constant vertical load tests \

In this type of test a constant vertical 16ad
intended t?~simu1ate a portion of the vehicle weight
is appI1ed.to the top. of the grouser and maintained
throughout ,the entire test. Since the grouser is mounted

on a carriage, it is free to translate both vertically -

and horizontally but is restrained against rotation. The
measurable risponse parameters during this type of test

* o
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are the horizontal disp]icement, the’ horizontal force

and the vertical displacement,

2. Constant elevation tesfs

In this type of test, the grouSer is restrained
in the vertical direction and is on re translate
- /

hbrizontally. ‘ The method of restraint is to keep the

grouser at™a constant height in relation to the initial
* surface throughout the duration of the test.

<

THese two types of tests simulate most situations which arise
~in practice and the results obtained therefrom should be representative
of the behavior of the soil mass under the most common loading systems
which can be applied to a grouser. As previously mentioned, in this

study the latter condition was chosen fgf’;?ﬁmjfcity in specifying the

boundary conditions.

‘ Typical results from. the iraétion experimeﬁts Tisted in

> Table 3-2 are shown in Figs. 4-5 ;nd 4-6., In Fig. 4-5 both the hori-
zontal and vertical forces developed on the bl&te‘grousérg“[R.A.P.G.]
are plotted as a function of the distance travelled. In this Figure
the results arelsho;n fb} two grousers with aspect ratios (h/1) of

0.5 and 0.833, tested 1n the kaolinite clay. Similar results are
shown for the artificial clay in Appendix A. It must be noted that
while the number of grousers tested does not permit a goqq comparison
of the developed forces pased on the aspect rati&l(hII), the results
shown 1nd16ate that there seems to be no linear.correIetidn Setuegn
the. grouser aspect ratio (h/1) and the developed forces. In Fig. 4-6

]
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FiGure 4-6 DEVELOPED FORCES VS DISTANCE TRAVELLED FOR WEDGE GROUSERS
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in the kaolin clay.
" are shown in Appendix A.
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similar plots are shown for the C.E.W. and the S.E.W. grousers tested
The corresponding plots for the artificial clay

Table 4-1 presents a comparison of typical forces developed

on the various grousers employed after a trav¥1 distance of 1.0 dnch.

TABLE 4-1

\ g
Typical Developed Forces (in 1b) for Various
' Grousers Tested at 1.0 inch Displacement
(Constant Elevation Tests)

Kaolin Clay Artificial Clay
Grouser Type Hor{zontal | Vertical| Hor{zontal] Vertical

Force Force Force Force

R.A.P.G.(h/1)= 0.5 38.5 18 30 11.5

R.A.P.G.(h/1)= 0,833 47.0 25.5 40 18.2

C.E.N. type (1) 45.5 22 38.2 17.5

S.EN. 44.0 19 35.5 14.9

‘ C.E.W. type (2) 40,0 13.5 | 33.6 1.0

grouser geometry is possible.

With the exception of the R.A.P.G. with an aspect ratio (h/1) .
of 0.5 [h=1.5", 1=3.0"], the rest of the grousers employed in this investi-
gation have approximately the same depth of cut [2.5 inches for the .
R.A.P.G. with h/1 of 0.833 and 2.32 inches fo;athe ;edge grousers]. Con-
sequently, direcf comparison of the developed forces as a function of
It is shown from Figs. 4-5 and 4-6 and

Table 4-1 that the plate grouser [h/1 = 0.833] develops maximum traction,

i.e., horizontal as well as vertical forces. JThe development of the
Targe forces may be attributed to the soil deformation behavior' in front




o

LS 2 3

of this grouser, From an examination of the displacement patterns as
we]l as the velocity fields of the grid nodes [shown in a later sect1on
of this dissertation], it was noted that the soil confined by the plate
grouser moves coherently with the grouser, leading to diffe;entia1
deformation between this and the surrounding sofl. This effect is
similar to the "dead" zone postulated by Terzaghi (1944) in his analysis
of bearing capacity, and to the “dead" zone postulated by Yong and
Sylvestre-Williams (1969) in studying grouser thrust on sand, see

Fig. 2-1(t). It is believed that the existence of a similar "dead" zone
in the present investigation extended the region of influence of the
grouser resulting in larger developed forces. On the other hand, the
wedge érouser? deformation fields indicated .very small or no "dead"
zones, and the regions of influence of spch grousers were found to be -

smaller than those of the plate grousers, x

Comparing the forces developed on the wedge grousers, it 1s
noted that the C.E.N. type (1) grouser produces thé‘largest forces [both
horizontal and vertica]].‘ While the depth of embedment is the same

- for all the wedge grousers, the contact surface area is larger for the

C.E.N. type (1) grouser due to the wedge anvature\and also due to the
contact of the top horizontal plate with the sotl, see Fig. 3-1,
resulting in more soil interacting with the tool.

The effect of the curvature of the grouser interface on the

developed forces can be seen from a comparison of the C.E.N, type (1)

‘grouser rcsu]ts,with those of the S.E.W, -grouser, Both systems,are

stmilar in dimnnsions except for the curvature of the C.E. W. type (1)

-

: grouser surface. This curvature results in'an increase 1n developed forces,
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g - ‘ . - It seems, however, that the effect of the grouser top
ho:"l.zontal plate being in contact with khe soi1 on the developed fc:rces
is much more pronounced.~_The C.E.W. type (2) grouser shown in Fig. 3-1(d)
has a curved interface but the top horizontal plate does hot toucllm ‘the

soil surface. This‘grouser produces the lowest forces.

‘ Finaﬁy. fr'om.exan‘ﬁnaﬂon of the displacements of the surface
grid.' the geometry of the deformed soil mass subjected to the aggressive |
action of the different grousers showed no development of distinct
| failure surfaces in the initial three inches of grouser travel. This .
; : behavior resembles the deformation observed in the cutting tests which
’ s attriguted‘to the plasticity of the soils tested.

I

4.A.3 STRENGTH TEST RESULTS

For many soil-structure interaction problems, it s necessary

1

to know, or tq, predict with a reasonable"degree of accuracy, the strength

A O] S )

and deformation characteristics of ‘soil under lpad. The acceptability |
of a theor:y for predicting the stress-strain rglatjonship for soil 4
depends on the accuracy of the assumptions and the a pt;bximaﬂons made {‘
regarding the actual behavior - of the soil. The s mplest assumption |
that can be made is that a given soil can be classified as 1inear

elastic. ri;jid plastic,.@r elasto—plast'lc'.« _Howgver, soil behavior.

1s a function of Mnara'l conposition. stress 1 el density, strain
cond'ltions. etc., and, unlike mst engineerin mteruls. can ne1ther
" be 1inear nor compatible with elastic, p'lu ic, or eagsto-phs;‘lc :

. . classification.

ISR
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"(a) T Plane-strain and axisymmetric
Triaxial test resuﬁs S
} It was felt that the best way to incorporate a constitutive

behavior was to perform tests that reprod't':ce as much as possible

the assumed conditions during the cutting and trdction tes'tP.

" For this purpese, prismatic s/amp1es of nearly saturated remolded
¢lay wefe prepared, and tr.iaxiali tests were conducted undef plane
strain conditions. A g1vénjsamp1e was 1ns§‘a1]ed into a modifidd
triax4al cell between two lished and lubritated brass plates.
The axial [verticall 1oad was applied throug‘x a lubricated
rectangular platen of the sir{g dimension.% as :then‘i‘nitial simp1e
section. The apparatus. used, together with the procedures, is
described in Appendix A. " The testing was conducted under
different confining pressures of 0, 2.5 and 5.0 lb/in?‘. and at
axial strain-rates of 0.1, 0.5 and 1.0 {nch/minute. Typicz;l

test results are ’shown in Fig. 4-7 for kaoHni te clay and in

" Appendix A for the artificial c]y. ., Amalogous axisymmetric »
’tr'laxiﬂ tests uere performed on cy‘lindrica'( samples 1.4 tnches

in diameter. These tests were perfdrmed in order to verify the.

. fact that the nongxistencé of awell defined failure condition '
1,e., absence of strain softening behavior, is not a result of

the plane strain, "True Triaxial®, test restraints (Fig. 4-8).

It may be noticed that the stress-strain curves do not
oxMMt-a definite peak ! deﬁne failure, but instead the stuss

‘ dmmm (0, - 0,) keeps sncmmg with axial steain for  —

L4

. ,
> ok «mw
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case, it is difficult to account fpr a drooping stress-strain
curve: The observed rising of the stress-strain curves eliminated
the need for an approximation to the stress-styain curves to avoid
the numerical difficulties arising from strain softening behavior.
Since -no definite peak was evidenced, an axial strain pf 20% was

2
chosen to define failure.

2

There are two common procedures for incorporating a
non11near stress -strain 1aw into a finite element formulation for
digital computations. The stress-strain law derived from a
laboratory test can be used directly in a tabular or digital form.
Several pqints on the curve are selected and are‘input in the form
of number pairs dénoting stress and strain at those points. The
variableanwterial parameters such as E and v are obtained fragm
such curves by suitable interpoiation If the behavior is
represented by a singie stress strain curve, stresses are obtained
by interpolation for a caicuiated state of strain. If the
behavior 1is represented by several curves, interpolation must also

be done between tﬁp curves for different confining pressures.

M e
An the alternative procedure, the labotatory stress-strain
reidﬁionship is expressed in the form of a suitable mathematical
function. The nnteria] pauameters for the nonlinear analysis are

again obtained on the basis of the state of stress or strain

The tabular or digital procedure was utilized in this

,studyvto represent the constitutive behavﬂor of the soil modelled

]

by centinuum [triangular] elements in the ana]yticai solution To



.FOr special cases only will Eq. (4.1).yield o, = q,.
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start the analysis, initial values of the modulus of elasticity,

o
be considered to be fairly incompressible as they were nearly

E_, and Poisson's ratio v, are required. The clays used can

saturated. Therefore, it would be reasonable to choose the
value of the Poisson's ratio of the soils close to 0.50. In the
presentdstudy. v, was assumed to be 0.48 for bothl%he kaolinite
and artificial clays. Furthermore, the value of v was assumed
to remain constant thréughout the entire deformation process.
Similar assumptions have ﬁeen made by others earlier [Clough and
Woodward (1967), Girijavallébhan and Reese {1968)]. The non-
linear analysis was based directly on the plane-strain triaxial
curves, The starting value of the modplus, Eo’ was taken as
th initial slope of the stress-strain curve at zero confining
pressure.  This value, obtained from Fig. 4-7, is 90 1b/in?

for the kaolinite clay.

In an axisymetric triaxial stress condition.'thg
intermediate and minor principal stresses are the same, and the

confining pressure for the sample is equal to the minor principal

- stress, o,. In the actual problem, however, these conditions are

R4

not strictly valid ési in;generél, the‘magnitudes of the inter-

mediate and minor principal stresses in an element will be different.
This is particularly true in a p1ane~str5?n‘condition where the

intermediate principal stress is given by the relation:

02 F\V‘(,‘a‘l + O'a) " (4-])

-
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However, it seems reasonable to express the confinement in an

4

element, for the sake of computations, as the average of the

magnﬁudes of the intermediate, o,, and minor, o,, principal

stresses induced at the centroid of the element. The analysis

developed in this study adopts this approximation.-.

. The finite element analysis first computes the values
of the stresse;, strains, and confining pressures in each element.
In a general case, three interpolations are required to compute
the state of stress (o, - g,) corresponding to a state of strain,

€,» 1inan element from a set of nonlinear curves. Interpolations

are performed to compute intermedfate values in a curve and also )
between curves at differ}e_njf' confining pressures. In the computer
program "MAIN-2" develo;;;d\ in this siudy, stress values were l
computed from strain values obtained in the analysis. The details

of the computer proramare given in Appendix E.

s " (b) Direct shear test results - oy

{

As previo;sly mentioned 1n Chapter 3, two type;"of
direct shear tests were performed to determine the properties of
the joint elements used in idealizing the cuttir{g a;nd the interface

 behayior. The ﬂrs‘& type was ~a conventional direct shear test i
which 1s referred to as a soﬂ-to—soﬂ}ﬂ)ear mode, while.the |
'second'tgst type was conduc;ed wﬂ:h( the lower part of the shear
box consisting of an aluminum plate representing a soil-to-metal

shear mode.

e
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o ) The shear stress-displacement curves for the soil-to-soil
, mode are shown in Fig. 4-9, and for the soil-to-metal mode in Fig.

4-10 for the kaolinite clay. 1In both Figures, it is seen that

the shear stgéss values increase with increasing displacement

reaching maximum values for relative displacements of approximately

0.2 inch, after which the shear stressés remain nearly .constant.

It may also be noted that both the steepness of the stress-displace-
" ment curves and the maximum values of shear stresses increase with

increasing normal stress for both the soil-to-sofl ~and soil-to-metal

“

modes, Fig. 4-11, - . ‘

-~

The ratio of the péak stress in the sofl-to-metal mode

to the peak stress reached in the soil-to-soil mode is plotted in
Fig. 4-12 as a function of the applied normal load. The
relationship ‘indicates that the ratio approaches unity at zero
normal 1ogd, and decreases with increasing norﬁal‘load up toa
point after which it remains constant. While the feason for such
behavior is not obvioqs,‘it appears that at low norhal stresses
the shearing does not occur at the soil-metal interface where the
angle of metal friction is operative, but rather in the:soil itself.
* This results 1n 2 condition approaching that of-the s041-to-soi1
shearing mode, accounting-for the high ratio. Increasing the
norma1 load forced the soil to slide on the metal surface and a

constant ratio of peak stresses is -achieved. - j 2

The nonlinear shear streés-disp1acement beha&ior shown
in Figs. 49 and 4-10 may be.conveniently represented by a
rectangular hyperbola, Eq.(2.32), repeated here for c&nvenignce:

Y
- +
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FIGURE -9 SHEAR STRESS (T) Vs SHEAR DISPLACEME.T (Ag) PLOTS OF
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¢ x . S
a+ AS
where (a) and (b) are parameters whose values depend on the material

tested’§nd the normal stresses applied (the symbols ip the above

equation are defined in Chapter 2), As explained earlier, the above }‘
equation can bg simplified by expressing AS/T as a 1i£ear function
~of A, which would enable direct évaluation of the parameters (a) and
. {b) as depicted in Fig. 2-8. The linear form of Eq. (2.32)‘15 given
as Eq. (2.33) and repeated here:

—

AS
T T atbh

where (a) is the intercept and (b)ois the slépe of the line. Thus by

3

plotting the experimental data ip the transformed form, the correspond-
fng values of (a) and (b) are gasily obtained. The results of

Figs. 4-9 and 4-10 plotted in the transformed form are shown in . | .

\ fig.‘ﬁ-lé for the soif—fo— of] mode, and in Fig. 4-14 for the soil-to- °

£,

L aimdeH f

WO A

metal mode. As can be seeﬂ he observed po16ts can be approximated
by a straight line for any aé?lied normg1 load and, -therefore, the
. ‘icnssumption of a ﬁyperbolic shear &xress-&isplacqunt relationship
' througholit the entire displacement range is valid. Table 4-2 1ists -
' the values of the intercept (a) and the Slope (b) of the straight line '
in the transformed plot as obtained from Figs. 4-13 and 4-14

@ N - A
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() o TABLE 4-2

| ’ PARAMETERS (a) AND (b) FOR THE CASES OF -
| : SOIL-TO-SOIL AND SOIL-TO-METAL SHEAR MODES
!\ ‘ o . .
; NORMAL LOAD 01b 2.0 [ 501 | 101 |15
E N X ' t
Sofl-to-sgil | a =0022 | 0.02 | o.0185 | 0.017 | 0.015
) mode b = 0.78 0.695 | 0.64 -] 0.60 | 0.59
Soil-to-Metal = 0.025 - | o.024 | 0023 | 0.02
~ |y moge. - = 0,81 - 0.77 0.75 | 0.72
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¢ ’ " "SECTION B - EXPERIMENTAL -ANALYSIS

4.8.1 APPLICATION OF THE METHOD OF
VISTOPLASTICITY TO THE PRESENT PROBLEM . ‘

”

¥ . i T
In an interacttfon.study, it is reasoned that the forcing

Bk RS

function [1.e. blade or grouser load pattern] and the response
function ti.e. sof1 response behavior] are suitably related and ‘
vl modified through some correlating function. ' Thus, if one can describe
or evaluate the response function characteristics, and if the corre-
lation functions are known, it becomes obvious that thc; surficial load

parameters will be identified and accounted for .

s e In view of*the differences in the deformation processes" %
occurring in the faces of various cutting and traction tools, a %"
solution must be sought in terms of a common paraméter which will be y

relatively unaffected by the geometrical changes in the deformation

" fields and bandary conditions. The»energy fields existing in these
deformation processes represent a parameter common ‘to all systems.
Moreover; this "paraﬁeter is a scalar quantity and as sdch the work out-

| put of two dissimﬂar systems. exh1b1t1ng differences in their stress
fields and boundary conditions,” can be compared withou,{: explicit -
account\being taken of thase differences. >

el

‘ _ Experience has shown that the soil response to an imposed

b - 1oid1ng can be deséribed in terms of the conservation of energy of the
i . N '
! system. Results reported by Yong and Webb (1969) indicate that the )

.

. " . application of this principle to the rigid whek1-sof1 systgn allows /

for good predictions of the useful work output or drawbar-pull. A

\ ’ 3
.
, )
;
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‘ similar philosophy can be adopted for the tool-soil system. ‘ In this

case, the statement of the conservation of energy will be of the form:

\/‘Kq/fids T | (4.2) )

L]
L=}
+
L ]

‘Deformation + Interfacial
. energy loss energy loss

bl »

or Work Input

where -

appliéd load or developed force

N
A
[ ]

distance travelled. ) ,

(7]
]

Pl |

Uner the wheel- sojl 1hteraction problem, there appears to
be very little sHp energy [1nterﬂlcia1 energy] loss vis-a-vis tool-
soil interfacial performance [slip loss 1n a track system however still
-~ exists]. Thus, in terms qf analytic modelling, the prime requirement -

is in regard to a proper description of tﬁe deforimation energy 1oss.

) +

_ In order to describe the d‘lssipqtion process associated w1 th
the plastic deformation of the soil in the face of a cutting or a

traction .tool, the following f1e]d equations are necessary::

(a) a y1e1d criterionﬂdcscﬂbingfthe stréss st&tﬁ’existing in
e . thesoll atyleld, - . - -

~

(b) o conétitutive relationship between the stress and

ey

ixe
‘r,{l

™ - , associated strain in the loaded soil, and

. (c) conti nuity tonditions. , -

be

\_ The lack of an app'licab'le Toad- defomtion relationship relating the
e ‘ . stresses and strains in tbe sofl necessnates the use of empir'tcﬂ
relationships in_order to. qalcu!ate the operative stress and energy fields.

&



%,Q ' Moreover, with the knowledge that clays undengo or sustain irrecover:—
able deformation under very small applied 1oa&s and according to thé
defin1t10n of yield [i.e. onset.of irrecoverable deformation], yleldipg
therefore may be considered to begin virtually at the onset of shear
stressing and continues throughout the loading process [Yong and
Warkentin (1966)]. For the above two réBsons? it\may not be.unreasonable
to assume the material to follow a rigid perfectly-plastic model. This
_Model was adopted by Yong and‘webb‘(1969) in studying the pTaskic
deformation of clay soil under the action of a moving rigid wheel, and by
N Sylvestré—w1i3iams (1973) in analyzing the energy dissipation in indenter-soil

B systems. This model demands the following conditions: .

(a) the application‘of a yield criterion,.

(b) the measurement of a deformation field from
= experiments and ca]culations{%f the resultant
strain rate fields within the loaded soil, and
o _ (c) selegtion oégblast1c1ty flow rules consistent with - -

the choice of the yield criterion.

An examination of these requirements suﬁges?s that ihe method of visio-
. .plasticity is directly appiicable to the present problem. The method, as
deveYoped by YQng and Thomsen (1953) and reported by Thom;en et al. (1965),
is described in Fig, 4-15. It is apparent that the theoretical development
permits the calculation of the ?last1c work rate, and hence the deformation
ehergy, ejther directly or by means of a prior determination of the stréss
distribution within the soil. These two paths are denoted as (1) and (2)
in Fig 4-15 The subsequent theoretical development follows the former

(- S
h—

path.
d
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Experimentally measure the instan-
taneous deformation patterns in the -
digtorted subsoil and from super-
position, determine the time

dependent ‘patterns

Calculate the strain rate components
in the coordinate directioms, i.e.,

e E €
Xs ¥Ys Xy.

~

Choose valid yield
criterion (Tresca,

xy

Select plasticity flow rules asso-

ciated with chosen yield criterion

von Mises)
\
~
(1) .
P ;’"
. ~N
(1) Calculate plastic
. . work rate
"(2) ’

gplculate stresses

\ a
FIGURE (4-15)

1

&

FLOW: DIAGRAM OF METHOD OF VISIOPLASTICITY
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In the next several subsections, the various elements shown

" in Fig. 4-15 will be developed separately.

4.8.1,1 Definition of Strain Rate Components

In order to follow the deformation history of a given point,
one of two coordinate systems may be used. The first of these, the
Lagrangian space, describes the instanf&neous particle locatiqp in
terms of its original position. The second system, known aﬁ/the
Eulerian description, specifies the particle position in terms of its , =
current coordinates, Thu§, for a point with initial coordinates
[al, a, a,] movifig to new coordinates [xl, X, x3] in time t, a Lagrangian

description would be of the form:

Xg ® xi(al. a,, a,, t)

where X4 aré\single-vaiued continuous functions. The Eulerian

_description would use [xl, x,]‘;;E\EEE‘f 5 s independent
variables [Fung (1965)1. o —

[ )

n In the present instance, the incremental velocities an& strain
rates are more readily determined if expressed in terms of the original
_ coordinates pffany given point rather than as a function of the
instantaneous position-of that point. As a result, a Lagrangian space
is selected, in p;éference toan Euhr‘lap space, as a means of following

the deformatidn history of a selected point.

In terms of Cartesian coordinates within this space, the
strain rate componentscare written as:
N )



n
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R 5[(3) (3]
‘y"= +30GD7 + (] | ' (4.3)
ERYC R I R

where

U= ‘3’% = {nstantaneous particle velocity in the

X-coordinate direction.

v = g{-- instantaneous particle velocity in the
Y-coordinate direction.

n in Eqs. (4.3)

It has been noted [Thomsen et al. (1965), Méndelson (1968)]
that if the derivatives of the velocity components sh

are sniaﬂ , the strain rate components may be approximéted by Cauchy'’s

\+nf1n1tesima1 %train rate tensor, given in plane strain as :

|
| €x © 3
(4.4)

|

| -

— Thomsen et al. (1965) have shown that the possible error of
\\ . - -
\\\N estimate—tnvolved in neglecting the quajratic terms of Eqs. (4.3) is of

" the order of 0.5% per 1% increase of strain rate. The strain rates
‘ . ) encountered in the p_re;clnt study are sufficiently small to ensure that
| Q C ‘ ihe. eri'orls involved in the éstimt'lon of the strain rate fields are of
acceptable magnitude [of the order of 1%]. As a result, Eqs. (4.4)

hY
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ar? used in preference to Eqs. (4.3). By means of these relations the
g
strain rate distributions within the loaded soil mass can be obtained -

from the experimentally measured deformation patterns.

1

f

4.8.1.2 Selection of a Y{eld Criterion

-

In the present study, the soil is assumed to form a part of
an undrained system, in the light of the rapid load app]ication. As a
consequence, the loaded soil, assumed to be.saturated, will show no
dependence on the mean normal stress [Yong and Warkentin (1966)] and it
can further be assumed that the behavior will be entirely cohesive with

¢ =0, i.e. a total stress analysis is valid.

2

anékfng these assumptions requires that the material exhibit
no permanent volume change effects on load app11cat10n: The similarity
between this type of soil behavior and the behavior of ductile metals
has been pointéd out by several investigators [Haythornthwaite (]963)2 . -
Bishop and Henkel (1957) and Abbott (1966)3. Consequent!y,.in view of
the widely successful application of the von Mises yield criterion in . /
the field of metal plasticity, it is reasonable to assuﬁe that the
Qtress state in the loaded soil. at yield, is adequately described by
this cond1t1on. \

The von Mises theory [also associated with Hepcky} assumes .
that yielding occurs when the distortion enErgy equals the distortion:
energy at yie]d in simple tension and is expressed as:

. |

i[(o-0)+(u-u)+(0 -a,)*1=q} (4.5)




(R A ot e

o, = yield stress in simple tension.

Owing to the difficulty of conducting,simple’féhé%én tests on soils,

) //‘ //‘ t 9
a, has generally been defined as the yield stress in compoession, in
sofl mchaﬁ/c;[webb (1969)].  Equation (4.5) may then be rewritten

/ as:
Flo, -0)?+ (0, -06) + (0, -0)"] =} (4.6)

Equation (4.6) can be also written as:

- k . (2.7)

where J, 1is the second invariant of the stress deviator tensor and the
scalar constant 'k hay be identified as the yield stress in pure, shear
[Mendelson (1968)].

The magnitudes of the actual volume changes eficountered in the.
test programve are presented in Section {4.8,3]. It will then be
apparegnt that they are small enoudh 50 as. not to invalidate the

assumptions.

-

4.8.1.3 Selection of Assoclated Plasticity Relations - r

The Lévy-Mises equations of(plast;city' have been shown to be
'vrHd for ductile materiatéwhere the elastic c ent of the strain
mcreme‘nt: vector is of negii.gible magnitude 1€H (1956,)._;nd Mendplson
(1968)]. The .equations are given as: |
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a4

deyy = di 6” 0(4.8)

where d\ 1is a non-negative scalar constant which may vary throughout

gt S R

the loading history a;\d which relates the strain increment vector to

the gradient of the loading surface defined .by the yield function:

! » : f(Jz’ J’) =0 \ (4.9)

4
1

Similar equations may be derived from the relationship between the strain

rate vector and the 1nstantaneous value of the StFess dev1at10n, viz:

r- éu-ia”

In unabridged notation, under conditions of plane strain, the Lévy-Mises

A equations are written as:.

1 ~

. . N
N . :
ex-iox

‘e, = A J, o c - (4.10)

ny = 2‘5< T xy

- where
.o

. - o - av
Ty ( 5

. P2
represents the total shear distortion experienced by any point within
the deforming sample. 7

Tt can be readﬂy shown [Hendﬂson 41968)] that the compl iance
. B A 1s given by:. ' .

. - DN TR T




!

‘* where. ¢ and o are Henc‘:ky;effgctive stress and strain rate parameters
. i :
given as:

g.= -); [(cx - uy)2 + ('oy - oz)2 + (&z - ox)z + 6(1x;

L2 2,44
“+ 'rxz+‘ryz)] »

% ' J, and I, are the second invariant of the stress deviator_tensor and

ﬂt‘l . !

. the second invariant of the strain rate tensor, respectively. Com- Z)}
o bining Egs. (4.11), (4.10) and (4.7) yields: | >

¥ oo | .

o

It reference is made to Fig. 4-15, it can be seen that the
theoretical imns of specifying the strain rate distributions. have now
been provided. In addition, a valid yfeld function, as well as the

o ; . . - . N ¥




T v T e e © oy A
v

AN e N e

127

plasticity equations associated with this yield function, has ' now been
specified. With these elements, it is now possible to develop the
equations necessary for the calculation of the plastic work rate and

hence of ‘the deforma tion energy.

4.8.1.4 Plastic Work Rate Determination

The rate at which st;'esseg do work in connection with the

plastic distortion of an incompressible material is given as:
W= %3 €13 (4.13)

" The rate of total energy dissipation with the soil is then:

b = fn av
v ~ 1
. x2 yz o, ! . - .
C) [ I (cxex + oy €y + Ty ny) dx dy (4.14)
ST S T T

in plane strain, where b 1{s the width of the sample under test.

Al

Substituting Eqs. (4.12) into Eqs. (4.14) yields:

1

‘ a'[dxz"r;+dyz/1—%+21xyz Mg

. fgz [,,'x’ M o - (4.15) ’

I
’

Thic,ﬂsecond invariant of the stress deviator tensor can be written

for tha case of plane strain as:

1] )
Jy = i(ax‘+ oy‘) + 'rva ‘

~
e

Ay e el 2.

.. % -

d"j

o T e PN s e

o
v e A

-k i



‘ . Equation (4.15) can now :e\tzj'“tten as:

< ; » . y .
- W= 2 /T, \ (4.16)
- . ‘ . ‘ | 2
and by integration in time, the total work done;-and hence the enerqy
\

. B \ ‘ d1ssipated, in.accomplishing plastic deformation, is fqﬁnd to be:
\\ ' ,
} t, x, gty
o=2b{zf’f’k/rzdxdydt . (4.17)
! . tl . Xl 'Yl

Equation (4.17) s sufficient to calculate the deformation energy com-

tzéf the total energy in the tool-soil system, provided that the
deformati jelds within the loaded soil sample are experimentally

specified..

4.8.2, DATA REDUCTION TECHNIQUE

t Accepting that the proposed visioplasticity solution is a
‘ valid one, it becomes necessary to obtain data in an expedient and
2 ) acturate manner in order to satisfy the. theoretical 'requirements. The .

‘system of data retrieval used to reduce the experpnental results of the

3

't : sofl cutting and traction tests required "the manual plotting of the

sequential positions of a nmber\of grid nodes from projected 35 mm
negative slides. Figure 4 -16 shows particle path tre?/;cxmsies
[translation .patterns] for a R.A.R.G. - . soil interaction process. The i

PRCIT P

PR sy
5N R
BB A T

coordinate pairs corresponding to each of the plotted points <4ere then
¥ E ~obtained with the aid of an x—yvrgcorder and a process’ contro} computer. =

| The resulting data were input to a computer routine, listed in’ o
. ! Appendix E as program “FIT*.  With thi® routine, the corrected pgrt(c]é A “’”
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coordinates, the incremental particle velocities, the instantaneous
strain rate componeﬁts and the rate of plastic energy dissipation were.
calculated. .A schematic of the procedure used in the calculation is

shown in Fig; 4-17, //

An examination of Fig. 4-17 will show that the developed

procedure provides a rapid and:exped1ent means of obtainipg data from

the measured expe(jmentaT"résults. A more comprehensive account of

the data reduction technique is provided in Appendix B,

4.8.3.  NO VOLUME CHANGE ASSUMPTION A

. !

. The assumptions and constraints inherent in the v1§iopla'st1’city‘
techni% have been discussed 1n.Sectiorl_4.B.l. . I_twasjho't’;‘ed tha4t an
essential requirement of the theorx/ 1s that the soil exhibits no permanent
volume change chf/cie;ist’ifﬁfh:n loaded, As a means of verifying th/e
valid a ,hfs assumptiop. the actual volume changes occurring during
the tests were obtained from the experﬂhent'aﬂy measured tool-soil
deformation fields. In order to obtain the required data, the
principle of conservation of ‘mass was applied to elemental areas
within the deforming field. These elements were each defined by four
adjacént node points of the inscribed grid and were fonov;ved throughout
the deformation history of the four relevant points. The method is

shown schematically in Fig. 4-18.

" “

App‘licai:lbh' of ‘the pinciple of conservation of tpaé*s té, these

areas results fn: - .
»

PA =PA = O’ls 7 , (4.18)




URED GRID NODES ON
NEGATIVE SLIDES
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) o ING OF SUCCESSIVE NODE LOCATIONS TO
N N . E DISTORTED GRIDS OF ORIGINAL “AND
, °\\; " . DISPLACED NODE POSITIONS
< \\ ‘\
j;//{ - N o PROGRAM '25'
o ' { . . P —————
SR 1 \
SPECEIFICATIONS OF COORDINATE A &
LOCATIONS USING X-Y RECQRDER N _ 3
. ARD PROCESS CONTROL COMPUTER ‘ @
\
PROCRAM 'TAPE 25' @ T |

TRANSFER OF COORDINATE
PATRS TO PUMCBED CARDS

rrcdﬁgvg9-17)

“ METHOD OF DATA REDUCTION

{

\

A R

1. GRID ADJUSTMENTS FOR DISTORTIONJ

2. CALCULATION OF INCREMENTAL
DISPLACEMENTS AND VELOCITIES
FROM PARTICLE PATHS

|

3. CALCULATION OF INSTANTANEOUS
STRAIN RATES (EQUATION (4~31))

4. ESTIMATION OF VOLUME CHANGES
FROM PARTICLE PATHS

5. CALCULATION OF POWER OF

DEFORMATION (EQUATIONS (4-11:)
. AND (4-15))

Lel
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" Equation (4.18) can also be written as:

Py A ‘ N o
d4.4 4,1
pj A (4.19)

where

P, = mass density or specific mass of the ith elemental area.

’

Ai = area of the ith element.

Machine computation of the areas, carried out by program "FIT"'
shown in Appendix E, allowed for a comparison of the mass densities of
the deforming soil through successive grid positions,  The results of

these computatfons.are shown in Table 4-3 for the various kaolinite
’

o

clqy tests performed:
W

; The permanent volume distort1ons reported are in terms of the
average value gv\er the entire deforminq field, throughout the deformation
process. Evidently, the average values do not necessarily reflect the
magnitude of the peak .l‘ocal values since positive and negative values
may tend to compensate eacly other, ~ In Fig. 4-19, the volume changes
computed indicate loca'l volume changes up to five per cent. In the final

analysis, however, the 0vera11 influence of the volune "change on the

" exhibited behavior of the tool-soil system is a functionrof tﬂ entire

defomrlng field and, consequently. the average values reported 1in

Table 4-3 should be representative of this influence. In view of

L

this, the small values reported here - of the orderrof two per cent -

" imply that the constant volume assumption invoked in the theoretical
‘development 15 a justifiaMg_@e. . . ) '
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TABLE 4-3

VOLUME CHANGES

/ Natural (Kaolinite) Clay ' '
9 . .
Tool Test No. Average Vc%ume Change }/
10° Blade 27 - 0.57
30 . 0.45
20° Blade 28 0.89
35 : 1.05
% 40° Blade ) 26 - 0.69
’ 36 1.25
50° Blade 29 0.78
\, .
31 . - 0.90
Plate Gr@er 32 2.01
(R.A.P.G.) - :
37 - 0.99
S.E.W. Grouser 33 - 0.77
38 0.91
C.E Grouser 34 1.52
= frype (2)
39 » -0.71
\\
Notes: (1) Positive volume changes denote dilation.

(2) Negative volume changes denote compression.

(3) - Average values represent the algebraic average
over four images.

. "
. : .

>

- (.
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4.8.4. DETERMINATION OF THE LIMITING SHEAR STRESSES

The strength parameter, k, is defined in Eq. (4.7), viz:

J = k?

2

Here J, is the second invariant of the stress deviator tensor and the

above equation can be written in detail as:

J, = %{(51 - 0,)% + (0, - 0,)* + (0, - 0,)%] = K?

For the case of plane strain deformation, with no permanent volume
change occurring, the intermediate principal stress is given by
[Mendelson (1968)]: A

L > .

Use of these two equations, together with the exﬁer1menta11 y measured
stress-strain curves, permits; the cp"lculation‘ of k.  An ayial strain
of 20% was chosen to'define failure since no definite peakﬁ were
avidenced 1in the measured stress-;stra1n curves, Figs. 4-7 and 4-8.

4

"4,8B.5, PREDICTION OF THE DEFORMATION ENERGY BY VISIOl?LASTI(;\i""T'~

The 1nf1uenc; of the tool geometry on the @ﬁergy required for
motion is shovm"ln Fig. 4-20"for the cutting blades and in Figs. 4-21
and 4.2é for the R.A.P.G.‘ and the wedge grousers, respecf.ively. The
curves representéd by solid Hne} indicate measured values obtained
from the 1ntegration of tﬁe areas beneath the experimentally measured
force-displacement curves. In ad;i}tion. the theoretica]]y calculateq

values of the dissipation energy are shown for comparative purposes by
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broken lines. These values were cbtained by means of the application-
of Eq. (4.17) together with the appropriate values of k obtained from
the results of the plane-strain triaxial tests as outlined in the
previous section. Comparisons of these results with those obtained
from the measured force-displacement curves are also shown in Table 4-4,,
for cutting tests,and in Table 4-5 for traction tests. The comparisons
are made in terms of measured and calculated valueg, referring to those
results obtained from experime'nta1 cur;ves and by n?éans of Eq.(4.17),
respectively, and are reported at 0.25yinch intervals over a displacement
of 1.0 inch. The deviaf{ons between the two sets of values, expressed
as a percentage of the applicable experimental values, are also shown
in these Tables. . , ‘ @
Examination of these‘ data indicates that the analytical solution,
as expressed by Eq. (4.17), provides reasonable estimate of the energy
dissipated in the soil fqr tool displacement in excess of 0.25 inch. For
displacements in excess":o'f'O.ZS inch, the average error in energy pre-
diction is of the order of ten per cent, while the maximum error is of
" the order\of 20 per cent. However, at 0.25 i;wch displacement the error
of estimate is significant, with an average of 36.5per cent, while the
maximum errvor is s‘omé 75 per cent. These differences-can be attri-
buted to errors due to the assumptions made in ‘the determination of the o
Himiting shear stresées.  Since no.deflnite peaks were evidenced in °
the measured stress-strain curves, Figs. 4-7 and 4-8, an axial strain
of 20 per cent was chg{sen to def{ne faﬂurw.f The stress values corres-
ponding to the\faﬂure strain were used to calculate the value of the’
van Mises yield function, k. wm,ge this p;~ocedur-e tmplies a rigid

plastic material, the stress-strain curves, Figs. 4-7 and 4-8, show a \
) ) ’ .

.




- Nﬁbﬂg 4-20 s . . _ _
.. N T~ A —— Measured Values
B COMPARISO ASURED AND CALCULATED

/
i
I
t

= . | —_—— Ca'ic'ulate;i Yalues
7 8 S -YALUES OF rﬁmnev, AS A

= : “._FUNCTION OF DISTANCE TR‘M@D\AND\

& / \ E_INCLINATION T -

3 ‘ M- - 10° blade

=

= & //

' &

> o

g 4:‘: . - ‘

&— ' - , ' > 20° blade

s

a

= N

40° blade

0
4
e
\ e

0

gel




DISSIPATED ENERGY - IN,LBZIN.NIDTH

N -

[/,;y_ | ‘
FIGURE 4-21  COMPARISON OF MEASURED' AND EALCULATED VALUES

P

|

1

OF /DEFORMATION ENERGY, AS A FUNCTION OF

DISTANCE TRAVELLED AND R.A.P.G, GEOMETRY

Y

R.A.P.6. - h/1 = 0,833

T

_R.A.P.G. - h/1 = 0.50

-

Measured Values
e e C21CuUTated Values

] /?7&
. - INCHES
~ x _ g W | [y '3 | §
0.1 0.2 0.3 04 R NG 0.7 5.8 0.9 o0

S v il s, - ¢

Thaneh A BRIV b, &

A L O\ Mk, A VA (oA e M5 e ot ke s B
[y

[FETO—.




'\\.f’
14
‘
10 =
=
&
=
g -
=
)
B
'645
2
=
2
- a
'
2

©

e~

W -

FIGURE 4-22 . COMPARISON OF MEASURED AND CALCULATED
] VALUES OF DEFORMATION ENERGY, AS A -
: FUNCTION OF DISTANCE TRAVELLED AND
~—" | ROUSER GEOMETRY )
“
> S.E.N.G. . /
¢ / t
L . C.E.W.G. type 1 /
, ? ¥.6. type (1) |
e NS e () - p
. . . \ 8
- , \
- -
& L. ‘ \\
) / : \
. ) / \\
f ) \
g N Measured Values \
- : ’ \
. / : ' Calculated Values
. - ‘ \ \\\
. DISTANCE TRAVELLED - mcm:s‘ \\
_._——-:‘:- N ’ N R ' . N ‘\ . . L \g
0.2 0.3 0.4 0.5 0.6 . 0.7 0.8 0.9 1.0

CE et 2 -



4

T

TABLE 4-4
COMPARISON OF MEASURED AND CALCULATED VALUES OF

DEFORMATION ENERGY FOR CUTTING TESTS

£71

TESTALEC | | j . DEFORMATION ENERGY IN.LB/IN.WIDTH
: VERTICAL }Measured Calculaggd,biffgrence Heasured*Calqu\ate& Difference | Measured Calculated Difference | Measured Calculated Diff:rence
’ .= C8 A % 2
] 100! Uispllciiiﬁfzatq.zs}1nch~ J d = 0.50 Tnch d = 0.75 {nch d = 1.0 Inch
Artificial Clay Tests - . A I i
21 10° 1.47 1.90 429.2 4.05, 4.45 | +9.87 7.03 7.90 +12.3 10.24 11.32 +10.5
12 20° 1.42 1.80 +26.7 - 3.81 3.1 \ + 7.61 6.28 6.68 +6.36 9.14 9.816 + 7.3
23 - 40° 1.10 1.40 .+27.2 2.9 3.2 \* 9.96 5.02 5.48 + 9.16 7.36 7.99 + 8.55
22 50* 1.05 1.3 +23.8 2.6 2.9 +11.53 4.3 4.85 +12.7 6.16 6.899 + 1.3
Matural (Xaolinite) Clay S o
7 10° 1.32 1.95 +47.7 3.92 4.60 .#17.3 " 7.65 8.35 4 “+9.10 12.05 12.62 "+ 4.7
30 10° . 1.2 : 2.05 +70.8 3.86 . 4.56 +18.1 7.40 8.25 +11.48 n.n 12.50 -+ 6.7
| - 28 20° 1.0 1.72 +70.2 3.194¢°  2.83 ) -1.3 6.0 6.93 +15.5 9.42 10.5 +11.4
B 18 .60 +39.1 3.33 3.61 + 8.4 6.31 7.00 40,9 9.5 10.7 1.4
26 40° 1.061 1.39 +31.0 4 3.10 + 6.9 5.12 5.61 + 9.57 8.0 8.5 + 6.25
36 40° 0.97 1.20 +23. 1 2.9 3.27 +10¥4 " 5.00 5.60 +12.0 B.3 8.7 + 4.81
29 50* .0.92 1.23 +33.6 2.436 2.737 +12.3 4.3 4,95 +15.1 6.57" 7.50 +14.1
A 31 s50° 0.88 1.17 +32,9 2.65 2.9 + 9.é1 4.1 4.65 +13.4 6.90 7.55 + 9.42
ST |
Notes: tned from the experimental'fo¥ce-d15p]acement curves. *

(1) Measured values denote val:g;_gh;a

(2) Calculated values denote
(3) Differénce expressed in per

3

eoretically calculated values obtained from Equation (4.17).

centage of measur

ed values,




“IABLE 4-5
COMPARISON OF MEASURED AND CALCULATED VALUES OF

" DEFORMATION ENERGY FOR TRACTION TESTS ‘
T%T' GROUSER DEFORMATION ENERGY IN.LB/IN.WIDTH
) ' Measured Ca‘lcuhtpd thferenc’ e § Measured Calculated Diff’erence Measured Calculated Difference | Measured Calculated Difference
’ . % 4 %
Yool Displacement: d=0.25 Inch d=0.50 inch d=0,75 inch d=]1.0 inch
Artificial Clay Tests 7
18 |R.A.P.G.h/1=0,83 |/ T1.7 2.n 424.1 4.42 4.67 \ +10.6 7.21 7.79 + 8.04 10.03 11.13 +10.9
19 R.A.P.G.hll-o.s/ 1.29 1.56 +20.9 3.17 3.12 \\ - 1.5 5.18 5.45 +5.2 7.29 7.79 + 6.85
40 |C.E.W.type(1) .0.94 » 1.33 1.4 2.9 3.14 + 5.0 5.5 5.84 + 6.18 -8.2 8.99 + 9.6
14 |C.E.W. type(2) 0.69 1.02 +47.8 2.33 2.56 +9.87 4.48 4.76 +6.25 6.85 7.33 +7.0
16 |S.E.M. 0.83 1.15 +38.5 2,69 | 2.80 + 4.0 5.02 5.25 + 4,58 7.55 8.02 + 6.22
Natural (Kaolinfite) Clay - .. ; 0 .
34 [R.A.P.6.h/1=0.88 1.56 11,90 +22.06 4,26 4,445 +4.34 7.343 8.255 +12.41 11.14 12,70 .- +14,00
39 |R.A.P.6G.h/1=0.5 1.33 \\1.44 + 8.27 . 3.5 3.36 | -'4.,27 6.015 6.24 + 3.70 8.85 9.60 + 8,47
42 |C.E.M.type(1), 1.22 \1.74 . +42.6 3.75 4.07 + 8.53 6.79 7.%6 +11.31 10.57 11.63 +10.0
43 C.E.N.type('l)\ 1.7 \:8 +37.4 3.65 4.15 +13.6 6.5 7.32 +12.6 10.7 11.33 + 5.60
33° c.E.H.type(z)_ \ 0.821 1\44 +75.3 2.76 3.36 +21.7 5.278 6.24 +18.22 8.57 9.6 +12.0
38 |C.E.W.type(2) 0.95 1.3 +41.0 3. 3.4 + 9.6 5.91 6.35 +7.45 8.70 9.4 +8.04
NG ¥ .
32 |S.E.W. 1.3 1.70 +29.8 .79 397 + 4,74 6.72 7.38 + 9,82 10.29 “11.35 +10.3
37 }S.E.M. 1.42 1.79 +26.0 3.4 3.9 +14.7 6.51 7.12.*  +9.37- 10.6 -~ 1.N +10.4. X
Notes: (%} Measured‘ alues denote values obtained from the experimental force-disﬂ]acement curves, ‘
2) Calculated values derote theoretically calculated values obtained from Equaltion (4.17).
3) Difference expressed fn percentage of measured values. N r~
Pl x N
fg ’ \\ |
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nonlinear behavior which could be idealized by a work-hardening material.
With the adoption of the stress values corresponding to 20 per cent |
strain, an overprediction of the dissipated energy would be expected.
This explains the higher values obtqihed froﬁ the analytical solution

in almost all the calculations performed.

Finally, Fig. 4-23 shows the distribution of the deformation
: energy as a function of qepth for the various blade inclinations adopted
in the experimental investigation. These distributions are 1nstant§n-
eous dhantitiei 1n.that they represent gpe defgrmation energy distri-
butions at the specified instantaneous blade positions. In Chapters
5 and 6, the soil deformation energy results obtained by the method of
visioplasticity as outlined~in this-Section,are compared fo the work &
input computed from the integration of the areas under the experi-

mentally measured 10ad-&1sp1acement curves as well as the work output

as determined from the finite element model proposed in this study.

A
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CHAPTER 5
e ]

FINITE ELEMENT ANALYSIS OF
SOIL CUTTING PROBLEM
/

7

Ll e

Ead

' ‘Following from Fig; 4-5, this Chapter provides.the“devélopment

! and presentation of the results of the finite element nndeﬁ use& for

] , solution of the stated problem, and a discussion of these results. In
addition, comparisons between the finfite element results of the soil

. cutting prblem ang the experimental results prevJously reported in
bhapter 4 will be ﬁnde. Further appreciation of the solution technique
is achieved in Chapter 7 through a parametric study of the familiar case
of two-dimensional soil response encountered in long retaining walls,
when yielding in a passive sense. ‘Recognizing that thér;étaiping wall : |
problem bears a close parallel to wide cutt!ng blades moving 1ﬁ\soils, 0
it is belfeved that by\compa??;g thé results obtained from the analysis.
w1th the cl&ssid@l earth pressure theory, a be?ter insight into the)
‘rationality of the so?u;ion technique will be accomplished. In the
second part of Chapter 7, soil cutting and traction analytical and

- experjmenta1 results reported 1n this thesis are compared with the

results computed. from existing theories .

-5.1- ‘MESHES AND BOUNDARIES

-

The cugtdng tests described in the previous Chapters wereylt”)f
11ed by the finite element method for solution in 'the digital
computer [Chapter 2]. The boundary conditions for the problem are

- 145




“droblems are shown in Figs. 5-1 and 5-2. In the idealization of the :

%{l‘ 7

| L

\
A\

L]

\
easily fixed since the laboratory tests were done §n-a box of known

3

dimensions. ‘ © -
.( \ /:’,__..»——— IRy ~ ’

- The-meshes adopted for the 10° and 50° inclined blade
!

¢
A
h

‘10° blade problemi 266 elements and 176 nodal points were used, while

199 elements and 136 nodal points were used for modelling the 50°

blade problem. The mesh patterns were so arranged that smaller ot

. elements were employed near the blades and larger elements in regfons ' p

“away from them.

As ment1oned,earligr, constant strain triangle elements were N
employed in these models to represent the soil mass with joint [interface]
elements inserted betweer_\' the sofl and the blades to simu%ate the inter-

face chai-acteristicg'. Inadditiong joint [cutting] elements were

placed on the plane on which cutting progresses, as shown ‘i‘;\t Fig. 2-6, : N

Since the sides and the bottom of the box containing the soil

Y o ' :
_were greased, it is reasonable to assume that these boundaries are smooth.

In the finite element idealization, the boulndarie‘s’were placed on rollers

so that the horizont&i movement was’ restrained on the sides and the ‘

verf.fca'l movement on the bottﬁf\ boundary. The load setup in the

labor;tory was 50 designed asoi‘.o insure uniform plade’mvenent in th\e : ’ )
soil. In the ar;alyﬂs, the blades were considered rigid. Uniform . i
horizontal rigid displacements were applied at all nodal points. The
displacements were increased in 10 equal 1ncrelnqr;ts of 0.10 inch for a,
total displacement of 1.0 4nch. = The self weight of the sofl was on-
sidered in all the analyses made.. ' \ \ o g
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(i, 5.2 DISPLACEMENT AND VELO?;IY PATTERNS

The displacement fields in the soil mass are computed from the
magnitudes and directions of the vertical and horizontal displacements
at the nodal po;nts. Figures 5-3 and 5-4 shew the displacement fields
for the 10° and 50° inclined blades, régpgctively, at a displacement of
0.50 inch.

’ 1 -
The displacement patterns indicate the existence of two

zones. In the zone above the cutting plane, the so_ﬂ undergoes large
deformations resulting from the bla'de motion. In th;s region, the‘
sgﬂ fs moved forward and upwa}-d~re1at1ve to the griginal b}aqe pési'don.
These motions indicate that shear distortions occurred throdghout the
& zone. On the other hand, the region belo‘: the cutting plane is shown
- . to experience very little deformation. The discontinuity in the
"+ deformation field is shown to occur on the cutting plane, dis;:ontinu‘lty
that results from the relative displacements between the top and the
”b'ottom surfaces of the cutting [Joinlt] elements., It must be noted,
however, that 'accor:dmg to the assumed model, the soil is displaced
by continuous deformation rather than by sliding along a series of
specifii: faflure surfaces. Furthem{t)ore, it is seen that such a model

|

allows éfor a build up of a surcharge ‘as the blades rprogresst in the soil.

The deformation patterns fbr the 10° and 50° inclined blades
are generally @ same. However, the zone of shearing deformation
adjacent to the bl\ad\e\jﬁ found to Be Targer for: the 10° inclined blade
by approximately the volume of the soil enclosed within the

g . projection of the blade face.

\u:’\
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Regarding the interface displacements, it is shown in Figs.

5-3 and 5-4 ghat a certain degree of slip occurs between the blade

surface and the adjacent soil., At 0.50 inch of blade displacement,

the interface element nodal points attached to the triangu]@r elements

move upward relative to the nodal points fixed to the blade surface.
N ! )

Tn the case of the 10° blade deformation field, the magnitude of the\;
soil slip is-smalleé near the blade tip and increases along the »
surface of the blade, réaching a maximum at the intersection of the
5011 surfice with the blade. ‘On the other hdnq: the magnitude of the
soil slip alon§ the 50° blade surface appears to be more uniform. Such
“difference in the s1ip behavior is attributed to the difference in the
tangential stress distributions developed in the interface elements
along both the 10° and 50° incl1ned blades. The contact stresses
will be presented in a later section with a discussion on the observed

differences.. : , e,

s

Finally, the plots of the horizontal and vertical cbmponents
of the nodal point velocities are shown in Fig. 5-5 for the 10° inclined
blade and in Fig. 5-6 for the 50° inclined blade-soil system. These
fso-velocity contours sefvé,to show the effect of the insertion of the
cutting elements on the deveT%pment of discontinuities in the velocity
‘fields. In Section [S.G.Zj the d15p1gcement fields'obta1ned by means
of the finite element model ﬁroposed will be compared to those obtaingd

from the experimental analyéis described in Chapter 4, in order to
establish the similarity between the corresponding fields.

5.3 STRAIN RATE DIRECTIONS

>

- The di;ections of the principal strain rates are gbtained on,

N\
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the basiZ of the strain rate components, calcu{ated by dividing the

ncremental strain components Gex, éey and deky by the time incre-

nt &t, or

——

/

/ §e se O se
L o X . _.._5): .\ (5.1)
€x &t Ey t and %;y st

/)
préve%, due to the approximations inyolved in the formulation of the
constant strain triangle elements egiployed in this study, it is logical
to use some average value of st;zyn [or stress] as represéntative for

the elemerit. The most common méthod of averaging is to use the strain_

/
at the centroid of the element, since the strains [or stresses] are
. /

constant over the element./“ For better averaging, an alternative

procedure is admissible,” Instead of averaging the strain [or stress]

over the element to obtain a centroidal value, the strain at a parti-

_cular node may be taken as the average value at that node among all the

‘adjacent elemenps. This procedure has the déuble advantage of:

1] avoiding unacceptaﬁﬁe discontinuities in the stress,
veloc1t§'3nd strain fate,fiélds:‘ m&gt elements
currently in use exhibit discontinuities in stresses
from one element to another, although the stresses ‘
in two adjacent elements often stradd]elthe true
stress curve [Zienkiewicz (1971)], anda /

2] ' simplifying data 1nterpret£¥16ns and presentations. asfi

. it is easier to visualize the resdlts at the nodal

-

points rather than at the elements' centroids.

In the present study all the stresses, str&ins. strain rates and

velocities are averaged at the nodal points. The avefagipg procedure

- \
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‘total stress approach with the friction parameter ¢. taken as zero. -

- 5.4 STRESS ANALYSIS b -

156
/

is carried out by subroutine "AVER" in program "MAIN -2", in
Appendix E.

At every nodal point the strain rate components are calcul-
ated by Eq. (5.13, and the directions of the principal strain rate
components as‘well as those of the maximum shear strain rates are - ' '
determined as shown in Fig. 5-7. The network of the-principal strain
rate and the maximum sﬁear strain rate directions are shown in

Figs. 5-8 and 5-9 for the 10° and 50° blade problems, respectively.

) Since the soil undergoing deformation in front of, a moving

blade constitutes essentially a closed system as far as water content
is concerned, the loading being characterized by its short duration,

it is relevant, as discussed previously, to base the analysis on a. /

This reasoning- indicates that the similarity in mechanical behavior

of clay in front of a moying tool and ductile metals has a rational ) R
basis. According to these considerations, Séint Venant's postulatey:
already accépted to be valid for ductile metals can also be accepted

for clays subjected to short duration loading conditions. The

postulate states that: ‘"in a plastic material,~the principle directions

of strain rate coincide with the principal directions of stress". The

. directions obtained in Figs. 5-8 and 5-9 can therefore be assumed to

coincide with those of the principal stresses aﬁaAmnximum shear stresses.

’ - The &1str1but10ns“of the horfzontal: vertical and shear soil

L

-
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stresses in front of a moving cutting blade are presented in this

ot

Section. The stress contours for the 10° and 50°.1nc11ned blade o

problems are plotted at displacements of 0.1 and 0.50 inch. " The
stress contours for the 10° blade problem are shown in Figs. 5-10 and

5-11.  For the 50° blade case, the contours are plotted in Figs. 5-12

and 5-13.  The 0.] inch blade displacement is typical of stress distri-

/butions in the elastic range, while the 0.5 inch plots are considered
to indicate the distributfons in the plastic range in the vicinity of

the yltim.te stresses.
S

. general shapes with 1ﬁbreasing bdade displacement. Fhrthermore, the

results clearly indicate the discontinuity in the stress distribution

The coffours shown in these Figurés seem to maintain the same

‘within thé soil mass due to the effect of the cutting [joint] elements °

inserted at the level of the blades' tips. It must be kept in mind,
however, that these element§ we;e inserted, in the first p]&ce, to \\\
produce discontinuities in the stress and deformation fields simiilar
to tﬁose occuring in the physical situation. 'Correlatioqs betwe?q the
analytical and gxperimentai results are the final justification that -
the assumed analyt1cai model with 1ts assumed discontinuities can be
employed with reasonable accuracy to. predict the physical response.

- Correlations between analytical results and the experimental ré%u]ts

cbtained from the model tests performed are attempted in Sectfon 5.6.

Q\
Examination of Figs. 5-10 through 5-13 leads to the fo]lowing

obsﬂrvations:

1]  Stress concentrations at the tip of ihE’Q}ades are

f

!

. indicated in all cases. Horizontal, g, , vertical, Oy
| | . real

| .

1
>
4

i

"L , . 1.
/ .
J
. . . . .
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Comparison of the patterns of -the horizontal stress,

////////ftensile and partly conpressive. are developed.
{ e The compressive stresses 1gqrease with d1stance

ipd shear,/tgy: stress values are lilghest in the T %
e - B

vicinity of the blade tip.  Such concentrations
: faré also chafas$er1;eq by a skngu]ar(behaviory : \ y
where a change 1n§£he magnitudes and,.in some ‘
instances, in the directions of the stresses above

and below the blade ttp-point result.

o, distribution in front of the 10° and 50° 1nc11ne&
blades shows no significant differencesi Hoﬁever,
.while the stress values in the vicinity of the blades
are s{h11ar in the two cases, it may be noted that,
d1stant.from.the blade; the soil is subjected to
higher horizontil stresses in the case of the 10°
blade than in the case of the 50° inclined blade.

. o b
The effect of the plane of cutting elements. on the //

horizontal stress distribution is to divide the stregs

field into two differently stressed regions: // // N
(1) The upper field, where the compressive stre;s@s ’ // ////
) . ¢ / s
are high near the blade-surface and decrf;;e / .
with distance from that surface;
(b) ilbe‘16ner-f1eld where lower stresse;/ partly ' . R

Ve
.
~

" from the blades, white a z0ne of’tensile : ; )
horizontal stresses develops 1n the soft bellw
th7/glad! tip-in the two cases stﬂ@icd. ' P




’ ’ ., _- A1 The vertical normal stress, o , distributions, show -
. the existence of a zero vertical stress contour in

‘the upper part of the sofl mass in both the 10°

and 50° b]ajj(?&tr‘lbutions With the blade progr’;ssmg

1n the sofil is contour shifts downWard resulting

fn Jlarger zones of vertical tenstle stresses. This

behavior is attributed to the restraining influence

of the fixed vertical end boundary which induces

action that results in larger zones of tensile stresses.
As in the case of the horizontal stress field, the
Tower part of the soil mass [below the cutting plane]
experiences a change from tens11e\stress below the

blade tip to compreséive stress away from the blade.

5] The shear stress contours, indicate a zone in front of
the blnde\tip experiencing high shear stresses. The
N : shear_stressgs in this zone are positive, thus the
shearing is a clséksze sheaqing acqion as would be
. , ' expect;d. These zénes could be termgd the “active"
shear zones as the shear str' sesnkeép on increasing
with blade moveﬁént. Above he "act1ve" shear zones,
_there exisf; zero shear stress contours with zones of .
Tnegativg shggr stressas, i.e, sheari g is anticlock‘
wise above the zero cdntour. These zones are foind
\ _ to expand with larger negativ values | in the 0.5 inch
) plots. indicati\\\an upuard action thTt explains the -
9 - ‘ '“;' fog:jm:ution of the surcharge. \ ‘
|
A




{ Figures 5-14 through 5-19 demonstrate the behavior of the .
)ements plaged on the cutting plane at 0.1, 0.3, 0.6 and 1.0

i' fun tiJon of the horizontal distance from the blade leading edges.
! rThe v Hation of the tangent*lal §tress, T, .as obtained from the hyper-
boH Fd\ (2.32) with the coefficients (a) and (b) obtained from
f !Fig. 4-13, 1s plotted in Figs. 5-14 and 5:17. The varfation of the
. tangential stiffness values, kgs 1s presented in Figs, 5-16 and 9-19,

As indicated fn Chapter 2, the relationship between shear
stress and relative displacement on the interface between blade and
soillis nontinear a'nd dependeﬁt upon the developed normal sfress. In
other words, the constitutive relationship for the yield point in soil
sheaya!:‘f\htmlade-soi'l {nterface is assumed to take the form T (P, &.).
i P 13 the normal pressu’re ;acting on the 1nterface and A s the relative’

displacement between the soﬂ and the blade surface. The tangential

stress, -r. can then be defined in the fo1low1ng manner:

\ ['t|<'r(P,A) o (5.2)
This foﬁous because the shear stress o of a point in 'fhe thin surface
layer of sofl adjacent to the blade gurface s Tass than_on a inp'lng
‘surface at this point. ° The equality holds 1f the surface of contact ~———____ .

d
’ . -

1s a s11p sirface, that is, the maximum vaTue of the tangential stress

fs given by ghe relation:
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C ) . The resqlts demonstrating the behavior of the interface
elements in the fmite element analysis of soil cutting are shown in
Figs. 5- 20 and 5 21.  They ghgm the shear disglacements and the
stresses in the Interface elements [inserted between the rigid blades
and the clay soil] at blade displacements$ of’O.ll, 0.3, 0.6 and 1.0 inch,
respecti\;ely. As mentioned previously, the interface e*]eqents were
assigned properties détermined from the direct sheér test results of
~1‘.he'so‘ﬂ-me'ca’1 mode, shown in Fig, 4-10. The hyperbolic formulation
[Section 7.4.37] was again included to allow the stiffness of these
'elements to simulate tﬁle 1ntérfa‘ce behavior.

5 .
- It is observed from Figs. 5-20 and 5-21 that the distri-

butions of the tangential relative displacements and stresses along
the 1nf;erf'ace eleménts are markedly different 1r:ﬂthe two cases. In
both cases the soil moved up the blade surface. Whereas in the case
of the 10° ;ncHnéd-b]ade the tangential disp,l'acements and pressures
are minimum near the blade tip and increase with distance from the
b'lade tip, the distributions of the tangeut1a1 displacements and
stresses along the 50° inclined interface are shown to bes very nearly
uniform.  In other Ws,'the s0i]1 in the case of the 56° fnclined
Abhde moved qn‘lfor:miy upward &"Iong the blade surface, while in the
" case of the 10°-blade, which penetrated deeper in the soil, the soil
. near the.surface moved uiward much more than tl\fsoﬂ ne.ar the blade
"tip, creating a situat1on of variable slip rate along the surface of
the blade. ) These results coan‘n the observations made by Kostrd tsyn
(1956) who noted ‘that near the sprface, s0i4. would rupture or move
- upward, but at deeper depths the movesment was parallel to the direction

of travel of ‘the cutter. &’

o

] § .
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As mentioned eariier, failure zones are located by examinthg
the maximum shear stress induced in each' element after each increment.
If this §tress is equal to or greater than the shear strength of the
soil at that location, the modulus value, E, for the element is
reduced to a small magnitude indicating faiiure. Thus, the extent
of the faime}: established on the basis of these elements in
which the induced stresses equalled or exceeded the 1imiting stresses

at 20% strain obtained from the stress-strain curves presented in

Fig. 4-7.

It must be emph&si zed, however, that this presen ation 1s not
anindication of the establishment of failure or s%a};’(&n surfaces
since the criterion of ei(ceed1ng the shearing strengtfh of Ithe sofl is
obtained from the plane strain test results wherg/ihe' strength of the
s6i1 is taken as the maximum value obtained at 20% strain. In the
strength tests, the samples did‘ not fa1ll along distinct planes but
exh'ipitgd bulging degrnaﬂon. The failed e"lements should, therefore,
bejconsidered ’as.the elements where ﬁ;ﬂure planes would develop if the

so0i1 exhibited failure along shear planes rather than flow.

The devélopment of -the Failure zones for the 10° and 50° -
Inclined blade idealizations are shown in Figs: 5-22 and 5-23,
respectively. The e]emeﬁt§ failure started in increment No. 7 [0.7 ﬂicﬁ
of b]ade'disp]acangnﬁ for the 10° blade problem, ahd %haji'ncrement No. 5
[0.5 inch of blade disp]acemer';t]‘for the 50° blade idealization. The
failure patterns show that the failed 'elements” started at the leading
edge of the bﬂmw the soi1 surface. \ The effect
of the blade 1nc’11ﬂ,at1ton on the shape and progress of the fiﬂg zones

-

|

s nm e =
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INCREMENT No. 7 - BLADE DISPLACEMENT = 0.70 inch
‘Z‘: -
' e INCREMENT No. 8 - BLADE DISPLACEMENT = 0.80 inch
S
}
FIGURE 5-22 ,
(CoNTAD,) /
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INCREMENT Ne. 9 - BLADE DISPLACEMENT = 0.90 inch
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" INCREMENT No. 10 -» BLADE DISPLACEMENT = 1.0 inch

E1Gure 5-22 1LURE ZONES FOR THE 10°

INCLINED BUADE - KAOLYN CUAY SYSTEM S
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B} ‘ INCREMENT No.®- BLADE DISPLACEMENT = 0.50 inch
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Fieure 5-23
(cont'n.)
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5.5

is c1ear1j demonstrated in these Figures. White in the 10° blade

cése the elements are shown to fail in clusters starting at the blade
tip and progressing toward the soil surf;ce@ the 50° blade figures

show single elements failing along a weli-defingd plane. The
correlation of these failure zones and actual experimental observations
needs further docqgentation; however, they appear to be indicative, of

actual progressive fajlure.

NORMAL PRTSSURE DISTRIBUTION

Normal pressures on the surface of the blades, as,dispiacemeﬁts
are increased, are shown in F1g5525-24 and 5-25. Figure 5-24 shows
the distributions for the 10° 1nc{1ned blade at d1§p1acements of 0.1,
0.3, 0.6 and 1.0 inch. The normal pressure distributions, in this
cage, are seen to be uniform over about three-quarters of the blade
surface. Near the b1pde’t1ﬁ; however, the pressure increases to '

/ :
about 145 to 165 per cent of the average pressure over the whole

g

surface. The shape of the distribution curve remains the same
throughout the entire loading range. Figure 5-25 shows the riormal
pressure disteibutions on the 50° inclined blade at similar displace-

ments. In this case,.the normal pressures increase near the tip of

- the blade to abdut 200 to 300 per cent of thg'average pressure over the

~ whole blade surface.

Another Took at Figs. 5-24 and 5-25 will show that in the °

case of the 10° inclined blade, the pressure increases proportionally
with increasing blade displacement. However, this is not the case

for the 50° .blade, as the pressure is shown to increase at a much higher




© 0,3 inch’ 0.6 _inch ' 1.0 inch

"« . SCALE: I/anh = 7.2 psi ) -

., v N /f ‘\. {
yf < FIGURE 5-244 - NORMAL PRESSURE DISTRIBUTION ON THE 10° INCLINED BLADE
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0 rate near the tip than in the middle and upper locations.) Furthermore,
the data shown indicate that the upper one-half of the 50° blade does

not materially add to the draft, while in the case of the 10° blade

thé whole surface contributes to the developed forces.

~

In general, the smaller the foFceSVAr pressures developed on
the cutting tool the better the perfdrmance s But the extent of soil
o | manipulation must also be considered because it may alter any
conclusiors that are based on pr;ssures alone. At the. present time,'
no information is available to indicate what magnitude or distribution
- - of pressure can Be considered to be Qood performance. Certainly,
however, criteria could be developed and performance measured in terms /
of the distribution Snd magnitude of pressure 'on the soil-engaging
surface of cutting too]s.'p}py{ded that the de§ree of soil manipulation

P

I

%: o is taken into consideration.
%

v - 5.6 COMPARISON OF ANALYSIS WITH EXPERIMENTAL RESULTS

\ This Section presents comparisons between .the soi] cutting
experimental data reported in Chapter 4, and the finite e]e;ent analysis
presented in the previous Sections of this Chapter.  Such gomparisons
ﬁérmit a rational assessment of the adﬁissib111ty and viability of the
f;hise element method as a means of predicting the performance of a
cutting.tool - the stated aim of tqe\c:rrent study [Chapter-1}. In

addition, this Section examines-the co

v

straints and requirements
implied by the propbsed analytical technique. The discrepancies
between the theoretical model and the physical conditions are also

-

) a]uatgg’and thefr significance discussed.

e n wemk o

’
o



@ .

As mentioned earlier [Chapter 1], the problem at hand is a

mixed boimdary value prablem with.the boundary conditions specified
in terms of both displacepent and stress. In such problems, the §tress
and velocity fields must b compatible’as there is no apparent independ-

ence between the two fields\ ' Therefore, it is essential to establish

separate correlations of both the stress distribution and the soil
deformation with the physical measurements, before the technique is
Jjudged to be satisfactory. In\ the present study, the correlation 1s

done" in tlie following fashion:

1. The calculated blade reacttons [both vertical and
horizontal] obtained from the finite e1ement
sol ution are compared with the experimentaﬂy
measured forces.  Such correlation is an 1nd1cation of

the extent of simﬂari ty between th% stress fields.

2. The contours of the nodal displacements obtained / Vo
from the finite element model proposed qre superimposfd
ord the contours obtained from the recorded grid J
defobmation to demonstrate the sinflarities and’ ./

discrepancies in the deformation patterns.

3. Finally, as differeﬁces in the stress and deformation
fields are reflected on ‘the scalar values of the /
energy fie1d 1t 15 reaso,ned that the exam1nat10n /I
of the defomtion engfgy values would provide a. /
rational and expedient means of evaluating and . /
,ceuparing the analytical solution with the values

-

obtained from experiments and -experimentsl analysis.
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5.6.1 , Comparison of Measured and Calculated Forces

The Io&dgdfsplacement curves as obtained from the finite
element analysis based on the proposed model ‘are shown in Fig. 5-26
for the horizontal force and in Fig. 5727 for the vertical load for“
both the 10° and 50° inclined blades, :pés;ectivﬂy. The experimental

results are'also plotted on the same Figures for comparison.

The agreement between the éxpe;imental and the finite element
results i very satisfacéory 1n:the case of the horizdnta] forces for
ihe‘twoablade 1nciinat10ns analyzed. In case of the 50° blade, the
difference is about 3 pounds over the whole displacement range
analyzed, with the analytical results lying-always below the experi-
mental curve. For fhe 10° blade, the errors are found to be almost
negl1g1bie\up‘to blade d1§p1acement of 0.4 inch, beyond which the
analytical ang test results diverge, with the predicted)resu1ts

again lying below the experimental values.
. S
e vertical forces computed from the finite element analysis,
shown 1p Fig. 5-27, are seen to be smaller than the n;éas_ured values. A
more complete con}lparisrén of ihe analytical 'resu'l ts with those obtained
fro tljie measured force-displacement cﬁrvgs is presented in Table 5-1.

The unpaxo/ni are made in terms of measured and predicted values and

are reported at 0.25 inch intervals over a total blade displacement of
S

. 1.0 inc v, The deviatfons between the two sets of values, expressed as

a rcéq age of the applicable e;gerimentil vaiues, are also indicated.
T !

1

No analyses are presented fhe’re for blade inctinations iying

»

between the 10° and the 50° angles. It was reasoned that these angles

PN
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K \ . N
t . - TABLE 5-1 AN

N
COMPARISON OF MEASURED AND PREDICTED VALUES OF DEVELOPED FORCES ON THE 10° AND 50° wcun\eu\oss \
\\ . )
Test | Angle of Tool Horizontal Force (1b) ) Vertical Force (15}\ ™
No. Blade with Displacement N\ N
Vertical (d) fnch Measured | Predicted | % Difference | Measured | Predicted | % Diffe}e\nce
27 10° 0.25 .| 29.8 31.6 +6.0 -2.13 | - 0.8 -62.4 \
050 | 408 42.46 + 4.0 -2.75 | - 1.75 -36.3  \|
0.75 52.0 49.5 - 4.8 -2.85 | - 2.05 -28.0 ).
1.00 - 56. 1 54.07 - 3.6 -2.7 - 2.15 -20.3 1
30 " 10° . 0.25 ©30.5 31.6 +3.6 -1.95 | - 0.8 -64.1 -
0.50 . 44,0 42.46 - 3.5 -2.13 &\1 75 -17.8 N
J 0.75 53.5 49.5 - 7.47 -2.25 | - 2,05 - 8.9 N,
_ 1. .00 60.0 54,07 - 9.9 -2.30 - 2.35 - 6.5 \
\ . — 4 a\
\29 50° 0:25 20.0 17.5 -12.5 9.3 8.1\ | -12.9
1 0.50 24.0 21.25 -11.45 12.2 10,9 | A0.7 i
2% IR 0.75 26.0 24.2 - 6.92 13.8 123 |\ -10.9 3
v 1.00 28.2 26.07 - 7.55 14.2 13.2 - 7.0 a
N | so0e o+ 028 | 20.5 17.5 | -14.6 12.0 8.1 -32.5 3
- . 0.50 24.3 21.25 -12.6 L1341 10.9 -16.8 .
0.75 26.5 | 24.2 - 8.7 3.8 12.3 -10.9 .
1.00 29.0 | 26.07 -10.1 18, 13 13.2 - 6.6 o

Notes: (1) Predié&ed values refer to values obtained from the finite element aneiysis
(2) Difference expressed in percentage of measured values.
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o _ .~ represent a bound on the verification of the proposed model, and, if
the technique is found suitable for these inclinations, it could be
assumed that it may be used succegsfuIIy for any blade inclination within

these limits.

Examination of the data in Figs. 5-26 and 5-27 and Table 5-1
indicates that the anaiyt1ca1\mode1 provides reasonable estimates of

the developed forces on the cutting tools analyzed. This is “particulaﬂy

" true of the horizontal forces, in which the average error of estimate is
of the order of 8%, while the maximum error is some 15%. For the
vertical forces, the values obtained from the theoretical solution are,

however, more subject to variation from the experimentally deduced values

e TeT e

especially in the case of the 50° inclined blade. Such differences in

‘ -~
the vertical forces can be attributed to the effect of the soil

L

3 ~ ,

h deformation behind and below the blades, effect that has not been con-

2 ' )

= sidered in the finite element idealization.

" N 5.6.2 ° Comparison of Analytical and Experimental

; Ue;omaﬂon Flelds

2 - It will be recalled that photographic records were made of

5 the deforming grid at 5-second intervals of tool motion. With the
/4—" N

aid of an x-y plotter and a process control computer, the coordinate
- pafrs corresponding to each of the plotted points were obtained.

The particle displacements, over successive grid positions, were then

calculated on the basts of the change of the particle position in the

coordinate directions. These calculations were performed by the

O # " {initial section of program “FIT" Appendix E. A more comprehensive
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0 account of these techniques are provided in Appendices B and F.

The experimentally measured displacement fields are plotted
in Figs. 5-28 to 5-31 together ith the analytical fields obtained from
the finite elements nodal displaqeme;\ts, fgr a tool displacement of ' co
1.0 inch. These defornﬁtioh fields are 'ﬁresented in t'erms of

| horizontal and vertical displacements and are shown for the 10° inclined
b]adé in Figs. 5-28 and 5-29, and for the 50° inclined blade in
Figs. 5-30 and 5-31, respectively. As a means of faci'Htating compari-

sons, the results are illustrated in contour forms plotted in the

undeformed position.
H

In these Figures, the discontinuity in displacements at the §
level of the blade tip is clearly demonstrated the experimental
~ plots. However, a close examination of thdi:zontal di splacemt;nt o
f1e'1ds reveals that the contou;*s are 6n1y discontinuous in the viciriit'y
of the blades, while at a distance they'are seen to be copt?muous above
' 3

. and below the cutting plane. Such behavior implies that the discontin-

uity propagates with the blade movement. This is not the case in the

)
N
R
A

finite element solution where the discontinuity is assumed to extend

all the wa,); to the end boundary. Moreover, the deviation between the‘
experimental and the analytical horizontal displacement fields 1ndjc§tes
that the finite eTement solution underestimates the horizontal displ?ée-
ments in the zone near the soil surface, while it overestimates m?

soil mass situated directly aboye the cutting plane.

y\ Examination of the vertical dtsp}acemnt fietds, Figs. 5-29
9 k .and 531, indtcates a significant deviation in the location of the zero

H
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vertical disp'lacement‘ contour dividing zones of upward and downward
movements. It is shown that the experimental zero contour lies above

the cutting plane for both the 10° and 50° inciined blades. The

-
S e e ¢ T

corresponding 1ine from the analytical ana]ysis,‘however, takes a
different shape and 1ies below the experimental one for both cases.
Nevertheless, the qualitative agreement between the two fields

[experimental and ana1'§it1cal] is seen to be generally satisfactory.

-

5.6.3 Prediction of Deformation Energy-

. It has already been noted [Sect1on 4.8,5] that the deformation g
energy results shown so far have been experimental in nature in that

they were obtained by:

L L 1. the application of the visioplasticity method to the .
experimentally recorded deformation fields with the
- o assumption that the stress-deformation behavior of

the soil can be described by a.rigid plastic model, |
“This model in turn demands the following conditions: b

(a) the application of 2 yield crliterion.
* (b) the measurement of a deM¥mation field
-: from experiments and calculations of
the resultant strain rate fields within
the loaded soil, and o
(¢) the selection of 'pIasticityA ﬂqw rules
s cons{ sﬁnt with the choice of the. ylield

e : " critertion. _ ‘ '
.\/ . ) ‘ N ) '
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2. the integration of the areas under the
experimentally measured force-displacement

curves.

It will be recalled that the proposed energy budget for the °

tool-soil system, given as Eq. (4.2), was written as:’

[ Fds = D + I k
s \
(Work Input) = (Deformation; + (Interfacial \ N

energy ‘loss energy loss ’ \

As the system is in a state of dynam‘1c_ equilibrium such that the input
energy is expended completely in producing plastic deformation with no
work output and with negligible 1 pterfacia] energy losses, the dbove
equation can be reduced to:

——
IFds-D
S ‘ ’ﬁ,.

Energy models for the analysis and the pr"ediction of tt)'él-sojl
jlntera;:tiqn performance will rely on the ability to measure [or deter-
mine] response function perfomance'; Sé. wh1|1e the results of integrating
the areas under the experimentally measured force-displacement curves
can be considered as a me\sure of the work input, the response function
is characterized by the work output or-the’ energy dissipated in the
systun._ * The work output 1s determined b"y two methods: one by using

" the vistoplasticity method, the other by using the finite element stress
and strajn fields,




0 First Method
For a material which follows the von Mises yield criterion,
" the total work done;\\and" hence the total energy dissipated in plasti¢
deformation under blan\e«—\itrjain conditions was expressed previously by

Eq. (4.17), and repeated here for convenience as:

WL TR

' ts (X2 1y2 C y
D=2b I I f K /T, dx dy dt ' (5.4)
t, X '

Second Method

w

= I " The defprmation energy during a time interval can be

4,

evaluateh from the finite element solution by the following équation
\ [Desai and Abel (1972)]: C |

B b S A

E — \ \ - - 5 % .
E,» | n-f I[a]‘d[e]- dt dv - (55) ’
§ v ' v t g .
3 where S
“;, (0] = element stress matrix, - , | Lo
dfe) = element incremental strain matrix. " o

~ Tt . increment duration. |

<
]

element volume.

.
8

~Tho‘§e @thods are used to ca]cqlai:e the-dbfomtion
energy of the tool-soil system. The results obtained from their
appifcation are shown in Figs 5-32 and 5-33 for- the 10° and 50° inclined
, blade problems, respectively.. \Comparisons of these results with those
@ obtained from the. integration of

"
Al

areas under the experimentally '
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- * '
measured force-displacement curves are also shown. The information !

is reported in Table 5-2 at 0.25 inch intervals of tool displacement of *
1.0 inch. The deviations between the values obizained from the
application: of the two methods outlined above, expressed as a percentage

of tlle applicable measured input energy, are indicated in Table 5-3.

' As pointed out earlier in Se'ction [4.8.5], the visioplasticity
method which assumes{'a rigid plastic model overpredicts the deformation
[ ﬁ energy, esnecially in the initial stages of the ‘deformation‘ process.

It 1s reasoned that replacing the work-hardening form of the stress-
- strain curves shown in Section [4.A.3] by a rigid plastic idealization

. should be exp&cted to result in the overestimation of the deformation

energy, particularly in the present case of gradual load application. e

In the finite element analysis of the present problem,
\ the soi1 was treated as a non-l1‘néar-e1ast1c-,strain hardening material

Subject to boundary conditions of an incremental form, thus permitting

— ﬁ,_;_—_.gmrn- -

calculatigns to be made .for the description of the growth of stresses

4 g e -

within the Toaded soil from initial to final stites. A solution of

«.#*-

this form should be expected to provide better estimates of the energy

¢
4
Iy
,

dissipated wﬁ:h!n the soil, subject to the approximations made #n the

2 _;j;g‘:lfﬁr‘ ol 1"3" LN —
. ¥ -

.' theoretical development. Comparisons of tﬁ‘sﬁnite element calculated

. with the experimentally obtained energy vilues demonstrate that the
‘ | d_eve1oped' analytical model provides reaéonable preﬁicﬂon of the ehergy
- dissipated in the soil. The average error of :stimate is of the order

of 10%, while the maximum error is 18%. - - . )
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TABLE 5-2 a

cmmkrson OF THE DEFORMATION ENERGY VALUES OBTAINED BY VARIOUS METHODS
: FOR THE 10° AND 50° INCLINED BLADE PROBLEMS

| Test| Angle of Blade . ’ Deformation Energy in.1b/in.width
) *. | with Vertical . . Tool Displacement ]
d =0.25 inch d = 0.5 inch d = 0.75 inch —d = 1.0 inch
a b " ¢ a b c a b c a b c
.21 t 10° - ,11.32 1.95 3.92  4.60 ‘ 7.65°.8.35 12.05 12.62
N . 1.39 4.06 7.32 .04
30 10° 1.20 2.05 3.86 4.56 7.40 8.25 11.71 12.50
- \ A
29 | ©  s0° 0.92 1.23 2.436 2.737 4.3 4.95 6.57 7.50
: , 0,79 2.17 3.83 5.61
il N 500 0.88 1.17 2.60 2.91 4.1 4.65 6.90 7.55

{1} Columns headed with the letter (a) denote values obtained from the experimental force-dis-
placement curves.

(2) Columns headed with the letter (b) denote calculated values obtained from Eq. (4.17).
" (3) COTtgms headed with the letter (c) denote values obtained from the finite element solution.
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. TABLE 5-3

ERRORS OF ESTIMATES OF DEFORMATION ENERGY VALUES FOR THE 10° AND 50° INCLINED BLADE PROBLEMS

T::t Deformation Energy in.l1b/{n.width
* [Measured Error of Estimate [Measured E:-&g* of ﬂﬁimte Measured Erroi. of Eg%ima;g Measyrad f_ Est
Values ' Visio- Finite | values Visio- nite | Values . Visio- ° Finite Values Visio- Finite
plasticity Element plasticity Element plasticity Element plasticity Element,
d = 0.25 inch d = 0.5 inch d = 0,75 inch N d = 1.0 inch
27 .32 +47.7 +-5.3) 3.9 +17.3 _ + 3.60| 7.6 + 9,10 -4.3] 12,05 + 4.7 - 8.40
30 //i.ZO' +70.8, +15.8+ 3.86 +18.1. + 520 | 7.40 +11.48 -1 N1+ 6.7 - 5.70
29 0.92- + 33.6 - 14.1 2.436 + 12.3 - 10.75 4.3 +.15.1 - -10.9 6.57 + 141 - 14.6
3% |- 0.83 , + 32,9 - 10.2 2".60 +11.92. -17.4 4.1 + 13.4 - 6.6 6.90 + 9.42 - 18.71
Notes:” .
(1) Errors expressed in percentage 'of measured values. ’
- (2) Measured values refer_to values obtained from the i ntegration of the areas beneath the experimentally
_ measured force-displacement curves.
¢ ~nN
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CHAPTER 6
p=- -

-

FINIi’E ELEMENT ANALYSIS OF SOIL-GROUSER
* INTERACTION PROBLEM

A solution of the traction problem - that is, obtaining
adequate traction at a suitable speed in a ﬁ;'acttlcal manner and at a:
reasonable cost - lies in an understandd ng of:
1. the manner in which stresses are applied to the soil, and

2. the reaction of the soil to the applied stresses.

Bearing in mind this understanding; which is necessary to deal with an

interaction process, a direction of approach may be established.

As previously mentioned [Chapter 4], while soil cutting and
traction problems can be considered to be one problem in principle, [both
situations requiring anah{ses of soil stresses and deformations, ‘as well
as the evaluation of developed reactions on the cutting or traction
devic.es]. the purpose of a traction device is to cause deformation of

sof1 1in a.certain ma;lner as to develdp adequate traction capacity [optimim

developed reactfons]. To achieve this, it is necessary to change the

geometry of the traction tools, or, in other words, the interacting

. boundary conditions, in order to reach the manner of soil manipulation

for the production of adequate traction. The importance of accurate
specifications of bolindary conditions canrot be overemphasized.

Three 111ustrative examples are studied in this Qhapéer to
t M
demonstrate the validity of the proposed method. Three grouser
geometries were chosen for modelling by the finite element method.

These grousers are the plate grouser [R,A.P.6.] with an’aspect ratio

| / - . . 205
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[h/1] of 0.833, the C.E.W. type (2) grouser, and the S.E.W. grouser,
shown to scale in Fig. 3-1, Chapter 3. . The reason for the choice of
these grousers was based on the fact that they represent different

geometries and therefore different boundary conditions.

MESHES AND BOUNDARIES

The meshes adopted for™the three grousers chosen for the
finite element analysis are shown in Hgs. 6-1, 6-2 and 6-3. . The
material is again assumed to be nonlinear e]aséic with constitutive.
behavior“derived from the stress-strain results discussed in Section
4.A.3. The initial modulus df elasticity, E,s Vs assumed to be equal
to the slope of the initial tangent of the zerg confining pressure
stress-strain curve shown in Fig.' 4-17, and the Poisson's ratio, v, is
kspt constar:;‘. at 0.48 through the entire deformation process.

As mentioned earHer,‘plane‘ nstra'ln condition is assumed in
cross-section, and constant s;train tr{ingles are employed to represént
the soil mass. Some objectives in subdividing the mass by C.S.T.
[constant strain triangle] elements are the followi r;g:

(a) Small triangles in the areas of mos:t 1nter‘-esf:.~ '

(b) ‘AH i:riang]es approxi.mately equﬂater&li

(c) Less than 400 total triangles and 200 nocies to keep.
| computer storage requirementst down,

(d) No more than six elements incident to any one node
 to kewp computer storage requi‘rqpents down.

T&*(e) ﬁnifom m;h?s as to facilitate p'lbtting and inter-
polation of results. 4
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In all the idealizations, Figs. 6-1 to 6-3, cutting [joint]
elements are placed on the plane where the cutting fs aﬁticipated.
This cutting plane is assumed to start in all cases at the level of the
grouser tip. It is realized that such an assumption can lead to a
certain degree of error as the soil s forced to separate orf a particu-
lar plane having a fixed position:and d1%ect1on. Cémparisons,w1th the
available experimental deformation fields, as well as the overall per- -

formance, are essential before judging the extent of the validity of

“such an assumption on the solution technique.

Figure 6-1 presents the idealization adopted for the R.A.P.G. .

" with [h/f] ratio of 0.833. As previously mentioned, observations of -

both the experimental soil displacement and velocity patterns indicated
tﬁat the soil situated in the rectangle formed by the two sides of the
grouser experiences very little displacement relétive to the grouser,
with virtually no soil slip on the grouser interface. This zone was
termed the “dead" zone in Chapter 4 and is presented in Fig. 6-4 as zone
'ABCD'. This ﬁo-slip condition eliminated the need for placing inter-

" face elements bq}weeﬁ‘thg soil and the grouser interface. However, it

was observed that, while the dead zone does not e&periéﬂce any appreci-
able slip on the rousgﬁ‘interface, relative displacements [or slip] do

occur between the 'soil in the “dead" zone and the surrounding soil mass.
3 * ) M

These relative displacements occyr on the outer edge of the "dead" zone

represented by plane 'BC' in Fig. 6-4. It _was found out that in order.
to account for suéh a discontinuity in the deformation field, joint
[interface] elements must be inserted on the plane 'BC'. Fig. 6-4. A
computer analysis performed on the jdealfzation that did not include

)
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- ’ SUBJECTED TO PLATE GROUSER (R.A.P.G.)
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q P such discontinuity showed that both the deformation field and the

/ predicted forces do not correlate with the experimental results.

1

"In Fig. 6-2, the idealization of the C.E.W. type (2) grouser-
s0il system is shown with interface elements inserted on the grouser-
soil interface. In modelling the S.E.W. grouser, Fig. 6-3, it-was
found that~interface elements are not required as the - horizoﬁtal plate
placed on top of the grouser creates a no-stip conditiow<151m11ar to

that observed in the R.A.P.G. case.

The sides and bottom boundéry coggigjons are similar to those
adopted in the soil cutting analysis. It is assumed that the side and
Bottom boundaries are placed on rollers. The horizontal movement is
_restrained on the sides and the vertical movement is prevented on the
~ " bottom.  Uniform horizontal displacement ds applied tp all the nodes

RN
on the grousers’ surfaces. The displacements, are increased in; ten

5 equal increments of 0. 1 inch each for a total displacement of 1.0 inch.

.,a\\

6.2 DISPLACEMENT AND VELOCITY PATTERNS

The nodal displacement patterns for the R.A.P.G.-s0f] system

. are shown in Figs. 6-5 and 6-6 for grouser dispIacemenfs.of 0.5 and 1.0

inch, respectively. From these plots the displacement patterns could
‘ be divided into three distinctive zones:

1. The “dead" zone. material

jacent to the grouser
N * {nterface 1s seen to behavé as a rigid body with very
J ‘ittle deformation. The rigid body zone can be

o A approximately defined as the material occupying the

~{

e
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§ / L
triangle 'ACD' in Fig. 6-4. In the rem{nd#r |
of the "dead" zone 'ABC' in Fig. 6-4, the nodal
displacements indicate compression of material 'J ! Pt

with downward motion.

2. the soil occupying the area above thé‘ cutting plane

between the "dead" zone and the side boundary.

The nodal displacements indicate mostly an upward 5
movement with the exception of the ar;aa‘ adjacent

to ‘the "dead" zone where _;che nodes are seen to
continue moving downward. The upward motion of .
the top surface nodes 1n this zone clearly mdicades

the gradual fomation of surcharge.

3. The soil lying below the cutting plane. This material
“ experiences very little deformation with downward rg,oﬁon
b‘glow the "dead" zone, . and ypward displacement for the

soil situated:on the right.

The general displacement pattern suggests ;gat the soil
deformation ct\anges from downward motign, in the grouser vicinity to
upward mot1qn away from it, and the cutting plane seems to d_eform .

accordingly. Also, the effeét of the interface elements p1a§ed on

>p1an,e "BC', Fig. 6-4, on the displacement pattern is evident—in the

{

nodal' displacement p'lot‘s. Figs. 6-5 and 6-6. 1In These Figures it is

"shown that the soil on the righthandside. s'Hdes upward on ‘this plane b
[BC]. creating a discontinuity in the defomation field which is
compatible with experimental observations as will be shown in a later‘ ?
Section. S L "', , S
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A1l of these findings could be cﬁnffmed from the plots of the
horizontal and vertical nodal points' velocity contours shown in Fig.
6-7. . —Fhese velocity contours represent tl}e soil velocity during the
first increment of deformation [0.1 inch grouser disp]acemen.t]. It can
b? alsq seen that the vertical interface elements create a discontinuity
in the horizontal velocity field. '}his behavior is to be expecfed since

the direction of the ve]ocit} vector outside the "dead" zone changes to

¢
ls

an upward position resulting in a sudden reduction of the horizontal
velocity component. From the vertical velocity plot it is shown that

the velocity is downward in the "dead" zone, with the zone confined by

.the two sides of the grouser experiencing negligible velocity [rigid

body zone defined in Fig, 6-4 by ared 'ACD'].

The horizontal and vertical ve1ocit9 contours for the C.E.W.
type (2) and the S.E.W. grousers are plotted in Figs. 6-8 and 6-9.
From these Figures the following observations could'be made:
1. In the case of the C.E.W. typ; -(2)-grouser, the
horizontal velocity above the cutting plane is shown
to decrease with increasing distance from the grouser
interface. Below the cutting plane, the soil.velocity /
“{s in the direction of the grouser motion,  The highest
velocity occurs in a zone near the grouser tip, with )
deérgash}g values behind the grouser and-close to the £
*. righthandside bo;mdary. ‘ .

J S
: typé '(2)-s011 system, Fig. 6-8, it may be seen that 2

\_\, " " contour of zero vertical velocity intersects the gi'ouser :
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'\ VERTICAL VELOCITY FIELD

F1GURE 6—7 HORIZONTAL AND VERTICAL VELOCITY FIELDS FOR
THE PLATE 6rouser (R.A.P.G,) - soiL szsrsn
DURING THE FIRST DISPLACEMENT® annensnr OF
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(Contour Values are in inches/minute)
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HORIZONTAL VELOCITY FIELD

1 QQITY FIELD

Fieure 6-8 nomzoum. AND VERTICAL VELOCITY FIELDS FOR
: B THE C.EWN, TYPE (2) GROUSER - SOIL SYSTEM °
" DURING THE FIRST DISPLACEMINT INCREMENT of 0.30 INCH

A}

\ (CONTOUR VALUES ARE IN IMHESIHHUTE)
(GROUSER YELOCITY =-1.0 M/HINTE)
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HORIZONTAL VELOCITY FIELD

YERTICAL VELOCITY FIELD.

& Fi8uRe 6-3 HORIZONTAL AND VERTICAL VELOCITY FIELDS FOR THE
T 8.E.N, GROUSER - SOIL SYSTEM DURING THE FIRST
froe DISPLACEMENT INCREMENT OF 0,10 INCH

L . (CONTOUR VALUES ARE IN INCHES/MINUTE)
: (BROUSER VELOCITY = 71,0 INCH/MINUTE)
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[ ]
0 / interface. Below the cutting plane, this contour

-~

-~ " is displaced to the right due to the influence of the

b AR e A e e

c¢utting action. Below afid behind these zero vertical
velocity contours the material experiences downward
‘ motion while above and 1n(frortthe soil moves upward.

3. The plot of the horizontal \;e1ocity of the S.E.W. grouser-
soil system, Fig. 6-9, indicates the existence of a small
"dead" ione located bepween the soil-grouser inter- ‘
‘face and the top horizontal plate. With the except-
fon of this "dead" zone, the x-velocity field for this - '

grouser is similar in pattern to that of the C.E.W.
type (2) grouser. However, the horizontal velocity

S e g

" at any specific distance from the soil-grouser inter-

=

face is found to be Tower for the case of the C.E.W.

e
& s

type (2) grouser system, when compared with the values ‘.
, of tﬁé S.E.W. field, This 1s again attributed to
‘ ‘ ' the existence of a “"dead” \zone in the S.E.WN. system
.‘ which creates a rigid body zone, having about the

same velocity as the grousey,.

4, In the vertical velocity plot of the S.E.W. system,
Fig. 6-9, the zero vertical velocity contour is
seen to start from the leading edge of the top
horizontal plate, creating a 'larger zone of down-
- ward mqving soil. Again, all the material below
aﬁd-behind the zero contour moves downvard, while Ve
@ , “ "above and in- front the soil moves upward. g




. srmstey e . - -
A7 R g s e v s e oyt A -

221

¢ 6.3 STRESS ANALYSIS

r

As was discussed in Section 6.1, it was found from the examin-
ation of the experimentdl displacementlfie1ds that there is no‘need for
placing interface elements along the soil-metal interface for the R.A.P.G.
system. The interface boundary co_nd1°tions are assumed as fixed in the
x-and y-directions for the nodes connécted to the vertical side of the

¢ grouser. However, the node§ attached to the horizontal interface are
assumed to be fixed only in the vertical direction, but free in the .
horizonta: direction. It was reasoned that these assumptions for the
interface conditions would lead to reasonap'le stress distributions and
consequently developed reactions. The distributions of the horizontal,
vertical and.shear_stresses in the sofl obtained for the finite element

1dea/?zgtion of the R.A.P.G.-sofl system shown in Fig. 6-1 are plotted
N
in Figs. 6-10 and 6-11. Figures 6-10 and 6-11 show, resp:ectively, the
stress contours for grouser displacement of 0.1 inch and 0.5 inch. '
A close look at these plots will reveal the following
illustrative points; | .
1. The largest ho;'izonta'l compressive stresses océur in R k
the "dead" zone with stress concentrations at the
. bottom of the vertical interface.
2. In+addition to the discontinufty in the horizontal
. stress field occurring across the cutting‘plane
t elements, the vertical interface elements plane
) _ . [placed on plane 'BC' in Fig. 6-4] produce another
) ’ ' : s . discontinuity., Such discontinui‘tyi: however, seems

# ,
to result in no sudden change 1% the horizontal

stress magnitudes. N

4
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‘ 3. It is shown that while the horjzontal compressive
stresses a'bove the cutting plane decrease with
increasing distance from the grouser-soil inter-
face, the reverse occurs below the cutting plane.
This behavior is attributed to the fact that the
material located in the zone directly underneath

° the grouser is subjected to horizontal tensile

stresses. Thesé tensile stresses gradually

o

change into cdmpreésive’stresses which 1ncrease
until they reach values similar to the stresses
developed above the cutting plane near the right-
handside boundary.

~ .4, It is indicated that the material confined by the

N

grouser sides is subj'ctéd to very high vertical

compressive stresses (o ), Figs. 6-10 and 6~ l'l
g 4 ) ' | Qutside the "dead" zone the §tresses suddenly drop
to a little more “than half the mgnitude., Further,
the shape of the contours in the "dead" zone indicates
. \ | the Ainfluence of the érouser sides. while outside it
the contours change to a shape s'imﬂarf to what would
.. be expected from'a material with a free top surface | /
; - boundary. o /
| 5. An ex’aninat‘lonfof the shear stress plots, indicates .
h thg, the 2one *ACD! 1n Fig. 6-4 experiences very Httle -
_shear distortion. A zero shear stress divide i V

°

shown to occur .on. the boundary of this zone; to fits

left the material is shearing in a clockwise [positive] «
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(4

'(\Jﬂrection, while to {ts right the shear is

negative [anticlockwise direction].

The zone of maximum shear stresses initiates at a
tance' from the grouser toe level in the

inTeiaN]oading stage, Fig. 6-10, ahd is -

., "«-ﬁ.}v’.

shiear stress moves odtside the "dead" zo

at larger grouser displacements.

The distributions of Ogs °y’ a Txy

C.E.W. type (2) and the S.E.W. drouser-s i1 ysténs are presented in

stresses for both the

R TRAK.

s ) ?195. 6-12 to 6~15. &Aga'ln. the stress contours for these systel\ns are
plotted at 0.1 and 0.5 inch of tool displacements. Examination of

the horizontal and vertical stresses of the two sys suggests that,

with the exception of the zone adjacent to the grouser fﬁterface, the

e S

horizontal as well as the vertical stress distributions seem to be
sfmilar, Moreover, the contours maintain the same general shapes

with increasing grouser d1splacement..

. Comparisons of the stress fields in front of both grousers

show that ﬁe stress values near the tog of the S.E.W. grouser are

&

higher than those occurring in front of the C.E.W. type (2) grouser, .

35

' The difference in stress magnitudes is attributed to the difference in

°  the grousers’ toe geometries. The attac'g angle [angle between boit_om
portion of the interface and the cutting pﬁm] of the C.E.W. Lype (2)

x
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»

grouser is.9G°, while it is only 67.5° for the S.E.W. system, Fig.3-1.
Due to this variation, oné would expect higher stress concentrations
for the acute grouserfattaci angle. Another dissiéilarity is the
higher horizontal .ang vertical stresses dEVelopingtunder the top- hori-
zontal plate of the S.E.W. system. These stresses are caused by the

confining influence of this plate on the adjacent material.

,

%Final1y, the plots of thg shear stresses, Tyy? for the S.E.W.

system, Figs. 6-14 and 6-15, show a zero shear stress divide which

indicates the existence of a small "dead" zone similar io the one
observed in the R.A.P.G. stress fields. This zone can be approximately
defined by the area located between the grouser interface and the line
connecting the grouser toe with the leading edge of the top horizontal .
plate. Jn§$ﬁ% this area the material is shown to have negative shear
[i.e., clockwise] values - near the grouser interface. No indication

of any similar zone is observed in thé C.EM. type (2) gnpuser stress

fields.

The developmeqt o%kthe failure zones for the R.A.P.G., the
C.E.W. typé (2), and the S.E.W. grouser-soil systems is shown in
Figs. 6-16, 6-17 and 6-18, respectively. Ffor the R.A.P.G.-soil system,
ylelding occurs in two different locations, Fig. 6-l§r k€ the toe of
the grouser, the adjacent element fails in increment No.8. In subse-
quent increments, only one additional element is added to.this zone. ‘
This suggests that this zone represeﬁ%s a localized shear area caused
by stress concentrations due t& the cutting action. The main fatlure
in the material occdrsﬁgg}ijde the so-called "dead zone". ‘It is seen
that failure stapislin two elements just outside the “dead" zone in

~N )

-
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" (INCREMENT No. 8 - GROUSER DISPLACEMENT = 0.80 inch)

YaYa%

{ INCREMENT No. 10 - GROUSER DISPLACEMENT = 1.0 inch) -
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(INCREMENT No. 8 - GROUSER DISPLACEMENT = 0.80 inch)

" (INCREMENT No. 9 - GROUSER DISPLACEMENT = 0.90 4nch)
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(INCREMENT No. 8 - GROUSER DISPLACEMENT = '0.80 inch)

-

14

: , '
" (INCREMENT No. 9 - GROUSER DISPLACEMENZ = 0,90 inch)

\
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increment No.8 and then moves upward and forward with increasing grouser
displacement. While in the shear stress plots of Figs. 6-10 and 6-11

the region of maximum shear strgsses is located within the lower part of
the "dead" zone, it is shown to‘be moving forward with increasing grouser

displacement. The actual failure occurs outside this zone starting in

increment No.8.

For the C.E.W. type (2) and the stg.w. system, the failed

Zones, as shown in Figs. 6-17 and 6-18, do not start at the grousers'

toes, but at approximately the same distances where regions of maximum
shear stresses occur, [Figs. 6-12 to 6-15]. Of interest is the localized
failed areas near‘the point of intersection of the grouser 1nte2§ace with
the free soil surface. Again these zones can be considered as localized
areas of maximum §hear due to stress concentrations. However, it is

seen that in increment No.10 these localized failed areas join with the

main failure zones. Another point of interest is the extension of the

failure zdne back to the grouser toe in the case of: the C.E.W. type (2)
non that s not exhibited in the S.E.W. system. This

- ‘ -
observation substantiages the fact that a small "dead" zone experiencing

system, a phe

\
very little shear distortion exists in front of the S.E.W. grouser.

CONTACT PRESSURE DISTRIBUTI

The nérmafﬁpressure\;¥§§r1butjons on the R.A.P.G.-soil inter-
face are plotted in Fig. 6-19 at grouser displacements ofbo.l, 0.3, 0.6
1.0 1nch\x\'fhese results ark obtafned 45{ dividing the reactions,

deve)oped at the intenface nodal points by the areas of influence of
each nodal reaction. he plots fgdicate that the maximum pressure on .

\
\

\ \ ' \
N . \
\ r 13 C : .
ST S
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FIGURE 6-19 NORMAL PRESSURE DISTRIBUTION ON THE PLATE GROUSER (R.A.P.G.)



direction [smooth boundary], resulting in zero tangential stresses on

. Fig, 6-17. The s&he argumeént is tfue for the S.E.W. sysfem7—54g:—6-é1.7
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1
the vertical side of the grouser occurs at the grouser toe where a region
of stress concentration develops. At a distance of approximately h31f
an inch above the toe, the normal pressure is found to drop to approf?é“ h

. N
mately half the value of the cutting pressure. = It\is also seen fr

this Figure that in the initial stages of deformation ch grous
displacement] no pressure pegk develops on the horizontal interface.
However, with increasfﬁg grouser displacement a pressure peak starts to
form on the leading edg!f This behavior is attributed to the formation
of a stress concentration zone, bgloulthe leading edge, caused by the
confining effect of the horizontal interface. No taggentjaf stress
distributions are drawn for this grouser for it was aésumed\that the

nodes on the horizontal interface are free to move in the horizontal

-y .
this interface. The values of the tangential stresses on the vertical

sfde were found to be of very small magnitudes.

. \ : e e
Figures 6-20 and 6-21 show the normal pressure distributions

on the C.E.W. type (2) and the S.E.W. grousers, respectively. The
C.E.W. type (2) grouser normal pressure distributions are of parabolic

shape with pgaﬁs at the toe and at the leading g&ge. Larger peak

values develop on the Teading edge, accou'nting_fg ' the appearance of .——— -

e e

failed elements near this edge before the toe failure comnences,—

with the exception that the leading edge, inthis-particular case, 6 — ~—— =

. the top horizontal plate. ‘ "\\““‘~~-\\u i i
\ ‘ |

f
4

~~

‘ . L J ™ N
The corresponding tangential stress distributfons on thesg\\\\\\\ |
. \'\ B

.’
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grousers are plotted in Figs. 6-22 and 6-23. "In both systegs the shear
stress changes direction at a certain point on the soil-grouser inter-
face. But, while the shear direction is negative [ahticlockwise] on
the bottom half of the C.E.W. type-(2) grouser interface; and positive
on the fop part, the reverse occurs on the S.E.W. grouser interface.

As the tangential reactipns are obtained from resolving the horlfontal

and vertical reactions in the tang%gtial direction, the direction of the

tangential reaction is expected to depend upon the relative magnitudes

of the x- and y-reaction components. The curvature of the C.E.W. type
(2) interface results in a continuous variation in the angles made
between the x- and y-reactions and the interface. This causes a change

in the magnitudes of the tangential components contributed by each of

the horizontal and vertical reactions aloﬁg thg'curvedlinterface. More-

over, the presence of the top horizontal plate in the S.E.W. system
influences the direction of the reaction ‘on the interface nodal points,

refulting in a negative [downward] shear along approximately the top two-

. thirds of the inclined interface.

/ 'Q/S COMPARISON OF ANALYSIS WITH EXPERIMENTAL RESWLTS

) .

i
i

6,.5.1 ‘Comparison of Measured and Calculated Forces

. . . .
The force-dispzacﬁﬁ;;:,re1aiions obtained from the finite

element analysis for the warious grouser-soil systems are shown in
Figs. 6-24 to 6-26, 1ﬁclus15:h\ The 1dea1iz;t1ops; assumptions, and
the boundary conditions adoptéd for the ahalyses of these systems wefe
discussed in Section 6.1. Plotted on the same Figures are typ1caﬁf

\~#, 1oaa-d1sp1acehent records obtained from the traction series. For the
( * . . A ) - 1

]

/s

. 3
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FIGURE 6-22 - TANGENTIAL STRESS DISTRIBUTION ON THE C.E.W. TYPE (2) GROUSER
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3 4
sake of comparison, both the analytical and experimental forces are also ’

reported in Table 6-1 at 0.25 inch intervals over a total grouser dis-
placement of 1.0 inch, together with the difference between the two sets

N
of values expressed as a percentage of the’experimental valie.

The agreement between the experimental and the finite element
results, considering the numerous assumptions made, is generally very N
satisfactory. The analytical and test results ,. however, show better
agreement in the case of the hor’zontal forces, for which the percentage o ‘
difference rarely exceeds 10%, In the‘ case of thé vertical forces the
average error of estimfte is in the order of 20%, while the maximum

error is some 40%. It must bé noted that the trend of better pred'ictions,\

-

of horizontal forces was gjso observed in the soil cutting results, ¥
Section 5.6.1. . T @
6.5.2 Comparison of Analytical and . . :
- (per imen eformation Fields ;

Typical deformation fields for the traction test series are k‘g

-shown in Figs. 6-27 to 6-32, plotted at 1.0 inch grouser displacement, —— ‘l
The analytical fields obtained from the finite element nodal disp]aéements f%
. 53,

are also plotted on the same Figures for comparison.

¥

v Figures 6-27 and 6-28 111u§trate the horizontal and vertical

rd

displacement fields for the plate gir'ouser-soﬂ system. From the

egamination‘of these res the ‘fbllwing observatiogs could be made:

1. Generally the corresfondence between the analytical )

and the expﬁimental fields for both the horizontal.

-

and vertical displacements '15/ satisfactory. The . \

’

\\

:‘\\
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' . finite element model, however, is seen to possess
~more rigidity in the x-direction, and more flexi-
v bility in the y-direction, when comparing-nod:;l‘
| displacements with those measured during the test
|  seres. ; '
‘2. There ap;:ears to behno discontinutty in the measured
. horizontal displacement fields, Fig. 6-27, across
: the position of the interface elements placed at
the outer edge of the rectangle formed by the two
sides of the grouser, line 'BC. Fig. 6-4. Such dis- . >
. : co‘:»tinuity is shown, however, to occur in the experi- |
mentai vertical displacement field near the sofl
surface, Fig, 6-28. Such performance ‘substantiates

the reasoning for placing interface elements on- tl?s
»

R plane,

3. Examination of the experimental vertical displacement

, SR g L

field confirms the fact that the soil located below %
the grouser moves- dowhward, while the soil in front

of the .grouser moves upward,  Such performance

T,

corresponds to that obtained from the analytical

\
)
e
A

solution, shown in Figs. 6-5 and 6-6. .-A significant
c . N “h
deviation between the two fu}s‘/hwe'v”or. is shown
in the location of the zero vertical dfsplacement
“~

X
‘té"\. .

Wy

contour dividing zones of upward and downward move-
wents. '

| I -

.
E
5
, . ,
0,',41".“@% ey S
P ps SRR Py F
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. ‘ In comparing the computed deformation fields with the measured
" ones for both the C.E.W. type (2) grouser and the S.E.W. grouser-soil
systems, Figs. 6-29 to 6-32, the following points could be made:

1. The computed horizontal deformation fields for the -
two systems are shown to correspond very closely
with the experimentally measured fields, with
the finfte element results again indicating
| higher model rigidit} than that of the physical

system.

2. From the vertical displacement plots, Figs. 6-30
A and 6-32, the downward motion of the C.E.W, type
(2) system is shown to be localized in a very °
small region below the toe of the grouser, while
in_the case of the S.E.K. system the correspond-
// . ¢
7 ing region is shown to be much larger, signifying

-7 the confining effect of the top horizontal plate,
&
-~ : Fig. 3-1, oo

3. The location of the.zero\ve;t1ca1 displacement con- ’
\ ' - tour-1ine for both-systems 1s again shown to differ
" when coﬁparing the computed with the measured tiéids.»
Tﬁ# qeasurid,fields fndicate larger zones of down-
w’rd motion than those obtained from the analytical
el. This is believed tq be due to the pre-
g def1n1tion.ofnthe putt1n§ P)ané'discont1nu1t1es in

o the finite element model. ’ :
g o |




ailtis” .

ok d WY

| == —— Experimental Values

— Amalytical Values

\‘

""""

"\ Direction of

Travel 4

IN INCHES

/

/

IGURE 6-29  EXPERIMENTAL AND ANALYTICAL HORIZONTAL DISPLACEMENT FIELDS FOR

THE C.E.W. TYPE (2) GROUSER - SOIL SYSTEM

(GROUSER DISPLACEMENT = 1.0 INCH)

Lse

’
/

e e tctren wmzp&am«‘ /- wcl il ity




L S B L ER RS- il
: a3 3
s .

PR . X .

S
Directjon of
Travel
o ‘ ~U3 030 30 Z, -
0. , o
— — —— Experimental Valwes 02 2 QN 4,\0
Analytical Values N~ 87
rt -, \ ——
o ) . | — — 0.05 /
> . ‘:0.1 T—
~0 W:O ‘ — \0 —_—
) & ——
Q ) IN_INCHES
< . \ Negative values indicate downward motion

o ol

N
. Y

AT/

'Flsune 6-30 EXPERIMENTAL AND ANALYTICAL VERTICAL DISPLACEMENT FIELDS FOR
. . . THE C.E.W. TYPE (2) GROUSER - SOIL SYSTEM

p (GROUSER DISPLACEMENT = 1.0 INCH)

-~ = T Tprs %, % -
O S S RS SO - ) - P o \



-~

N‘\\ \\ » ] N o )
NN ‘ _ Directfon of
\ ‘ — -
N ™~ \ T"ave1
\ \
y ‘
° N £
| &
X P 4
— {mental
, VYalues
— Amalytfcal
Values
4
’ )

" F16URE 6-31 "\ EXPERIMENTAL AND ANALYTICAL HORIZONTAL DISPLACEMENT FIELDS FOR

THE S.E.W. GROUSER - SOIL SYSTEM

(GROUSER DISPLACEMENT = 1.0 INCH)

€62




mtlF

= == rValues -

Anatytical

IN INCHES

\\ Negative values indicate downward

Fieure 6-32

. motion

EXPERIMENTAL AND ANALYT\CAL VERTICAL DISPLACEHENT FIELDS FOR THE

S,E,W. \GROUSER - SOIL SYSTEM

-

(GROUSER o\;spucsnm = 1.0 INGH)
\ »

-

b




255

6.5.5. Prediction of Deformation Energy

As outlined in Section 5.6.3, the deformation energy of the
tool-soil system is obtained by various methods. These methods were
classified as follows:

Exgerjmental - bz/ig;egration of the experimentally measured force-

;y/”//aisplacement’relationships,

__-Semi-analytical - by application of the visioplasticity method to the

\\:> . experimentally recorded deformation fields,
Theofetical - by calculatind the deformation energy of the finite
. ' . element idealizations proposed in this study

&

The resuits computed using thgse methods are plotted in Figs 6-33,
6-34 and 9-35 for the plate (R.A.P.G.), the C.E.W. type (2) and the’
S.E.W. grguser-soi1 systems, respectively. In Taq3e~6-2 the energy
values are reported at 0.25 inch intervals of tool displacement of
1.0 fnch. The deviations between the semi-analytical and theoretical
values of deformation energy, expressed as a percentage of the values
obtained from the integration of the areas under the measured force-
displacement curves, are shown in Table 6-3. It is seen from these
;ésuIts that, as in the case of the soil cutting comparisons, Sectibn
5.6.3, the vis1op1ast1c1ty method overeéstimates the deformation energy
in all cases, while the finite element results show a better correlation
‘with the measured input energy. The reasons given in Section 5.6.3
for the discrepapcies between the twd pradictive methods a1so apply to

the lbové results.
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TABLE 6-2

COMPARISON OF THEGPEFORMATION ENERGY VALUES OBTAINED

-

a

BY THE VARIOUS METHODS.-FOR TRACTION TESTS

N |
TEEI' G#ggéﬁR A .DEFORMATION ENERGY IN.LB/IN.WIDTH ‘
. ) : <3~ Tool Displacement Tool Displacement Took’Displa;ement Tool Wisplaéement
. ~d = 0.25 inch d = 0.50 inch_ d = 0.75 inch d = 1.0 inch
* \gg;ﬁ__,bf”“‘fﬁi\/AN_// a b c a b c a b c
34 | R.A.P.G. ] ' ‘
) (h/1 = 0.833) 1.56 1.90 1.40 4,26 4.445 4.05 7.343 8.255 7.21 11.14 12.70 10.%4;ﬁi
33 | C.E.W.type(?) 0.821 1.44 2.76 3.36 5.278 6.24 . 8.57 9.6
. : ’ 1.09 3.32 6.01 . 9.05
.38 | C.E.M.type(2) 0.95 1.34 3.10 3.4 5.91 6.35 8.70 9.4 "
32 S.E.W. 1.31 1.70 3.79 3.97 6.72 7.38 10.29 11.35
1.35 ' 3.77 6.70 X 9.94
37 | S.E.W. ’ 1.42 1.79 3.4 3.9 6.51 7.12 10.6  11.71
tes: :

: /
(1) Columns headed with the letter (a) denote values obtained from the expe

(2) Columns headed with the letter (b) denote calculated values obtained from Equation (4.17)/ /
(3) Columns headed with the letter (c) denote values obtained from the finite element solution.

65¢

rimental force—displacemént curves,
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TABLE 6-3

T, .4

ERRORS OF ESTIMATEé‘bf DEFORMATION ENERGY VALUES

FOR TRACTION TESTS

L1

41551’ No. J DEFORMATION ENERGY IN.LB/IN.WIDTH -
Measured . Measured Measured Measured Er
Values Visio- F.E.} Values Visio- F.E.] values ’ Visio- F.E.l Values Visio- F.E.
plasticity plasticity plasticity ¢ plasticity
o
d = 0.25 inch d = 0.5 inch - d = 0.75 inch d = 1.0 inch
k7] 1.56 +22.06 -10.25 | 4.2 +434 -4.95| 7.343 +12.41 - 1.8 \31.14 +14.0 - 2.6
33 ?.azi\;:::; " +32.7 2.76 +21.7  +20.1 5.278  +18.22 +13.8 8.57 +12.0 +5.5
38 0.95° ™ #4717 | 3.0 +9.6 +6.51| 5.9 +7.45 +1,70] 8.70 + 8.04 +4.0
32 1.31 .+29.8 +3.0 | 3.79 +4.74 - 0.5 6.72 +9.82 - .30| 10.29 +10.3 - 3.4
7 | 142 4260 -49 | 3.4 w47 408 | 651 +9.37 429 | 10.6 +10.4 - 6.2
- r :
b -
/ 3 o
."- o
., . .

AT
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S It is recalled that the stress-strain relationships for the

soil represented by"the continuum elements in the finite element
so1ution were obtained by subJecting prismatic samples to a p1ane-stra1n

‘ lﬁn\ing condition in a modified triax1a1 cell [Appendix 5] These
tests were performed in order to reproduce as closely as possib]e the
plane strain conthions applicable to the soil cutting and traction
experimental boundary conditions adgpted fn this study. In addition
to these tegts, an axisymmetric loading condition was applied to - ¢
cylindrical samples plaéed in a standard triax1a4 cell. The min
objective for conducting the axisymmetric tests was, as\mentioned

| previous1y, to verify the fact that the nonexistence of a We11 defined
.fa11ure condition is not a result of the plane strain "True Tr 191"

~ -~

teqt constraint [Section 4.A.3.].

The application of axisymmetric triaxial loading condit{on
1s considered a  standard testing procedure, requiring no special

dev1ces. Th1s is not the case with the plane strain loading. condition “
which 1s viewed as a spec1al type of test. Due to this faét. it is

. of interest to examine the sensitivity of the proposed/f1n1te element /

analysis to the stnength test loading/bondition. as wg%ﬁraé its effect

on the predicted ;esults. For this purpose .the ar!ificia] clay-grouser
1nteraction problems were analyzed emplog/ng the input stress-strain
curves of both Toading conditions. The stress-strtain curves obtained
from both the axisymmetric and plane strain loading conditions for the
artificial clay are ‘shown in Fig, A-6, Appendix A.' The artificial clay




T

¢ .
-

'
T TR Wk i, s s
o

262
&

was chosen for the sensit1¢1ty analysts as the beqformance of this clay

'is not influenced by the magnitude gf the confining pressure, Appendix A,

and hence one stress-strain curve is emp1q&ed for each loading cbndition.\
1}

Moreover, such analysis 1eq&k to further ¢erif1cation of the validity of

a.purely plastic material.

////;ﬁé proposed analytical technique when'app11ed to tool interaction with

‘®

It has been shown in Section 2.4.2 that for a plane strain

* loading condition of an incompressible material (v = 0.5), Hooke's Law,

Eq. (2.28), gives:

O = O
w2
' 1

1

with the temm (o1 g )k; representing the slope of the secant modu]us,

(ET). of the'deviator stress, (o -a,), versus principal strain, e
curvelgbtained under plane stratin loading condition. _Equation (2.28)
51m711f1es to: ’ ' ’

E=# E; . E (6.1)

It should be po1nted out here that E represents the Elgsé?é modulus
of the material which is a material property and should not depend on’
the loading conditior’s On the other hand, the modulus E;, s obtained,
in this case, from the éiress deviator-principal strain curve»resu1}1ng

from plane strvain loading. . +

In the axisymmetric triaxial compression test,

=
02 = q' , and £2 Es . . &
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Applying .,He'oke"s Law, for an isotropic, linear, elastic material, in a '3
principal plane, Eq. (2.28) reduces to: '

A,

e = 2‘”’:‘( Vg ) ' 6.2

| 1 T E F\0, - 70, (6.2)
o : . e
€,y = -E-o--E-(ql +~o’3) ' (6.3).

For an incompressible material v = 0.5, and from Eq. (6.2),

fot 22 (6.4)

W

Also, in an unconfined compression test o, = 0, and from Eq. (6.2),

¢ ’ Y

o‘l
. E= — ‘ (6.5)
? €
F | | ,
-~} Equations (6.4) and (6.5) represent the slope Ey of the deviator stress,
k 3 -
: (0, - 0,), versus principal strain, ¢, for the axisymmetric triaxial
E‘* and unconfined compression curves, respectively.- Thus in these two
5 .

% I cases, . ' \.
3 : .
. E=E L. . L (6.6)

Employigg Eq. (6.1) and Eq. (6.4) together with the appropriate
‘stress-strain curve for the artificial clay, shown in Fig. A-6, Apppnd'lx A,

s
" “were analyzed. The idealizations presented in Sectton 6.1, Fibs 6-1, f »

6-2 and 6-3, were adopted.  The predicted forces, obtained from:(1) the

& the problems of the R.A. P.G., the C.E.N. type (2), and the S.E. w; gyousers’ .

.. > analysis employing the axisymmetric stress-strain curve and Eq. (6.6),

-‘_", < (2) the analysis using \&Qe plane-strain curve and Eq. (6.1), and (3) the
.,

'i{' a experiments, are plotted as a function of grouser displacement 1in

Figs. 6-36, 6-37 and 6-38 for the three grousers. It can be seen from

9
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‘ | these Figures that employing tr;e p]ané strain curve resu1t§ in lower .
‘pr‘edicted horizontal and vertical forces when compgréd with those”
obtatned from the analys‘is adopting the axisymmetric tr{axial curve.
. This behavior can be explained by the fact that whﬂe the plane strain
1oad1ng condition pmduces a stress-str'a1n curve exh1b1t1ng higher
A ’ " stresses, Fig. A-6, Appendix A, the elastic modu'lus, » in the fipite ,
| " element analysis employing the pl;ne strain curve is taken equal to ;
three-quarters that®of the curve secant v;we. Eps Eq. (6.1). 1In case i
‘of; the anaiysis using the axisymmetric curve, on the other hand, the E
values dre taken equal to the seca\nkt, \;aluesr of thd axisymmetric curve,
Eq. (6.1). This resulted in slightly 1owér'E va]ugs for the plane
strain case, and hence lower predicted forces. The‘difference in E
values resultin?' from the two loading conditions is attributed to the B
non-uniform and.dissimilar distribuﬂons of ‘stresses and stra1ns within .
' ~ the cylindrical and pr1smat1c samples due to the effect of the end
restraintsand side restraints in the case of pléne st‘;-ajn Toading . 'j
condition, Finally, it is of interest to note that while both techniques
| "prédic-t hori zontal forces which agree closely with the measured values, S
,' ¢ | the vertica¥ .forces @btained from the analysis employing the ﬁ]‘ane strain 3 {

curve: corre‘iaté"!éebter with the- ‘measured vertical. /f{:rces.

/ | E

. ! / \ % 4
1 h ) N p
.
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7.1

CHAPTER 7 |

-

Fisd

'COMPUTER SOLUTION AND COMPARISON WITH
ANALYTICAL RESULTS

INTRODUCTION

Al

In Chapters 5 and 6 the results of the soﬂ cytting and traction

" experiments, conducted dur1ng the course of this study, were compared with

the finite element apalyses. The agreement was found to be satisfactory.
Following from Fig. 4-1, the purpose‘ of this Chapi:er is to establish the
va/H dity ‘ofxthe developed solution technique by present?ng a number of
verifications of the so‘]ut'lon against coﬁvantionaf methods based on

ctosed-form solution schemes.

A typical example of a non1Lnﬂﬁjﬁ;;in probleém is the
Iuad—defor'mation character‘lstdcs of a long vertical retaining wall with

soi1 mass on one s1de. . The determination of the-actual earth pressure

9

tn—the: wa'H is extreme'ly complicated, because it depends on the relative
mevement of the wall and the'soil. This relative movement mobilizes
frictional and/or adhesional forces along the soﬂ-waﬂ interface which
affect the earth pressure magnitude and direction. Although many

experiments have beevq carried oution the load-deformation characteri stics

"
g

of walls, there is no widely accepted theqv:y\ to determine the load-

deformation relationship.

. - N 'o . A

“

- N - v - 3 ”~” P ) £ 3
f) While the present study is mainly concerned with the anaTyses
of simple soil cutting and traction prablems, the familiar case of two- %
~\ - - . .
dimensional sofl.response encountered tn klong retaining walls when

o

P

- 4

¢ 268 ' : 2
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: “ ylelding in a passive sense bears a clc;se parallel to wide cuttr1ng o .
blades moving in sofl. This is particularly true as the term "passive
_earth pressure", in the broadest sense, 1nd1cates tt)e resistance of a
mass of soﬂ against d1sp1acement by 1ateral pressure., Bearing this.
in mind the passive earth pressure behind 'a model retaining wa]l has
been ca?culatqq by a nonlinear analysis with differing boundary
) condition; employing the developed computer pf'oéram. *  The results e
' obtained from this analysis are compared in this Chapter with results
\ obtained r'rgm the classical theory of earth pressure, The asﬁessment
of the admissability and viability of the solution technique {is .
carried out through a parametric study to establish the relative
1mporta;|ée of the various features and assumpt1on; implemented in the -

finite element technique.

The second part of t_his Chapter is devoted to comparisons

o

of $o‘\1 cutting and traction analytical and experimental results
obtained in this study wgh results computed from existing theories.

The sequence 1n presentation of results and related d':js'cﬂ"ssions for ¥
this part fs consistent wjth the earl 1‘ar: separation of the overall
problem under study into o principal parts, i.e. soil cutting and
5 traction. |

!

7.2 LOAD-DEFORMATI‘ON CHARACTERISTICS FOR A

. 1.31  Background - . o
The case of a sinple retaining wall and its interaction with ¢
a soi1 was treated by Coulomb (1776).and Rankine’(1857), and the

-
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1] -

‘a
(N : ?
- theories developed have continued to be used with remarkable success i
v%

. e up to thz present time as thﬁ\most common Basis for the design of

: ‘ ‘retaining wa]ls. From thése theories the resultant of the earth ,
pressure acting on the wa]f at some 1ihiting conditions can ge

‘ob a1ped, wiphout. however, any information as to the defbrmation of
H ” the wall or earth. In.both-theories the earth mass is agsumed to
behave as.a tigidtplasti; material governed by a Mohr-Coulomb failure

criterion, and the structure itself is assumed perfectly rigid,

. Only through experimental work such as that of Terzaghi (1932,

1934, and\19§6) and more recently Rowe and Peaker (1964), and James and )

Bransby (1970), an {nsight was gained into the wall deformations

associated with the Timit conditions "and the dependence of earth

pressure on mode of wall deformat{on. To account for the effect of *
the mode of wall deformatioﬁ. more sophisticated lfmit theories have '
N been developed [Hénsen (]5;3). brucker (1953), and Sdko]ovski (]965)]
‘which have appﬁcation to a much wider c]a.rss of p»\obTems than the simple
retain;ng wall., Elastic solutions have also been derived wﬁich can é
/ g

account for the flexibility of the structure [Hetenyi (1964) and Finn
(1963)]. Inieithgr typep;f solution however, the material behavior
is highly idea]izeé; in the fir;t instance the earth mass is assumed
to be a rigid-plastic material gd&t?gfd by a Mohw-Coulomb failure

criterion, while in the second 1t is as%umed to be homogenous, isotropic

oy WY 5o

¥

and linearly elastic, regardless of the stress level. \

{

Girijavallabhan and Reese (1968) first demonstrated the ’ ﬁf

. . ° B P ) ;#

successful simulation of a retaining wall 6nob1em by finite element - ﬁ%
&

v

techniques. 'fhey analyzed two model retainid@*wa]l tests in which

@ g -

s,

N . @
. >

R v » . "~ .
- ‘. ¢ . ° - ' - RN
- L . o b
> «

T
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the wall was forced into first a loose, and then a dense, backfill ‘b‘y'
\

AFE RIS N

pure translation. A nonlinear elastic model was employed for the

soil and the interface Qg}ween the wall,and the backfill was ‘assumed

SRR B

perfectly smooth. Remarkable agreement was obtained when comparing

the predicted and observed results. ' _ s

“

Morgenstern and Eisenstein (1970) conducted finite element
. analyses to investigate the effects'of the foundation dgforma£1ons as
well as thd@e of excavation on reta1n1n§.wa11 behavior. .Two problems
» were analyzed L in the first, the wall was assumed smooth and unmoving,
the interface between thg soil and the wall smooth, and the sofil to'be
linear e\astic: ~The foundation layer uﬁderly1ng the wall varied from
zero thickness to a thickness equal to the height of the wall. , 3
‘ Re1a§1ve'to a normal 11near ko djstribut{on, the1rﬁgna1ysé§:s owed e

that the earth pressure near the bottom of the wall was increased and

at the top decréased. 1n.so'me cases going into tension, as the thick-

p
[

ness of the foundation hyer\ncreased. Iff the second set of analyses,
the waill was aliowed to yieiq in an active and pa_s.s1ve sense by 0.0025’
of wall height. Ip this case they'nqted that the boundary. conditi onsu‘s‘
. S between the foundation layér and the rigid base have a significant

, effect on the ea‘rth pressures, the pressure»ﬂ‘rstributiqn on the wall
becu;\ing nonlinear with a rough boundary for both the lq<:t1ve and passive
analyses,

) . ".‘ )\j‘ | | { 9 ‘g

. aknalyses of reta*lnin% walls were perfomed by Clough and

- Duncan (1971) using the one-dimensional element of Goodman et al. (1968)
‘ . to simlaté the interface between the wall and "the backfill.  The wall
was ;assuned to be either perfectly rough (& = ¢), perfe;:t'ly smooth’ (5 = ()
7 " '

r
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or moderatel‘y r"ough (6 =2/3 ¢), and it was displaced by rotation and

translation in both the active and passive senses. The minimum

active and maximum passive pressures calculated in rthese analyses

a

T g WAL AN,

were fo;md to be in good agreement with’ the results of the classical

-

A

earth pressure theory, and'the amount of movemeht required to reach
the full active and ful],pass1;le condit\io‘ns were found to be in agree-
‘ |;1ent with the results of the model retaining wall tests performed by
Terzaghi (1934). |

!

7.2.2 Finite Element Analysis of the
Refainirg Wall Prob 'em

oy .
(a) Idealization: Several analyses were cowmducted to \ -

evaluate the effectiveness of the analysis. procedures described

previously, using the rigid wall and backfi1l shown in Fig. 7}#‘1| . f

-

Beginning from initial at-rest pressure condition,. the wall was

moved toward the backﬁ’n tn a series of fncrements. ad:jus:ting the
properties of the elements in accordance with the stresses for each
increment to approximate nonlinear behavior [Ch;pter 2].  The wall
was assumed to be either perfectly rough [i.e. no possibﬂﬂfyl fo;' siip
between wall and soi1], perfectly smooth [no shear stresses at the
fnterface]. or moderate]y rough [soi1-wall adhesion c{azs goyemed by
nonlinear, stress dependent interface behavior]. The moderately.

rough [soil-wall adhesion] case was simulated in the finite elgnent
amalysis by inserting 1nterface elements between the soﬂ and the wall;
Fig. 7-1. The boundaries were placed on roﬂers such that hor1zonta1 i
dis?hcmnts were prevented on the sides and no‘verttqﬂ mwrement was

allowed on the rigid base.
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To examine the influence of the cutting plane adopted in the
finite element idealization on the developed forces and pressure distri-
butions, ong of the idealizations analyzed did not include a cutting
plane. It should be recalled that these planes were included in the
formulation to account for the severe relative displacements at the 0

wall base, especially at large wall deformation.

An 1ncrementa1-1'terat1ve n}&thod of nonlinear analysis was
utilized to solve the problem. Th1\s method of analysis was described
in detail in Chapter 2, and used in the soil cutting and traction
analyses, The nonlinear plane-strain triaxial stress- stﬁTﬁ"’Curves
shown in Fig. 4-7 for the kaolinite clay werekd in y(e analysis to
represent the const‘lt;uthié behavior of the constant strain triangular
elements. For the interface and cutting elements the h&perboHc v
relationships of the tangent1a_l stress-displacement curves, shown in
Fig. 4-13, for the soil-to-soil mode, and in Fig. 4-14 for the soil-to-
metal mode, were utilized. '/l“he shear strength of the clay was about
1.16 psi, and an inftial ela#tic modulus of 90 psi was adopted.  The
Poisson's ratio, v, was ke{:t constant at 0.48 in all the problems.

A total wall movement of 0. 5/ inch was applied in ten equal 1ncrements

of 0.05 inch each. Three terations were performed during each 1ﬁcreme/nt

v

{b) Vvariables studied: One of the purposes of analyzing

. T .
the 'reta’1n1ng wall .problem was to study the influence of the boundary
condjtions on earth pressure and sofl defomtion. Knowledge of the ’

bO}mdary cond1t1ons is as sential for the reliable est'lmate of lateral
: /foads and deformations as poth the 1n1tia1 conditions and the constitutive

" relations. These boundary conditions must represent 'the‘ interaction

. - .
\
f
. © “
. ! -
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between the soil and the wall rather than be simple analytical conditions

such as "rigid, perfectly rough" or "perfectly smooth" [Clough and Duncan

%
(1971)1.

[

AnothSr purpose of this Study is to demonstrate the significance
of specifying the boundary conditions at the base of the wall. kIn view
of the marked difference in the soil deformation above and below the
level of the wall base, a discontinuity in the finite element idealization
must be incorporated at tnis level in order to account for thg relative
displacements occurring 1ﬁ the soil media, especially at'1arge wall
deformation. Such discontinuity is essential as there is no provision

~

in the oonventional finite element theory ﬂorg}elative displacéments to

+* occur between adjacent elements. It will be recalled that the dis-

(ﬁbntinuity behavior as adopted in this étudy is governed by the soil

constitutive shear stress-relative displacement relationship.

The s1bn1f%cance of providing such discontinuity can be
demonstrated with reference to Morgenstern and Eisenstein (1970) results.
Figure 7-2 shows a set of results obtained for conditions of passive
pressuﬁe where the wall is pushed into an elastic medium by a diétance
equal to 0.0025 of wall height. It is seen that the passive res1stahceu

is increased substantially by the presence of a rough rigid base at the .«
bottom ‘of the excavation, Moreﬁvgr, the influence of gonditioqs along z
X . the rigid base decreases with {ncreasing distance from the bottom of the §
excavation. Morgenstern and Eisenstein concluded that the boundary. ;;
conditions between the é;gidzbase and the fdundation layer have Q sgnifi- 2?
cant e&fect'on'earth pressures, the gp!ssuég;;fi;ribution on the wall- §§

becoming nonlinear with a rough boundiry. 'It is argued here that such

f
e e

-
mﬁ:ﬁ\,&*y .
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Y CONDITIONS WHEN THE WALL YIELDS
0, H IN THE PASSIVE SENSE,
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o) ' .
an effect resulted from inadequacy of the proposed finite element mode)
to deal with relative displacément at the-bottgm of the excavation.

In their model the wall has to drag all the foundatioﬁ.1ayer as it

AL NSt o e

moves, which results in very high pressures at the base of the wall as

e O

shown in their pressure distributions. More npﬁ?eciation of this point 3’
»Wi1l be gained in the next section with thezﬁresentation of resu1t§ and
related discussion. .
| ' — :
~ With this understanding of the p(obléme fghr analyses of walls |
. translating in aipassive sense were performed.' Table ?-1 1ists the

different schemes employed -in the analysis of these problems.
7.2.3. - Results and Discussion : ‘ é

.
4

(a) Total lateral pressures: The tézil lateral pressures

for a 4.0 inch model retaining wall are plotted in ﬁig. 7-3.as'a funqt%on
of the wall displacement toward the backfill, Eaéh of the pressure dis-r
placement curves fs labeiled according to the problem Squndary conditions
adopted [Table-7-1]. On the same Figure the classical passive eﬁrth
pressure value for a smooth wall is .also plotted. According to the
Coulomb and the Rankine theories, a sofl with no friction (¢:§0) but

with cohesion (C > 0) will offer resistance to lateral displacements
expressed by: L . )

Py = AYH? + 20H : (7.1)

* At depth h below the soil surface, the lateral resistance will, be |

) ‘ . ‘ \\\c/*)
| . Pyt 7 ey
e % ) “‘

3
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e ) CHEMES EMPLOYED IN ANALYSES OF
N h \ i}
Problem |- Interface Cutting | Total No. of No. of |[No.-of | Total [No. of |No. of Material
No. Condition Plane |-No. of | Interface tting | Nodes | Wall |Incre- | Iter- Properties
. s . Elements | Elements [Elements Displ. }ments |]ations]
\ Inch
- ) \\
1 Rough No 302 - - N 178 | 0.5 10 ~3
_ 7 g Eo = 90psi
2 Rough +-| Yes | 316 - " e | 193] o5 10 3
, ’ . v = (.48
3 |wall adheston | Yes - | 324 8 18 202 | 0.5 10 3
. ' R g v = 100 pcf
4 swooth. | "Yes | 316 - 14 193 | o.& 10 3 |
C=1.16 psi
$=0

8L -
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LY
FIGURE /-3 /| PRESSURE RESULTANTS ACTING ON WALL
20 -~ | CALCULATED FROM THE CLASSICAL EARTH

/| PRESSURE THEORY AND THE FINITE ELEMENT. - -
METHOD PLOTTED AS A FUNCTION OF WALL - )
DISPLACEMENT,
18- , | u
. ]6 7 -~
T8
3
124~ ﬂ

X

FORCE

Classical Eartlg i’t:e/{sure

Maximum Force fov)/ Smooth Wall -

8
]
, Finite Element Results . /
6 Smooth wall - cutting plane " “
\ ‘Parfectly rough. wall - cutting plane ‘ ?‘1
_¥all adhesion - cutting plane i

. Perfectly rough wall - no cutting plane

\d
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L

O
[ ]

P total lateral pressure on the wall, 1b. .

soil density,pcf. o

x -
[ ]

wall height, feet. -

Q
]

h . Jateral pressure .at depth h below the soil

5

‘ ,\ ) §urface, psf.

-~

“ The data 1n Fig. 7-3 show that the classical passive earth

5}essure is reached at different values of wall movement, depending

“

on the boundary cond1t1ons assumed. At an 1nward movement of the wal]
/'A of on]y 0.11 inch [or at a A/H ratio of 0. 0275] the perfectly rough
wall-no cutting plane mode] reaches the .value predicted by the classica]
. eatth_pressure~theory‘ For the smooth wa11—cutt1ng plane model, the
passive condition s reached at the largest wal] movement A of 0. 05875 of
wall hefght.The perfectly rough wall-cutting plane and the wall adhesion-
cutting plane models lie in between ghe above two Jimits.‘ . )

- -
v

RS . hee

\ . L p
__Table 7-2-presents a summary of the total lateral pressures

|
|
. 4
—_——" - :'— , _ \ ! %
- calculated by the finite element analyses as a percentage of the classical |

'Y

earth pressure value for a smooth wall. From this Table, and also from - o

, Fig. 7-3, the following observationsacan be made: S
1. The effect of the cutting plane is to reduce the total

- lateral pressure on the wulT The reduction varies from f”'h

32.5% for A/H of 0.025 to 28.5% for &/H of 0u125 SdEh’/ ’

reduction is caused. by the decrease in the magnitude of

pressure developing at the bottom of the wall &fhown in o

the pressure distribution diagrams, Figs. 7-4 ahq 7-5].
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f = 0.125
. g %
DA . , \ y . ) %
S \ 1 | Perfectly rough wall} 94 134.4 | 150.7 177.8 | 192 8
. . \ No cutting plane - \ | ) ) L -
‘ \ . . ‘ -~ ) - & ! . \\
' . N
Cd . . . ﬁl, -
U -2 | Pperfectly rough wall M4 | 02,2 121.7 136.2 147.5
\‘ ' Cutting plane RO
g _— ; ¢ - \r B § _—
. 3 Wall adhesion \ 64.9 "t o6 | 119,17 133.8 145.4 \ S
(interface element) || . AR P g ‘
2l Cutting plane \\ \
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o | o
434 Smooth wall ] e48, 92.0 \E e 126.3 137.9
g \ Cutting plane \ \ i .
. - 1 4 - ——
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\ A = Wall movement
{ H= Total Height of'wa1\
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2. As Jﬁuld be expected, wall translation with fy11.
adhesion [perfectly rougﬁ case] increases pressure
on the back of the wall, while the.case of no wall
adhesion [smooth] gives the minimum pressure. The
wall adhesion [i.e. 1nteFf§ce element] model is seen to

1{e between the two 11m1t1n9 assumptions,

(b) Wall pressure distributions: The lateral earth )

» -

pressure distributions for the four cases being discussed are shown in

</F{gs. 7-4 to 7-7, inclusive. These pressure distr1bﬁt10ns are plotted
for various amounts of wall translation and each of the pressure-depth
-curve shown is labelled according to the ;mount of inward wall movement/
A, as a ratio of wall height, H. In thege Figures the lateral passive
earﬁh pressure distribufioq computed from the classical theories of

Coulomb and Rankine, Eq. (7.2), is also plotted.

\ It is 'of interest to note that a strongly nonlingAr distribution
arises in the case of a perfectly rough wall with no cutting plane,
Fig. 7-4. Suth nonlinearity is shown to be dhe to the development of
substantial lateral pressure along the base of the wall. This distri-

bution,when compared with the distribution of the perfectly rougﬂ wall-

”/gggging/p&aﬁé’ﬁadel. Fig. 7-5, indicates close similarity for the upper
three-quarters of wall height. - In the lower ﬁuarter of the wall a

7

reductiaﬁ 1n\pressung of more tﬁan 50% resulted when including a

plane in the fiqite element analysis." It is seen that, without taking
into consideratien the yq]\ interface characteristics, the cutting plane
wodel indicates closer agreement with the.classical theory distribution.

5 ' .




1:0-

2.0

o

MWWM

A
81

-

=.0.025

<=

L

e

v L.o0.05
-0.025 p N

= 0,075

)

= 0.075

+

PASSIVE TRANSLATION - PERFECTLY ROUGH WALL

NO CUTTING PLANE ‘ .

~{} T
u .
o
W

R ||
b

Legend

‘Classical Theory

s Finite 'Element




[+4 ‘ /
N .
- » jL‘
- : n1SIB1lgIlQN§_I1IH.BELAII!E_IAQL_MQ!EME&I

-
.
. —
e P s el S SR

PASSIVE TRANSLATION - PERFECTLY ROUGH WALL '
-~ CUTTING PLANE :

0 O ° : :
o
g :
. ""lA
‘ »
° oG P
| f 'g M o= 4o
1.0f Kk
L r é * o ) ) a -‘-—AL—
L « 3
Eg l X Legend
w| I SREROS———— F T {3 [}

Q 8_ T 3. 3. ' Theory -
§ 2.0 o| o —— e—F{n{te ’
T ] ] Element

2
\ e




HES

ACE, I

DEPTH FROM

285

PIGURE 7-6 YARIATION QF HORIZONTAL WALL PRESSURE DISTRIBUTIONS
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vuimard, The existence dojf a cutting plane is shown to reduce the spward
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Examination of Figs. 7-5, 7-6 and 7-7, discloses the influence

R SLENTE

of soil-wall interface characteristics t;n_‘the shape of the lateral

pressure distribution. The main difference between the various shapes

is exhibited in the nonlinearity of the diagrams near the soil surface.
When the wall is considered perfectly rough the pressure.reache;; a
minimum near the wall mid-height and then jncreases approaching the soil
surface. In the cases of the smooth wall and the wall adhesion nodebs,
the pressures are seen to be minimum at the soil surface, with lower
values for the smooth wall . Closer agreement between the pressure
distribution of the wall adhesion case ‘and the classical distribution

is again observed. -

The tangential pressure distributions are plotted in Figs. 7-8,
7-9 and 7-10 for the perfectly rough-no cutting plane, perfectly rough-

-~
/

cuttir;g plane and wall adhesion-cutting plane models, respectively. It /

is seen from these figures that the direction of the tangential pressure

is mostly dowrnward except‘at,the Bgse of the wall wwhere it reverses t
tangential strgﬁses at the wall base. Finally, the wall adhesAon model /“
{s seen to exhibit very little upward fwessure at the wall /lﬁse,,‘a/nd /

smiler tangential pressures along the wall.
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¢ FIGURE 7-9  VARIATION OF TANGENTIAL PRESSURE DISTRIBUTIONS
WITH RELATIVE WALL MOVEMENT
PERFECTLY ROUGH WALL-CUTTING PLANE MODEL -  PASSIVE TRANSLATION
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FIGURE 7-10  VARIATION OF TANGENTIAL PRESSURE DISTRI-
¢

BUTIONS WITH RELATIVE WALL MOVEMENT
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_ observed in case of cutting blades, Section )

291 j '

-

—

are shown in Figs. 7-11 to 7-13 for the perfectly rough-cutting plane,

wall adhesion-cutting plane and smooth-cutting plane models, — , . - L

Thesé examples are all for wall mogbment, A of 0.05 of wall height, and

therefore the differences arise frc “the boundary conditions. It is
seen from thése'F{ggzgg/thif/;;;;i::tial differences exist in tﬁe stress
distributtggs/fcf'the three cases. The horizontal, vertical and shear
ség/developed for the case of perfectly rough wall are shown to be
much higher than those developed in front of a smooth wall, with the &
stresses Tor the wall adhesion case lying 1q/9gtween. Also, while the

contours of the horizontal normal stcgss’ seem to maintain the

x’
"

same general shapes for the/three cases, the vertical stress, oy’ distri-

bution for the case of a smobth wall differs from the other two cases,

- / -
A large zone of the-sail in front of the smooth wall experiences zero

vertical stresses or very slight tension.  This behavier was also’

, at. a larger blade dis-

placement of 0.5 inch. It may b alled that all the cutting blade

analyses were performed interface elements which suggest that the
effect of the roughness of the moving element [or the upward tahgentiil

stresses] 1s to retard the formation of zones of vertical tensile stresses.

In case of shear stress distributions, it is seen that the
‘stresses developed in the*wa]l adhesion case are very similar to those
existing in front of the perfectly rough wall., Much lower. shear
sfresieslare developed when the wall is smooth. It 1s clear from the .
above discussion that the affect of soil-wall 1nterface condition is
very pronouncod on the development of strasses 1n the soil mass.
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(c) SWOOTH WALL - CUTTING PLANE SCHEME

Fieurt 7-11 HORIZONTAL NORMAL STRESS, O, . FIELDS FOR THE
VARIOUS SCHEMES EMPLOYED IN THE ANALYSIS
OF THE RETAINING WALL PROBLEM

* \(MALL MOVEMENT A = 0.05 H)
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* (a) PERFECTLY ROUGH WALL - CUTTING PLANE SCHEME

B %hm "z

ﬂmg_z;lz VERTICAL NORMAL STRESS, u,,. FIELDS FOR_THE
VARIOUS SCHEMES BWPLOYED IN THE ANALYSIS

> OF THE RETAINING WALL PROBLEM
- (WALL MOVENENT & = 0.05 H)
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(c) SMOOTM MALL - CUTTING PLANE SCHEME

“Frows 7-13 SHEAR. STRESS, T, FIELDS FOR THE VARIOUS
" SCNEMES BAPLOYED IN THE ANALYSIS OF THE
: | RETAIRING WALL. PROBLEM,
( . (WALL NOVEMENT A = 0.08 b}
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. Summary

3

The study described in this Section waslpérforméd to obtain

4

comparisons between the finite element results derived from the

tdealizations and the solution technique developed with a conventional .

~
(> ] N
-
E-
%
¢
o ;%% WW B

method based on a closed-form solution. To this end a typical
example of a nonlinear problem of a long vertical reta1ﬂjng wall with
cohesive soils on one side was analyzed. Four schemes were adopted
?o examine the influence of the soil-wall interface chgyncterist1cs
and the effectiveness of inserting a cutting plane at the base of the
excavation. Examination of the resglts reported in this Section

shows that:

(a) The effect of the cutting plane is found t6 reduce the
"magnitude of the high pressures developed at the wall base
' ~ caused by the -inadequacy of the conventional finite
‘element idealization to account for éhe soil relative
displacements at the bottom of the excavation.
«(b) The soil stress distributions are shown to depend on the

soil-wa\ interface condition. The soil stresses for the

casé of the perfectly rough wall are shown to be the
highest, followed by the soil-wall adhesion case, and
then the smooth wall scheme.
(c) With rageyd to the ua11 pressure distribution as 1nf1uenced
by the different schemes of 3011+Nd1l 1nterface character-
. istics, 1t has been shown that the soil-wall adhesion
finite t1unept,scheme [employing interface elements] pro-
. ‘ vides the closestcorrespondence to the classical earth

3

pressure distribution. . S o

’




" 296

7.3 SOIL CUTTING PROBLEM -

COMPARISONS WITH RESULTS COMPUTED FR
THE PREVIOUS THEORIES OF SOIL CUTTING

\
The problems of sofl cutting have been studied by several

* " investigators [Appendix C].. Most of the theories developed to predict
the forces on. two-dimensional cutting blades Qere based on the assumpt-
fon of a s1ip surface along which the failure of the soil mass takes
place. Osman (1964) has shown that the method due to Ode (1938) for
the solution of the plastic equilibrium of the mass of soil within a.‘
curved failure )oundary jie]ﬂed accurate correlation with experimental
oQServations in three typesxbf Joil [viz. a purely fricﬁiona1, a purely
cohesivé. and a C-¢ type of soi1]. A similar investigation carried
out by Siemen's et al, (1964), when re-assessed on the soi1 values ’

worked out by Bailey (1964), also showed that the lbgar1thn1c spiral

method gave geod‘correIation with experimental observations. Sofe of
the widely used relations are due to Reece (1965) and Hettiaratchi et
- al. (1966), which also use the analytical soluti&n due to Ode for com-
puting the forces on blades. . In this Séction. the results obtained‘
from the'f1n1te element analysis and the experimental data will be com-
pared with those obtained from Reece and Hettfaratchi et al. methods of
computation. <j’j> -
Reece ?;;65)'propos§d nq’?quation similar to that of‘Terzaghi's
bearing capdctty,{dqation [Terzaéhf:(]§4l)], to compute the draff forces
on & two-dimensional blade, This equation has the form: S5
. ‘- ‘ - I > }

.’- . . - 4 3\'.
F 1b/ft 2tbuc +2b 7"1 + 2bquq + c‘bN° (7.3)
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where \ ~g.
F = force per unit width.

a characteristic d1ménsion.‘

o o
[ ]

cohesion:>
_so1l density.

<
n

" q = surcharge pressure;

Ca

NC'NY Nq’Na

§o1i-meta1 adhesion.

= dimensionless factors depending on shape of soil
3

ﬁailure surfjée.

" In Eq. (7 3) the four terms on the righthandside represent the
effect of the soil's cohesion, 1ts weight, anyﬁsurchargigg\\paq that is
present, and thg adhesion that develops between fhe soil and the blade
The N-factors are d1mensién1éss numbers describing the shape

- T ""v’.g

of the soiT failurk surface.

surface.
They, therefore, depend on the angle of
internal friction, ¢, the angle of wall f%iction.&, and the shape of the

structure and soil mass involved in the system,'

\ {

It must be pointed out here that Reece's equation is notq?as&d
on any rigorous mathematical pr.oof In dddition ‘ﬁhe failure zoﬁe

" chosen,- as Reece admits, does not even fulfil thg*'.

equilibrium [it results in an 1mpossib1e stress situatio at the actual
blade surface], let alone kinematic requirements.
equaiion [Eq.(7. 3;3 wifﬁ its dimensionless N-factors are shown to be

dependtnt on the main variables [density vy, cohesion C, adﬂtg_gn\g » and
surcharge q]. leading to a certain degree of error.
error in pradicting the forces on cutting blades. employing Reece's .

qguatipn. were evaluated by Hettlaratchi et al. (196@).
. [

1

The simple four-part

The magnitudes of

[N ‘%memw el
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While Eq. (7.3) includes terms for soil-metal adhesion and
surcharge effect, Reece (1965) presented charts- for the determination

\af}bhe N and NY factors only [i.e., soil weibht and cohesion effects).

C The cohesiop value for thae kaolinite clay used in this study
was fogﬂ? to be 1:167psi [Fiq. A-S, Appendix A]. This value, together -

" with an'AVenge value of soil density of 0.060 1b/in} was used'for the
calcufationibf forces on the bladeé employing Eq. (7.3), with the soil
adhesion ;nd surcharge tgrms omitted. The computed horizontal and
vertical forces are‘cbmpafed with the finite element and experimentat
results in Fig. 7-14 dﬁdqfable 7-3.  Examination of these resu1t§ are

presented later on-in this Section.

An investigation was undertaken by Hettiaratchf et al. (1966).
to check.the solution of the passive earth pressure problem as proposed
by Reece (1965) and to present computed values of his N-factors for the
soiution of simple two-dimensional soil cutting problems. Briefly, the
logarithmic spiral method as used by the authors assumes a composite
failure boundary composed of a curved part :BC' [Fig. 7-15] and a plane

.sectfon 'CD', . The latter is the last s}1p plane of the Rankine passive
zone 'ACD' which joins up with the failure plane containing the lower
edge of the loaded interface. Thus 'CD' and 'AC' make an angle 6}

(45 - &/2) with the horizontal free soil surface. The curved part 'BC'

i /\\

s assumed to be part of a logartthmic spiral represented by r = o e“t°"¢

- where r /1s the initial radius '0B' and w is the spiral anglé 'BOC.
The po!e 0 of the sptral s assumed to ine on 'CA' or ‘CA", produced.
£y1dantly there 1s an 1nf1n1te nimber of possiB]e failure surfaces for

'\a\élvgn interface gecmetry consistent with the location of the pole at
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TABLE 737
COMPARISON OF HORIZONTAL AND VERTICAL FORCES ON

SOIL-CUTTING BLADES BY DIFFERENT METHODS

HORIZONTAL FORCE

VERTICAL FORCE ’

ANGLE OF BLADE INCLINATION-DEGREES

ANGLE OF BLADE INCLINATION-DEGREES

;» _ Experiment at

_ h 10 20 40 50 10 20 40 50
Reece's Equation © 32,2 27.8 1 20.6 18.8 -99 1} -6.2]-2.81-1.45 .
. Hettiaratchi et al.
Equation 40.6 36.81 25.95| 22.05 -8.45| - 2.941+1.73] + 2.38
°l Finite Element at _ ;
0.5 inch Displacement - 42,46 - - . 21.25 - 1.75 - - +10.90
4.8 | 39.0| 27.8 | 2.3 - 2130 +0.500+7.90] +12.2
0.5 inch Displacement 44,0 *35.5 29.0 24.0 - 2.75 +1.201+ 7.0 +13.1
Finite Element at '
- 1.0 inch Displacement 54.07 - - 26.07 - 2.15 - - +13.2.
Experiment at 56.1 49.0 1 32.1 29.0 -2.3 ] #1.7 1+9.3 ]| +14.2
1.0 inch Displacement -60.0 46.4 | 36.3 28.2 -2.7 1 +4.1 |92.4 | 11803

"~ = Negative values indicate upward forces,

00¢
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T . FiGure 7-15 DETERMINATION OF PASSIVE EARTH PRESSURE BY >
o L THE EggARlIﬂmxg SPIRAL METHOD ‘ T~
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- : | » " [After Hettiaratchi et al. (1966)]
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o some point on 'CA'.  The required failure surface bour?dary is the one
-that gives the minimum force on the loaded interface 'AB'. Thus, for
“any given location of the pole 0 at a distance say A frem A along.
'CA', the total soil reaction” P on the pnrie 'AB' can be evaluated by

4 consideringlthe equilibrium of the soil with{n the segment 'ABCE' The
correct value of P can be found for that valye of A which satisfies
the condition ;ﬁ- 0. . As the calculation of P for even a single
value of A 1s extremely tedious, the authors proposed an alternative
method.  From Fig. 7-15, P 1is found to be equal to 1;he sum of‘

Py, Pc' Pa and Pq, or

P=P 4P, 4P +P
= ~72 )
)fZ NY + CZNC + caZNu + qZNq

where PV' Pc’ Pa' Pq are the soil reactions on the interface due to

weight, cohesion, adhesion and surcharge, respectively.

f
¢
1
DY
n
k.
Fa?
)
@
N
>

\ The value of NY' in the above equation, can be obtained simply
‘by considering a soil with no cohesion, adhesion or' surcharge, Thus,
the force P acting on a particular interface under these conditions
,can be computed for arbitrary values of y and Z over the entire range'
! of variables [¢, & and Z]. Values of N, can be obtained by calculat-
. ing fresh valuos of P taking into account cohesion as wel] as weight

v

In a similar manner values of Na and Nq m:.' obtained. Hettiaratchi

et al. (1966) computed the fpur N-factors for a complete range of values
of ¢ for the two extreme values of &5, that is, & =0and § = ¢, for

‘@

va'lues of rake angles varying from 45 - ¢/2 to 135 - ¢/27 They also
produced suitable 1nterpolation formulae and graphs showing the rupture °

¥
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distance as a function of the soil and blade variables.

In applying the method suggested by Hettiaratchi et al. to

the problem under study, the following values are used:

Soil properties: C = 1.16 psi =0+ +y=0.060 1b/in?
Sofl-metal values: §=0 C, = 1.16 psi "

~

'The horizontal and vertical forces computed, using the N-factors presented
by Hettiaratchi et al., are plotted in Fig. 7-14 and shown in Table 7-3,

as.a function of blade inclination angle.

According to the mathenitical model of 1imit equilibrium, the
soil js rigid up to the point of failure, whereupon it flows stegdily
at constant stress. ' This would result in a definite fatlure load at
zero displacement, which then increases linearly with the displaéement
as the surcharge builds up. The’éﬁeory would predict the initial force
value. In practice, however, this is not the case.' The force-displace-
ment results shown in Figs. 4-2 and 4-3 indicate that the force records
. reach their maximum valqes‘at very considerable values of strain. More-
over, the force records have no peak§. 1nd1§at{ng failure at maximum den- .
sity, nor valle}s. ;1gn1fy1ng reduced resistance‘offered by the soil
after it has failed.

It was thought that a decision as to which point on the force
| record should be taken could perhaps be made by noting when the first
sheuf plane emerged at the surface. However, as &entioned'earlier, the
sof1 tested did not exhibit distinct failure planes.

¢ I - ﬁ'~ . ’
It must be mentioned here that it 1s not dlways possible to
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obtain information on first peaks. .in ‘many reported studies for compari-
son purposes. It is expected that the asymptotic value of the force
record may be the one generally used. In that regard, the limit equili-
brium approach to the anaiysis of the problem would in general unde}-

estimate the total draft or horizontal force in view of the marked change’

\

For lack of a more definite criteria to define failure in the

in the geometrylof the deforming soils.

experimentzl force records reported in this study, computed forces usir\gﬂe

Reece's and Hettiaratchi et al. 1imiting equilibrium approach are com-

. pared with the finite element and experimental forces obtained at 0.5

and- 1.0 inch of blade displacements. While such a choice may raise
questions, any other failurﬁ definition is just as arbitrary. Such in-
ability to correlate between forpes developed in a coptinuous deformation
precess and farces predicted by the Timit equilibrium theorems is due,
as pointed out earlier, to the development of the 1imit- equilibrium
approach without reference to the stress-strain relations and kinematic

considerations.

The anaTytiéaI methods suggested by Reece (1965) and Hettiara-
tchi et’al. (1966) for computing tﬁe theoretical forces may be e;mnined.
using the test results obtained from this study as a base for comparison.
In Fig. 7-14 and Table 7-3, these comparisons are shown together with

the present finite element approach computations for forces acting on

the 10° and 50° inclinedblades. It is seen that th¢ predicted hori-
zontal forces using Hettiaratchi et al. data show good agreement with
the forces obtained from.the actual test results as well as the finite

element an%?ysis obtained at 0.5 inch of blade displacement. On the -
] o



other hand, Reece's method is found to underestimate the draft forces. .

a

The divergence between Reece's and Hettiaratchi et al. results

can be accounted for by considering the following factors:

1. While Reece presented Eq. (7.3) with the four terms‘
representing the gravitational, cohesive, adhesive
and surchgrge components ‘of the soil reaction, he
only provided data for:obtaining NY and Nc'

Thus, Eq. (7.3) reduces in fact to the following
form: : )
S P = yzzrg( + CIN,
Whereas the surcharge effect can be considered to
be negligiblé in the prgfqpt case, eliminating the
soil-met#% adhesion term leads to a large error,
especially when dealing with & purely cohesfve
soil as in the present investigation. The value
of the adhesion term C_ZN,, with the magnitude
of N, obtained'from Hettiaratchi et al. charts,
way added to Reece's results. This resulted in
. a very close agreement with the horizontgl forces
: ‘ obtained from Hettlaratchi et al. data for the 10°,
and to a ce;tain extent, the 20° inclined blades.
However, in:case of the 40° and 50° inclined blades
;ppr&ciahle differences remained even after adding-

the adhesion term to Reece's equation.

/

\
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the forces: predicted by Reece's data and those obtained using Hettiarat-.

" et al.]

In the case of a cohesive soil, the largest con-

tribution to the draft force results from the

cohesion term CZNC.‘ The N, values obtained

for the different inclined blades are as follows:

Blade angle
with vertical 10° 20° 40° 50°

Nc [Reece] - 1.7 1.45 1.00 0.90

Nc [Hettiaratchi : ‘
1.75 1.65 1.45 1.35

It is seen that while the N. values obtained
from the two methods are the same for the 10°
blade,, I}eece's Nc values are smaller than
those of Hettiaratéhi et lal. for the rest of
the blade angles. The deviation between the
N values is seen to increase with the blade
inclination. This results in lower values for
Reece's cohesion term (CZNC). and hence smaller
predicted forces. o

5

The above two reasons account fully for the difference between

chi et al. method of computation.

of- bhde displacements.

‘@

seen to provide a better degree pf correspondence with. those computed using

. In comparing the developed forces obtained from the 1imit equi-
1ibrium approach [Reece and Hettiaratchi et al. methods], Table 7-3 1ists
both the experimental and thé finite element results at 0.5 and 1.0 inch

rcveﬂs that the forces reported at 0.5 inch of blade displacement are

A closer examination of the values in this Tab]e

B
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the limit equilibrium methodsr As pointed out earlier in this Section,
the 11q1t equilibrium approach assumes that the soil is rigid up to the

point of failure. This would result in a definite failure load at zero
blade displacement which then increases with displacement as the sur-

charge builds up.. Such an assumption is not realistic especially in

the case of a plastic soi] where the failure occurs at a yery‘consider- f

able value of strain. Taking this consideration into account, it was
decided that the 0.5 inch blade displacement is large enough to pro-
3 duce failure conditions similar to those of the limit equilibrium model,

-} and is small enough not to include the. surcharge effect.

From Fig. 7-14 and Table 7-3 it is noted that while both the

experimental and theoretical horizontal forces [developed at 0.5 inch 5%
| "of blade displacement] reported in this study do agree with those com- ‘§

puted by Hettiaratchi et al. method, it is not the case with regard to
. the vertical forces. It is perhaps instructive at this point to note °

I £t £ A

that Reece's equation [Eq.(7.3)] computes the total resultant force P

R

per unit width of the interface, Fig. 7-15. This force acts at angle

§ with the normal to the interface. If, howevgr; the vertical force is .

. V required, it is compuied as the resultant of the vertical component of 2

; , . * ' Tig
: the force P and the appropriate component of the adhesion force Ra ¢
.? Fig. 7-i5. which acts. upwards along the interface. The adhesion force " '%
P ) ‘. Y \\\\ e L T - ,L

. Ra is equal to: | J 'gg

Rl = Cax1 . , D ‘ -

|

where C, = adhesion, lp/in?

- -1 = length of blade, inches, : - . |




‘ In the application of the 1imit equ1ﬁbr1wn approach it 1s assumed that

the sofl directly in front of the blade is {ﬁ a state of faflure and

- that the full adhesion value, Ca' is developed along the interface.
Harrison (1973) has shown thdt this is often not so. The adhgkion va1ué

- . of the kao]jg clay, as measured by thg soil-to-metal direct §hear test

pre§ented in Section 4.A.3, 1s shown to be lower than the clay strength

or the cohesion value, Fig. 4-11. It has al§o been found that the tan-

gential stress values, or adhesion,. on the soil-metal interface increases

with increasing displacement reaching maximum value; at relativ? dis-

placements of approximately 0.2 inch, Fig. 4-10: Moreover, the

adhesion values are shown to depend on the normal stresses, ranging

from 93% of the cohésion value under zero normal Toad to ;bput 82% for

a normal load of 5.0 1b or more, Fig. 4-12, While the adhesive forces

should be independent of the normal load, it should be recalled that

such dependenc; wa;\élready shown to be due to the change of failure mode

along éhe interface- from a sofl4o-s011 shear under 'low normal stresses to

-7 a soil-to-metal failure when the normal ;tresses are increased.

-

) o Applyiig all these findings to the problem at hand, 1t has been
made clear from the finite element analysis that the mobilization of the

sof1 adhesion is a fanction of the relative displacements between the

soil and the blade, or, in other words, a function of the blade displace- \

ment. Figures 5-20 and 5-21 show that the full value of adhesfon is

" mobilfized at a blade displacement of about 1.0 .inch. These Figures also
® show that the mobilization of the soil adhesion is a function of the

' . blade rake asn91e as the dist‘r'lboutions of the tangential stresses are

it markedly different along the 10° and 50° inclined blade surfaces. Such

A .
- * :
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complex behavior sheds ddubt on the validity of Hettiaratchi et 51.

*

assumption of constant uniform adhesion along the blade surface, and

hence the computed vertical forces.

3

7.4 SOIL-GROUSER INTERACTION PROBLEM - o

/ COMPARISONS WITH RESULTS COMPUTED FROM THE )
PREVIOUS THEORIES OF SOIL-GRPUSER INTERACTION .

Most of the research done to date on the gréCser-soil,inter-
action problem has been oriented towards 1nvestigat(ng'the performance
of ‘the plate-grousers, either individually or in ﬁﬁoups, AppenditJE;,/\

The intensive research on the interaction of this g;ouser with.soil is

mainly due to the wide use of such element in trgcked-veﬁic\es. As

waernted as this may be, it is s8i11 necessary to examine other grouser

geomei?igs and their tractive efforts. * It is precisely in this‘area

that the;é\appéars"%o be a great lack o€ experimental or theoretical
research work. Bearing\this in mind, the
of the traction results w111 be divided into 'two parts, those of the

. -‘wedge grousers [1.e.. C.E.W. and S.E.W. grousersa. followed by those of.

/ ,
the plateigrdusers [R.A.P.6.].

) Wedge Grousers ‘ )

- TBe wedge grouser-soil interaction process can bé)consid-
ered as a lateral earth pressure problem involving backward raked
soii interfaces [i.e., rake angle >—90°]. In other words, the

! ahalysis can be performed consider%ng the grousers as cutting
. elements with their lower edges trailing. _ Hettiaratchi et al.
# (1966)_pointed out that lateral earth Ppressure problems involving

N “



backward raked soil interfaces [a > 90°, Fig. 7-16], have not yet

been investigated experimentally, and that therefore the soil

failure mode is not known.  They postulated that under these

conditions the interface "converts" itself by means of sofl

wedge ['ABG', Fig. 7-16], into a perfectly rough interface 'AG'

having a smaller rake angle o', They proposed that the solution

" FIGURE 7-16 HETTIARATCHI ET AL. (1966) PROPOSED FAILURE :
- SURFACE FOR LATERAL EARTH PRESSURE AT LARGE N
RAKE ANGLES

>

to this problem could. be obtained usiné their method [Section 7.3]

in conjunction with an appropriate modification factor. They also

Wt#m and simplifications are required

in using their method of solution to deal with problems of curvéd -

e

elements.

Investigating the draft of curved blades, Osman (1964)

considered anfi"cqrved blade to be one oF a family of blades of in-

'Crnsmg curv;!agp@" starting from the straight blade forming the
‘chord between the cutting edge and the soil surface. While. reaHz-

ing that increasing curvature will cause increasing draft because

s shear strains must occur throughout the sofl mass in front of the

R
~ ‘.

’ . o ’ N 5
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! blade, ahe post('ilated that t;ie draft cannot increase beyond that
required to cause thé soil to flow up the straight line forming
the shord across the blade between the cutting edge and the top
edge. This is because it {s pos¥gple for: the soil to fill.up.

" the curve, transforming the blade into a straight one with the ;

. same depth and rake angle, which results in a condition where }
§d =¢ and (2a = C, Such reasoning enabled Osman to put forward
and experimentally verify the hypothegis that the draft of a
curved blade must 1ie between two limits. The Jowe; Timit corres-
ponds tg a hypothetical plate blade forming the chord across the ’ }
curved blade and hav1n&he friction and adhesion values of the '
curved blade surface. The upper limit 1is representet:j by the same

straight blade but with the angle of soil-metal friction increased

o~ . to ¢ and the adhesfon, C,, to the value of soil cohesion, C.

A

By considering the wedge _grousers to act as cuttingl .
[ elements with backward raked soil 1nterfaces. the predictive
methods of Reeqé (1965) and Hettiaratchi et a] (1966) [Section 7.3]
may be used to compute the deve]ope_d forces on these elements to
compare with those reported in this study, Fg:‘ the curved-edge
wedge grousers [C.E.W. type (1) and C.E.M. type (2), Fig. 3-1], . i
. the )ly';othesjs made by Osman (1964) is adopted to account for the

\\

L effact of. element curvature on the developed forces. ‘It ‘must be ‘

e / pointed out at this stage that these methods will not account for., !‘i\w {’ ,
/// , the effect qf the horizontal plate, plaged on top of the S E.W. \ar:d '
o / the C.E.W. "*type (1) grousers, on the developed forces. The, '
~ influence of these plates is to change the problem boundary condit-

) .
e “
- -
Ve - A
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ions ,1"rom those similar to a lateral earth (pres;sure problem where

o soil’ failuv;g.takes place due to- a horizontal movement of the soil
interface, to a problem combining the effect of lateral pressdre
with surface.bearing capacity. , Such-change in boundary conditions

should be expected to lead to errors in prediction.

In appl}ing the methods of Reece and Hettiaratchi et al,
- 1
for predicting the forces on the wedge grousers, the following

¢

assumptions aﬁd ipproxiﬁtibns are made:
‘ ]

1., The faﬂure boundary is composed of a curved part 'BC!

-

Fig 7-15, and- a plane sect'lon ‘cD'. The latter is
the last’ slip plane of tJ1e Rankine aassive zbne 'ACD'

which Joins up with the faﬂure plane containing %hg

~

lower edge of the 1oaded interface. This assumption
{ - 1s 'subject to "further experimental évidence.

2. The curved grouser- soil 1nterfaces areaﬂeaHzed by flat

——— -

surfaces having the same depth and rake angleﬁfOsman
o (1968)]. - - :

\

[ .

13 l ”
3. The soil-metal adhesion ts equal to the vaiue of the soi)
. cohesion, and the angle of metal friction & = 0. Accord-
ing to Qsman's hypop:hésis such an assumpt1on represents

lan upper bound on the draft values. —

The results cunputeq enploying Reece's and Hettiaratchi -
et al. methods, with y!igxadopt'ioﬁ of the ;_i)ove approximations, are N )
shown 1%{‘%& three wedge grousers analyzed in this,
study, Mu with the finfte ;leunt results and the ?Qberime;‘\tal\

° .
. ., . )
. , A
) - %
-
.
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measurements obtained at 0.5 ifch of grbusﬁr displacement. The
) A

reasons for the choice of the 0.5 inch grouser displacement
criterfon for comparison with the limit eqyilibrium results were

discussed earlier in Section 7.3:

Examination of the results in Table 7-4 shows that, as
in the case of soil Ehtting discussed i/n/Section 7.3, Reece's
method predicts smaller forces than those computed from Hettiarat-
chi et al. data. The lower values obtained from Reece's analysis
‘are again atg:ributed to the omission of the soil-metal adhesion term,
CabNa,} and to lower values of the cohesion ter'm,/,,CZNc, Eq.\(7.3).
It 1s also observed that Reece and Hett1ar§t iet al.‘metheds of
computations, with the adoption of Osman’ hypothesis, give the

same forces for both the S.E.W. and the C.E.W. type (1) grouser-

-

soi1 systems. The same forces on both systems resulted since, by

adopting Osman's hypothesis, the £.E.N. type'(T) grouser, when

idealized by a flat surface, will ave the geomejzf'y of the S.E.W,

grouser. Moreover, ever;\v:1 he assumption of the metal-soil

adhesion rvalue eqhaI to t 11 cohesjon, which is supposed to g(ive

an upper bound on-the mgasured forces, th;é computgd horizontal force

for the,C./E.M. type ) grouser 1is shoym to be less than the measured
;ésu'lts dre in contradiction with Osman's

one.  Obviously,
- hypothesis 1n_—tp¢(t the /increase of element surface curvature increases

se.
, the soﬂ-metay‘r dont}tt area, and consequently the strains and stresses
\ ° .
developed jﬁ the'//oﬂ, which should lead to larger computed draft
, * i / ) - - . .
forces. It is'only in case the soil-metal adhesion value is con-

sigeréiﬂy less than the soil cohesion would such a hypotheslis lead

]

N
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,  TABLE 7-4
® COMPARISON OF HORIZONTAL AND VERTICAL FORLES ON

WEDGE GROUSERS BY DIFFERENT METHODS

HORIZONTAL FORCE

VERTICAL FORCE

5\ o Method

GROUSER FYPE GROUSER TYPE
S.E.N. C.E.W. C.E.NW. S.E.W. C.E.HW. C.E.W.
Type (1) | Type (2) Type (1) | Type (2)
Reece's Equation 24.92 24.92 23.19 -22.91 | -22.91 -22.61
Hettiaratchi et al.
33.42 { 33.42 32.04 -26.43| -26.43 | -25.86
Finite Element at ’
0.5 inch Displacement 37.98 - 34.88 -18.2 - -12.71
/o .
‘Experiment at SS.O 40.0 31.0 -15.9 -16.5 -11.0
0.5 inch Displacement 38.8 39.0 32.0 -14.,7 -17.2 -11.70

- Negative valuéS‘iadicage upward forces.

1t
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to "an upper bound on the draft forces.

Comparing the dﬁeveloped forces computed by the various
methods, with all the above points taken into consideration, it is
seen that the horizontal forces predicted bya Hettiaratchi et al.
method show a fairly good degree of correspondence with the experi-
mentally measured horizontal forces. However, the method i§ shown

" to overestimate t;he vertical forces. The reasons for such diver-
gence were previously discussed in Sectior; 7.3 and can be summarized,

with regard to the traction results, in the following points:

1. While the methods of limit equilibrium assume full
mobilization of the soil-metal adhesion forces,
it has been shown that the mobilization of adhesion
is a function of the relative displacement between
the soil and the mefal interface, Section 7.3. -

2. It has been shown from the f1n1te element analysis,
Fig. 6-22 and 6-23, that the shear stresses-on the
soil-metal interfaces'change direction at au certain
point on the 1nterface.' This finding is in contra-
g diction with the 1imit equilibrium models p{-oposed
by Reece an&_ Hettiaratchi ‘et al. in which the adhesion -
force is assumed constant and acting upwards along;

the interface.

Finally, in general it is observed that the agreement be-
tween the finite element and the experimental results is very satis-

factory for the two soil-grouser systems analyzed by the finite

A \
elément method.
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b) Plate Grousers

&

- Regarding the developed forces on the plate grousers,
results comﬁuted from Bekker's equations [Bekker (1960)] are com-
pared with both the theoretically computed and the measured
values in Table 7-5. In the Bekker equations [Eqs. (1.1) and (1.2)
1n Chapter 1 and also in Appendji C], the horizontal and vertical
forces, H and W, are not expressed explicitly in terms of system
parameters but are rather proportional to an angle 6 defiped by:

8 = arctan H/MW -

_where

-

= 2
H b(nch + ynqlzh+ yny1 ) sine

W= b(nclc + . 1z + anlz) cos 9

q

It is seen that H and W are dependent on such dimensionless
[ 4 ¥ .

trafficability factors as n_, ng» and n» all of which in themselves

q

" are dependent on ¢, O and the ratio of 1/h, (Fig. 1-2).

* In view of the above considerations, the two equations
for H and W do not permit a direct determination of these forces
but instead, must be solved by an iterative process, see Appendix C.

In the case of a grouser moving at a constant elevation, an estimate

for either H or W must be made :§ arrive at an-estimate for 6.

The experimentally measured values the vertical forces obtained

at 0.5 inch of grohsér displacement Qere substituted in Bekker's
equations, and the corresponding horfzontal forces were computed.
The results of these computations are shown in Table 7-5, and it is
seen that the deviation between Bekker'; and the exﬁerimentally

measured values is of ft;>o}der of 6% for grouser aspect ratio h/1

Y
k¥
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of 0.5 and about 18% for grouser with an aspect ratio (h/1) of
0.833.

Harrison (1973) developed a theory that predicts the

passive -pressure on a rough two-dimensional interface Qith one edge

- in the soil surface. The theory is based on sl1ip 1ine f?ETds\ig:\\

cluding wedges of sofl that are in equilibrium, not failing, but 16\\\\\\

a stress state of incipient failure., The slipline fields vary N
with the interface angle ; and the angle of internal shearing
resistance ¢, and are a function of the direction”bf‘motion of the
interface 6. The detailed mathematical expressio;;:¥or the hori-
zontal and vertical forces acting on a plate grouser are given in
Appendix C. Forces compu;ed\from Harrison's equations [Eq. (C.3),
Appendix C], are compared in Table 7-5_with both the finite element
and thé experimentally measured‘forces Bbtained at 0.5 inch of
grouser displacement. From-this Table, it is shown that Harrison's

results deviate appreciably from the measured values. It is S

L& e

1nterestfﬁg to note that when examining Harrison's results for the - o
c;se of constant grouser elevation [i.e. 6 = 0], large discrepancies
are found between the measure& and thé theorgt1ca11y calculated ij
forces. , These discrepancies ;ré reported in both the léam and 'g
clay series, while in the sand series good correlations are obtained. - ¢
This behavior suggests that Harrison's hypothesis of the existence .
of a wedge-shaped zone of soil fixed to the interface, forminé pSeudo

interface along which actual failure occurred, is not valid for the

case of constant eleyation tests 1p cohesive soils.

L4
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TABLE 7-5
COMPARISON OF HORIZONTAL AND VERTICAL FOPCES
ON_RIGHT ANGEE PLATE GROUSERS BY D L THODS
"g : Grouser Aspect Ratio h/1 = 0.5 Grouser Aspect Ratio h/1 = 0.833
Hor{zontal Force | Vertical Force Horizontal Force | Vertical Force |
Harrison's Equation 48.62 - 81.16 58.57 - 64,0
Bekker's Equation 35.60 - - 49,84 - -
¥
Finite Element at . - - - 41,47 - 23.63
0.5 inch Displacement | )
iment at 0.50 33,2 - 13.9 41.20 - 18.0
inch Displacement 3.1 -14.3 43.0 - 19.2
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- Negative Va,ldes Indicate Upward Forces
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implement movement.

CHAPTER 8
J
SUMMARY AND CONCLUSIONS

sumuny ~ S
The primary goal of the problem examined in this séudy was to
look into the possibility of providing a ratiewsaTanalytical means for
predicting the performance of a number of cutting and traction tools,
using parameters that describe the soil response due to interaction
with the iool. The review of past work revealed the need for an
analytical technique that can be efficieﬁt]y employed in predicting
both the stress distribution and the 5911 deformation resulting from a
cutting or a traction tool loading,.by taking into consideration the

nonlinear behavior of soil and the effect of large deformation due to

N
\ o -

The field of research was shown to be extensive and of many
dimensfons.  The scope of‘the study was therefore 1imited to verifying
the validity aﬁ? applicability of the suggested analytical model [finite
element model] to\ the analysis of the problem of simplified cutting and
traction elements teractiﬁg with a nearly-satgrateé kaolinite and an

.artificfal-oi1 based ‘clays under plane-strain conditions. The purpose

of the experimentallprogram was, therefore, to provide data on the
{nteraction process wﬁich could be compared with the analytical results.
The experimental investigation was divided 1n€6 CUtting tests and -
traction tests. In the former phase a series of flat blades with

\a%fferent angles of inclination were moved through the so11. On the

N
] . - .- 5
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AN
other hand, the traction study was concerned with the influence of

grouser geometries on the developed forces. Both phases of the study

were performed at specified constant speed and constant depth of cut.

An analytical model was developed using the finite element
method to provide a fheoretica] sélution to the soi]'cdtting and
traction problems. The developed model takes into account the effect
of the progressive cutting of the soil at the tool tip, with the possi-
ble develoument of fai]uré zones wherever the ghear strength of the
soil is exceeded. The solution provides detailed stress and deformat-
fon fields withié the loaded soil, and contact stresses at the soil-
tool intgrface for various tool positions. Consequently, a relatively
conplete description of the load-deformation behavior as the tool advances

in the soil was obtafned,

The main features of the finite element model adopted in this
study can be summarized as fo1lpws§

'a) Idealization
f

1. The model incorporates two discontinuities. A :
" cutting plane discﬁntinuity positioned at the
level of the\Fool|t1p~representing the action .
of the cutting e1gment. where severe relative
displacements and separation of soil blocks take
place. The second discontinuity is a soil-tool
interface d1$cont1nﬁity'representing the relative

displacements occuring between the soil and the

toal surface.




b)

A}
Y

c)

ting and soi1 traction problems provided a technique fbr\g\fgfck on the
finite element solution. Applicat1on of the v1sioplas£1c1t mgyhod to

- to predict the load-deformation behavior of the soil.
‘'The tabular [direct digital] form is used to 1ncofbofaté \

_ improved by iterating a few times in each increment of

- s piaton
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2. The soil mass is modelled by plane-strain

continuum elements representing a region

in which plastic deformations take place

with possibilities of loéalized or Shear

2 A% g TR AR WM

failures.

Boundary Conditions ' |

* The boundary conditions for the analytical model \ '
can be either specified pressure, specified disp1ace- \
ment, or both. Thus, the model is capgﬁle of handling
mixed boundary value problems. Mofeover, relative
displacements occurring across a thin discontinuity are > 3
included fn the formulation to account for different ’

: ‘ ' \ )

degrees of interfacial slip. ‘ . \ &'

Nonlinear Analysis N

In the model developed, the stress-strain relations

obtained from 1abératory tests are used 1% the analysis

the constitutivé law into the finite element model. The .
solutfon is obtained -by- the {ncremental method of analysis \\\\

N

loading. . \\\\

The application of ené}gy conservation 5;Tnc1b1es to sofl cut-

.
' \
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¢
" . the experimentally recorded deformation fields, with the assumption that
the stress-deformation behavior of the soil could be descrit\ed by -a, r1gid
p]astic model, enabled the calculations of the defomation energy fields
of the loatted soils. These energy values were compared to those obtained
from‘ the finite element model. \/‘/\ !
N The applicability of the proposed solution technique was further
~examined in order to assess the sjgnificance of the implied conditions and
requirements. The examinations were conducted by:
- Firstly, applying the solution technique to the famil_ia;‘
problem of a long retaining wall, yiéﬁding in a passive
sense. This corfstituted a parametric study to establish
. the relative importance of .the various features and
assumptions implemented in the finite element technique. °
‘ The results were compared with the conventional solution.
A sumnary and findings of this study are presented in
Section 7.2.4, Chapter 7. o
Secondly, comparing the soil cufting and traction [analytical
) ' and experimental] results presented in this Thesis with
results compute& from existing theories. .
8.2 CONTRIBUTION

. This?tudy contributes to the field mainly by having shown that / /
. R /
o . the soﬂ Cutﬁng and traction problems can be dealt with- through an /
nnalyt'.lcal approach which has the ob§ect1ve of deriving statically / 1// /

poss1b1¢ ‘stresses compatible with kinematically possible strains wht{e.
. '7’

. .
4
i
]
/

i



323 .
at the same time, satisfying some average boundary conditions, even though
. numerous assumptions’and approximations needed to be made, especially

)

reqarding the mathematical pode111ng of the deforming medium.

. Specific contributions are:

3

1. The development of an aﬁalytigaT technique for the
determination of the soil stress and deforiation
flelds as well.as contact stresses on the soil-
tool interface, thus providing a relatively complete
description of the load-deformation behav1or’as thé

tool advances in the soil.

2. The successful application of the method of f1n1te'
3 element to the study of soil cutting and traction,
" and the verification of correspondence between

measured and computed values.

3. - The successful application of the pr1;c1p1e of energy
conservation to the cutting and tract16n éiement-soi1
systems, The deveioped solution, using the method
of v1sﬁoblast1c1ty, provides reasonably good pre-
dictions of the,e;perimeqta]ly measured energy

@
components.

—~
<;§>2he author's knowledge, the above has not been available
~ in past published work and, in the author's opinfon, contributes to the

Q

field of soil-machine interaction anmalysis. .

-

.}‘

©

.
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- A, .
in clay soils. ' - \

A
_/-"/
e,

- 8.3 CONCLUSIONS ' ' R -

On a Tong term besis, the present study may be looked upon. as /
a step'in the direction of an improved method for soil machine-inter-.
action analysis. In fts immediate application, the propos\'ed method
may contribute to a systematic study of cutting and traction elements
travemng in clays by a rational scanning of all pertinent parameters.
Eventuaﬂ y, it could be attempted to rationalize the deformation patterns
and stress fields in terms of significant soil and tool sparameters, and

hence“estabHsh a complete and unified theory for cutting and traction

The following is a short sumﬁary of the conclusions arrived at

in this. study concerning the sotl cditing and traction problems:

’

A. Soil Cutting Problem

B_ggarding' the soil cutting developed forces it was found that:

'J- The agreement between the experimentaﬂy measured and the

finite element calculated forces 'is very satisfactory in the
case of the,horizontal forces for both the blade inclinations
analyzed; the average error of estimate is of the order of

8%, while the maximum error is some 15%. With regard to the

vertical forces, the values obtained from the analytical

sojution are, however, more subject to variation. The
differences in the vertical forces can/be attributed to the
S effect of the soil deformatiop behisd and below the blades

“which has not been considered Jn the finite element idealtiz-
l'iﬁon. ) - . ) : 7
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Regarding the deformation fields it was found that:

o ' 1. _ The discontinuity in displacement at the level of the
blade tip [on the cutting plane] is clearly demonstrated

-
N\
S
s~ Va
e BAAEE RRA suse

from the experimental plots. However,-thé experipenta1‘
horizontal displacement fields reveal that the displace-
ment contours are only discontinuous in the vicinity of
the blade while at a distance they are shown to be-con-
tinuous ﬁbove and below the assumed cutting p1ane3

Such behavior implies that,the discontinuity in displice:
-ment propagates with the blade movement.

2. Examination of the experiment$1 and the analytical horiz-
o ontal displacement fields indicates tha; the finite element

: " solution underestimates the horizontal displacements in

- ) » the zone near the soil surface, while it overestimates
in the soil mass situated directly above the cutting plane.
e : 3.- In the vertical displacement fields a deviation between the

»
experimental and analytical fields was observed in the
location of the zero vertica1‘d{§p]acement contour dividing

zones of upward and downward movements.

H¥

"4, Tﬁgigyafgthtive ag;eement between the experimental and the

analytical deformation fields, taking all the above points

into consideration, is found to be very sgtisfactor}.

-
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. ‘ V4 N
Q,) Régarding -the deformation energy fields 1i u&s found that: o

The visioplasticity method as app]ied in this study, with ™

the- assumption of a rigid plastic model, overpredidts the ‘

deformation energy cglcu_}ated fro'ln the 1n_tegration of the
experimentally measured 1o(§f-de_fomtion relationship,

' esbécia'l‘ly in ;ﬂe '\1rg=t1a1 stages of the deformation
process. (‘n'tt‘le‘;{theﬁ, hand, the finfte element model
developed in this Thesis, which treats the-soil as a non-
1inear strainahardening material sub:}eet to boundary
condit{ons of an incremental form. provides better

- estimates of the energy dissfpated within t.he soil. The

\ &:: "f‘.iniite element hv.gr:a;e‘ error of ,es.timate, compared to the ' 'f
’ exgerimentally obtaiped energy values, .1s of the'orde‘r of ' \
| 0%, The maxiuum'dev'latian is about 18%. |
!

- - Comparison with results computed from the previous theories ‘ .

of soﬂ cutting 1ndicated that:

1. The predicted horizontal forces using Hettiaratchi et al. (1966) "

o . data show good agreement wt}h the- forces obtained from the |
‘ - - test results as well as from the finite e?hment ana]ysis at. .,
| “._0.5 inch of blade displacement. On the other hand, Reéce s 0
! /:ethod is found to underestimat; the draft forces. c. . :

' "r 2. The vertical forces [experimentﬂ and ana‘?ytical] deviate. b ”‘
significantly from those computed from Hettiaratchi et’al : S

method.  This deviat1on is attributed ‘to the fact that the ;

mobi1{zation of thg soﬂ-tb!ade adhesion is a function of: o
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the relative displacements between the soil

and the blade, or in other words, -a functionﬂ

FE DR S IR

_of blade displacement, and
11)  the blade rake angle. The distributigns of
the tangential stresses are markedly different
along the 10° and 50° inclined blade surfaces.
This, finding is in contrast to Hettiaratchi
et al. and Reece's assumption of constant .

uniform azte)sion along the blade surface.- \

’

B. Soil-Grouser Inter&ction Problem .

. ' Regard'l%the developed forces on the various grousers it -

was found that:

s

1. Concerning the measured developed forces on the various
grousers employed 1in this stud&, the plate grouser'_
: fR.A.P.G.] with an aspect ratio h/1 of 0.833 was Found
to deve\lop the h‘r?hest horizontal as well as vertical
forces when compared to the wedge grousers.  This is
attributed to the soil deformation behavior .in front
of the 'plape grouser where a rigid zone, similar tod
_ the "dead" ione postulated by Terzaght (1948) ;‘or bearingﬁ\
capacity, was observed. The co;ttpress1on in this zone V.
extends the regton of 1nf1qéme of the grouser, reéulting <o
in laéger developed forces. In the v;dge grouser experi-
‘ments,very smll or no rigid zones we?e observed, and S
the regions of influsice of ¢uch groysers were’ found to |
-~ P -'be smaller than those of the ﬁate grouser [R.A\..P..G'.].

»
\ , .
N

v
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‘ 2. The agreement between the experimentally measured and
the finite element calculated forces, considering 4
the assumptions made, is generally very satisfactory.
The analytical and test results, howevgr, show bett
agreement in the case of the horizontal forces, for

v which the percentage difference rarely exceeds 10%.

In the case of the vertical forces, the average error ‘

or estimate is of the order of 20%, while the maximum

error is some 40%.

.\“ » i
Regarding the deformation fields 1t was found that:
4

Generally the correspondence between the analytical and

the experimental deformation fields for both the
~ . o horizonfal and vertical displacements is judged to be
{/'sﬁtisfactory. ‘ The finite element model, however,
is foqnd to possess more regidity in the x-direction
; _and more flexibility. in the y-direction, when compar-

ing d¥splacements with those measured.

Regarding the deformation enerqy fields it was found that:

- | .
BN Qﬁn the case of the sotl cutting comparisons, the visio-

plasticity method overestimates the défomation energ}
in all ca:ses, while the finite e‘len,enf results show a

better cdrrelat'lon with the measured input eneréy.

~
.
L L
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~ “ Comparison with results computed from the previous theories

. of soil-grouser interaction indicated that:

1. By considering thé wedge grousers to act as cutting elements ' &, .
with backward raked soil interfaces, the predictive
" methods of Reece (1965) and Hettiaratchi et al. (1966),
together with the hypothesis put forward by Osman (1964)
\\/ to account for the effect of element curvature, could be

used to compute the developed forces on these elements.

2. The horizontal forces prefficted by Hettiaratchi et al. '
method of computation show a fairly good degree of corres-

pondence with the measured forces for the wedge grousers. ‘ %

With regard to the vertical forces, a significant deviation 4
" is obtained between the calculated and the measured values.
The deviation {s attributed to the facts that:

1) The mobilization of adhesfon is a function of
the relative displacement between the soil and

the metal interface.

1) The &glear stresses on the 50 1-mei‘,’1 interfaces -
\change direction at a certain point on the

1nterface.

3. Hhen conparing the developed forces on the plate grouser .
- o S [R A.P. 6 ] with Bekker's equations, the deviation
between Bekker's and the experimentally measured

O values 1s found to be of the order of 6% for
\.; ! ‘ ‘ ’ grousir. aspect ratio [h/1] of 0.5 and about 18%
for the grouser with a ratio [h/1] of 0,833,

L I

' : |
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4. Forces computed from Harrison's equations (1973) deviate
considerably from those measinred or *compui‘:ed. However,

- when examining Harrison's results for the case of con-
stant grouser elevations, large discrepancies were also

- found between his measured and his calculated values.

This sheds doubt on the validity of his hypothesis for _ E
the case of grousers tested under constant elevation

tondition 1in cohesive soils.

o




A1

/

/

APPENDIX A L

~
/
/

SECTION A~

]

EXPERIMENTAL CONSIDERATIONS

DESCRIPTION OF THE TEST FACILITY

A.1.1 . Apparatus N

!

' As constructed, the apparatus consisted of a tool plate
/ .
rigid(lf attached to a carriage which allowed it to translate both
horizontally and vertically but which permitted no angular rotau;n,

Fig./A-1 and Plate A-1,

The carriage itself was mounted on roller bearings which .
travelled in po\ln1shed guide rails. The ;'éils were machined to.a . -
t tolerance of 0.003 inches, and as a consequence the frictional
v/;sistance of the system was reduced to a minimun, the force

required to overcome this _resistance being typically of the order of

'two per cent to four per cent of the total measured horizontal force.

~— |
. ’”*Th{(!ﬂ‘lve anish of the apparatus consisted of a

threaded shaft which was, in effect, a worm gear. This was driven by

a 1/2-horsepower vaﬁ:;ng ;péed_ “electric motor and a v belt pulley

assembly through a system| of gears. N

The ‘ca\rriage and tool assembly warr’ﬁomted on a frame in
such a position that 1t was directly above a soil bin whose dimensions
were 22 1/? ins. x 4-ins. 1n planfogm and which usually accommodated a

~

EU L
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|' _ depth of clay of the order of nine inches. The bin was equipped with
removable Tucite side walls and was mounted on castors to facilitate
its removal from under the carriage. The carriage and bin are shown

in Fig. A-1.

A.1.2 Measuring and Recording Devices

'A11 forces and nisplacements were measured by means of
electrica] transducers. The horizantal and vertical forte trans-
ducers werc of 0-100 1b capacity, and were manufactured by the Dynisco
Division of the Abex Corporation. They were both gxcited by a 6-volt
direct current voltage and had a full range sensitivity of the order

of 3.5 mv/volt of excitation.

The horizontal displacement transducer was of the linear
displacement type, utilizing a moving core in an electro-magnetic
field. This transducer also required a 6-volt direct current

. excitation signal and had a maximum stroke of 1.5 inches.

x\\. ‘ The output of the transducers were féd into a 6-channe oo
' Sanborn Series 850 Recording System. The signals from the force
| transducers were fed into series 850- 1800 preamplifiers with a \
sensitivity range of 0-100-mv/cm of deflection, while the displacement
%ransducer sjgngi was fed into series 850-1300 preamplifier with
sensitivity range of 0-50 volts/cm in ten steps. el

1

A 35 mm Pentax type SV Qamera with Kodak Plus-X Panachromatdji
fiim was used to record grid distortions. '

v

[ . k]
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A.2 SAMPLE PREPARATION

® ,~

following steps:

.The soil was prepared for placement in the soil bin by the

Soil Mixing [in the case of the natural kaolinite clay]. ~ Dry
kaolinite 1quowder form [stored in approximately
50-poond bags] was‘deposited in 50-pound 1ifts forming approxi-
mately two inch deep layer in a batchiog reservoir. Each 1ift
was sprinkled with sufficient water to bring the soil to the
desired water content. The water was allowed to soak in and the
next 1ift was added. The wet soil was allowed to stand in the
batching bin‘for seven days. At the end of this period the soil

was mechanically mixed to improve homogeneity.

. /
- Soil Placing The removable side of the bin was first taken off

e and the® inner surfaces of the remaini open/éox were
‘ coated with vaseline.  Remoulded kaolinite o£~w er/obntent of

52 5% + 1,0% was manually depos1;ed in small lumps. ‘tamped and-
rolled in one inch 1ifts. Nhen the sample thickness was a littte
over ‘the thickness of the bin. the excess was trimmed off with a

wire saw and the surface smoothed over with a trowe1 ‘\

Grid Placing Once the soil sample had been prepared, the

setected tool [cutfing blade or grog;grj;was—embedded
1n the clay at a specified loeatfo”"’ﬁ?a;’;;;oous grousers

employed dur1ng the course<§f this 1nvestigation are shown in
o Plates A-2 to A-4 inclusive. A grid network of one-half-inch

‘ ' ‘ squares was then wade ‘on ‘the sofl surface with a black oen and a



il '
o N

P " PLATE A-Z  THE C.E.W.TYPE (2) GROUSER
" '
"
!
|
.
. . : : |
® 'y PLATE A-3  THE C.E.W. TYPE (1) GROUSER (LEFT) J
Co AND THE S.E.M. GRPUSER (RIGHT) ' ‘ 1
T a ' f
. ) S _— |
-
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. q 5
PLAIE A-8  RIGHT ANGLE PLATE GROUSERS (R.A.P:G.).
with (h/1) RATIOS of 0.833 (LEFT) and 0.5 (RIGHT)

-
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&

. ' plotted Tucite sheet, “FRE2 was done by first placing the plotted
D lucite sheet in one direction and draﬁing lines in the slofs. N

The lTucite sheet was then turned 90 degrees, and the procedure was
repeated until a grid of one-half-inch squares resulted. The bin
lucite front was then lubricated with vaseline and placed on the

soil surface, and the aluminum frame bolted back on.

A.3 TESTING PROCEDURE
. J o '
Cnce the soil sample had been preparéa, it was placed under
the carridge and the tool was attached to the carriage system by a nut- )
and-bolt system.  Care was taken not to disturb the sample &uring this

operation.

- “ .
At this point, the tool speed desired [gererally 1.0 Qgch/
miﬁutg] was reset on the motor- control box. Ao fnitial photograph

§ of the unde d grid was taken and the carriage was then set in

.motion, quipg ourse of the test, further photographs ofjthe
? ; - deforming grid were taken at fjve—second intervals. A photographic

% ] ' record of a soil cutting test is shown in Plate A-5.

’

:
|
4 |
N
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PHOT%RAPHIC RECORD OF A SOIL: CUTTING TEST
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~ SOIL PROPERTIES

0

¥ 4

VN g
The natural clhy used in both phases of the experimental study

: ’ - [i.e. cutting and tract{on tests] was an "English Chma Clay" formerly

% Y the supplier, is given as:
4 -~ :
' 5i0, 47.39%
: . . 3
i - A“I;_,O3 37.94%
— Fe203 0.36% ‘ ¥
- : Ti0 0.p5% ~
- 4 1% P : \
- Mg0 0.18% . :}
»  Ca0 0.32%

« - kzo, o 1.17%
l Na20 ‘ 0.07%
l , 'Loss on ignition 13.02% .

[ ¢

\ [approximately 93% by weight] with same 111ite {about.7%]. °
° : 4 4

N properties. as detemined from’ Iaboratory tests:
N 7 - M .

+

o

An X-ray diffraction revealed that the clay was primarily kaolinite
/

designated "§- 187" and how known as “Lee Moor SPS". The predominant
clay mineral constituent was kaolinite, as .shown by the chemical aria]ysi.s~

of samples.  The complete)chemical anaiys1s. by weight, as provided by

\
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Liquid limit 54.5%
-3
Plastic limit 37.5%
S~
Specific gravity 2.62

Particle size distribution 74% finer than 2 microns

& complete grain size distribution is shown in Fig. A-2.

The artificial clay epployed during the investigation was

" “plasticine” [trade name] as manufactured by Harbutts Ltd. of England.

Although the manufacturer's specifications stated that the material was
temperature insensitive, such.did not prove t; be the case with regard

to stress-strain performance. For this reason all the tests were con-
ducté& within a temperature range of 70°-75°F. A small amount [about

3% by weight] of petroleum jelly was}&dded to the clay to reduce its

strength,

The static stress-strain curves of the 1figia] clay are
shown in Fig. A-6. The particle sizé distribution of the solid residue
reported by Japp (1967) is shown in Fig. A-3. Japp found that approxi-
mately 20% by weight is of\clay size fractiop. 5n X-ray diffraction
s tudy revealed’that no clay m1nera15~ué£gﬂpresent.‘and that the solid

phase was primarily quartz.

“At a loading velocity of 1. gi;nch/minute triaxial tests were
conduc ted on. confined and unconfined specimens. The results of these
tests revealed that the performance of the artificial clay is not

ning pressure and hence a ¢ =

influenced by the magnitude of t
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AN SECTION C
e

SHEAR STRENGTH TESTS

-

"True Triaxial" tests were performed under plane strain
conditions in order to reproduce as closely as possible the assumed
conditions existing in the cutting and traction tests. In this case,

pﬁ?smatic samples [2 ins. x 1 1/2 ins. x 4 1/4 ins.] of beth artificial

"clay and nearly saturated remoulded [kaolinite] clay were prepared iga .

a similar manner to the compacted samples used in the cutting and

traction tests. . The prepared sample was placed in a modified triaxial

{

chamber between two polished brass plates [see Fig. A-4]. = The
] .

_distance between the plates was adjusted so that no material deformation

of the sémple, normal to the plates, was pgrm1tted. The samples were
then placed in a testing m&chine and axial loads applied. The tests -
wé;e performed at three different cell pressures [0, 2.5 and 5.0 psi]
;nd at axial loading velocities of 0.1, 0.5 and 1.0 ins/min. The
results of the tests on the‘kaolinfte clqy have previously been shown
as Fig. 4-7. |

Sfm11ar tests were performed on cylindrical ;amples. These
samples were 1.40 ins. in diameter and 3 1/8 ins. in length. Axi-
symeétric tests were pérformed in order to verify that the nonexistence
of a well-defined failure conditions, i.e. no strain softening behavior,
is not a result of the plane strain, "True Iri\yia]“; test restraints.
The results have been included in Fig. 4-8 for the natural kaolinite clay
and in Fig. A-6 for the artificial clay employed durlng the 1n1§1a1
stages of the experimental programme., Figure A-5 shows the effecf'éf-

o>
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¢

the 1pading rate on the shear strength values for the kaolinite clay.

' \FinaHy, direct shear tests were performed an the compacted
soil in f:o%h the soil-to-soil and the sofl-to-metal modes. Samples

were cut from clay compacted in the test bin*an\d these were trimmed -
, — ‘

and tested, Ses:'tion 4.A.3. The direct shear test results are shown
Il

in-Fig. 4-9 for the soil-to-soil mode and in Fig. 4-10 for the soil-to-

metal mode.
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FIGURE A-5 . PLOTS OF SHEAR STRENGTH OF S-187 ENGLISH (KAOLINITE) CLAY VS STRAIN RATE
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SECTION D

ARTIFICIAL CLAY CUTTING AND TRACTION TEST RESULTS
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' 'FIGURE A-7 HORIZONTAL FORCE VS DISTANCE TRAVELLED FOR DIFFERENT BLADE INCLINATIONS' -

(ARTIFICIAL CLAY) °
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FIGURE A-9

(R.A.P.G.) WITH DIFFERENT ASPECT RATIOS )
(ARTIFICIAL CLAY)
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g / APPENDIX B
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L)

DATA REDUCTION TECHNIQUES'

+ l o The basic steps adopted for data reduction of th; soil cutting

; and traction experiments are described in this‘Apandix. The techniques .

) i ' were described b§1gf1y in Chepter 4 [Section 4-B-2].  The method adopted’
in this study is similar to those previously reported by.Chen (1972) ard
by Sylvestre-Williams (1973). PA flow chart of %he various steps fol1owe§\
in the reduction of exper1menta1 data, shown as Fig. 4,17 is g1ven in
Fig. B-1. In a%khronologieal order these steps are:

Plotting of succe§sive grid nodes.

Transfer of grid coordinate locations to
Process Control Computer. :

Grid adjustments.

. Calculations of displacement and velocity components.
Calculations of strain rates'géd effective strain rates. .
Estimation of volume changes.‘

Calcu1ation of power of defOrmation

/
These steps are discussed in detail 1nfsubsequent sectiops of
this ‘Appendix. B s ” / B
* v
.B.1 PLOTTING OF SUCCESSIVE GRID NODES :

Selected frames from the photographic record of the gr1d noaps

" ware prodgcted -and’ the grid ddsplacsmenb patterns at successive time
‘1ntervals, tbgather with the tool [blade or grouser] pos1tjons at these

g times, were plotted on paper [Fig, 4- 16] « The grid nodes weré taken
| .

n" jo A ' ! . f1 . - “'/
- In N . L . L - o >



- T " MEASURED GRID NODES ON -
- 'NEGATIVE SLIDES

"

- ) S — _§

Y| | PLOFTING OF SUCCESSIVE NODE LOCATIONS TO
- PROVIDE DISTORTED ‘GRIDS OF ORIGINAL AND

" DISPLACED NODE POSITIONS

" PROGRAM '25%

=

_ SPECIFICATIONS OF COORDINATE 9
LOCATIONS USING X-Y RECORDER =
AND PROCESS CONTROL COMPUTER - é

proci)’ “FAPE 25" 8

: . . l . <y . g

* TRANSFER OF COORDINATE b

-

PAIRS TO PUNCHED CARDS ¢

W

FIGURE (3-1) METHOD OF DATA REDUCTION

L
. \\—/' . E
. .

1. GRID ADJUSTMENTS FOR DESTCRTIONS

»

B

3 —

2. CALCULATION OF INCREMENTAL
DISPLACEMENTS AND YELOCITIES
FROM PARTICLE PATHS

3. CALCULATION OF INSTANTANEOUS
STRAIN RATES (EQUATION (4-31))

—

4. ESTIMATION OF VOLUME CHANGES
FROM PARTICLE "PATHS

h

S. CALCULATION OF POWER OF

DEFORMATION (EQUATIONS (4-14)
o+ AND (4-13))
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A .

as the points of intersection of the horizontal and vertical lines.

The plotted field for each image consisted of a network of ten horizon-~
tal points spaced at one inch intervals by 14 vertical points spaced at
one-half inch 1ntervals This resulted in a rectangular network h(ng
a size of nine inches by six and one- -half “inches with the t0p lefthand-
side point taken as the closest node to the point of tool intersection
with the original soil surface. As pointed out earlier, five image
positions were recorded, representing respectively the initial ppsition .
plus four subsequent positions at 0.25, 0.50,6.75 and 1.0 1;1ch tool
displacement. These five®*images were then superposed on each other to
provide a de#aiied description of the nodal dfspiacement trajectories
over 2 tool horizontal disphcement of 1.0 inch,

§

B.2 TRANSFER OF GRID COORDINATE LOCAT IONS
T0 PROCESS CONTROL COMPUTER

. The plotted grid images were placed on a Moseley Autograph

- Model 2D-2AN-X-Y recorder which was connected to a Canadian Géneral

EléctriE Process Control Computer, model GEPAC 4020. The plotted images
paper was fixed in position on the X-Y recorder and the carr'1age needle
moved manually, by adjusting two potentiometers’ to each node location. ..

The grid points werd then plotted row by row, image by image. The

voltages corresponding to the horizontal and vertical coordinates of each

location were input to an integrating digftal voltmeter which fed into
the computer logic cincuits'. ' By means of -programme [25)shown in -
—»—__Appendix E, the input voltages produced by thq X-Y recorder were converted
v {into coordinate values [X and Y] in centimatprs. The resuiting coordin
ate values were then temporarily stored on'a magnetic disc, from which/

RN ) / . « '
» . : 3

b e T | R e rooe
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o‘ .- they were transferred- to an IBM Magnetic Tape at the end of each tes,td
’plot. The coordinate values stored on the 'maéneﬁc tape were then™
transferred to punched cards by means of programme "TAPE 25" shown in
Appendix E.

G e iR e i cow RN

.
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‘B.3 GRID_ADJUSTMENTS

f As can be seen from Fig. 4-16, the undeformed grid is usualTy
in a slightly distorted state. The distortion i's due in part to th ’ '
) manual grid placing technique and soil heterogeneﬁy. but de mainly -
caused by the preparation and mﬁipulation of the clay sample af1/: r the
grid is placed. In order to ensyr;a'a regular interval between, /
adjacent grid ’nodes which greatly facﬂitates the ca]cu]aﬁ.on/éf
— velocity and strain rate components,lthe initial u\ndefom.egwand sub-
sequently deformed 'p10tt§d grids were subjected to appro imatg ge; >
" metrical adjustments shown in Fig. B-2." The method adopted by’ > |
_ Windisch (1969) consists of tl:he‘speciﬂca,tion of arbit ar_':l'ly‘defined o
grid coordinates to proyide an adjusted undeformed grid of regular . > 3‘?

horii%ntm and vertical lines. This név} network' rresponds as ¢losely

as poss/ible to the. in/itial undeformed grid. Ut fzing the following
| notation, the proca}l’uv"e; is detailed below.
/" XL,.YI f original undeformed égoi‘iei/;uates
//' XIA, Y,/- adjﬁsted‘undef’gmed‘ coordinates
/" xx, AY = original deformed coordinates
XA, YVA = adjusted deformed coordinates’
The ndfusn{ont to the abscissa of an undéfémod gr

9 ' giv\on as:

oy
? ~.

-
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b, = XIA(I,J) - XI(I,J)
This value is then app11ad‘95 a first adestment to the corresponding

grid point abscissa. Thgfrate of adjustment along row J is:
/ 7
XIA (J41,0) + XI (1,d) - KIA (1,d) - XI (141,9)]
’ XI (1+1, J) - XI (I,J)

[ /’
4 If the constant, /C,. 19 regarded as being a grad1ent/a1ong row J

-
o
3 TN ol i sns o e

N

LENE R LN

L c, =

P betwe adjacent po1n£s. a second adjustment can be made to the abscissa
) " of the deforméd grid point, viz:

a 1// ; = [XX (I.J,JS) - X (LJ)] ¢,

Here JS represents the image at 0.25, 0,50, 0.75 and 1.0 inch tool

» displacement, and'corresponds to the indices two, three, four and five.

V4
The adjustment of any given grid point will, by necessffy,
depend on the Tocation of adjacent undeformed grid points in the follow-

~

ing row. Hence, the rate of adjustment of the abscissa along row J+1

can be expressed as:

\\\

S

| - ., LRIA (81, 041 - XI (141, 941) - XIA (L9#1) + XI (141) -
/ , . xx (141, J+1) - X1 (1, J41)
" From this. a further odJustmont is made to the deformed coordinate, of
| ,monitudn : ‘ R ° o F
. : & . i
- / ) N
R D} -[xx (1, 941, J8) = XI (x )l ¢, )
. - A third correction {s- the result of adjustments in the ordinate d1rection )
B of the grid point, viz:
S ‘ 1, YYIJ‘JS Y1 (1,9
) D, = (D, D = .
\\ . N (*. 1) YI (1, 3¢1) - ¥I (1, 9)- °
O The Final adjusted absctssa valus of the deformed grid potnt(1,0.35)
is thoo\biron as: S _ e
o N booa 1y * '
CN
- . ]
/ -
/ ] o Y —_
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. ¥ ) )

’ XXA (I,J,J8) = XX (1,3,08) +D, + 0, + D, (8:1)'3
Similar adjustments are performed on the plotted ordinate valhes of the

grid nodes. . |

-

A i
- "mmgwﬁ%aﬁwwm‘”

The‘ above calculations, given by Eq. (B-\) and by an analogous
" equation for the ordinate values, are performed by the first part of the
Computer programme "FIT" given in Appendix E. It should be noted that
K BT iMs computer-routine, the following substitutions of symbols are made:
' XI (1,9) = XX (1,3,1) o
YI (1,3) = YY (I,3,1)
XIA (I,J) = XXA (I,d,1)
YIA (I,J0) = YYA (1,0,1)

g

B.A VELOCITY CALCULATIONS

-~ . . The part‘lcfe valocities, over successive grid positfons. were

i et I T
A .

calculated on the basis of the time rate of change of the particle position

in the coordinate d1r§ct10ns. The velocity components are given as:

v o XXA (1,95 k+1) - XXA (1,9,k) r v

; N WK T . )
‘ Yo, - (8-2)
j o Voo o YA (1,3, k#1) - YYA (1,0,k)
¥ - i 1K _ i

where ' ’
| . 1,0 = colum and row indices, respectively
by XXA, YYA = adjusted coordinates oo ‘ ot
3 k = {mage number 1 ‘
3 . . - . .
Z R U,v = va'lo>1ty components in the x- and y- cobrdinate‘
¢ @ " ) .- . -directions, respectively

S
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. . TT = time interval -between successive JEEges.

B.5 STRAIN. RATE COMPONENTS.

. | ~ The strain.rate components were calculated by the appl1cat1on .

‘. ‘ of Eq (4-4) repeated, as:
¥ . ~ ‘ - lu- ~ " -
x
. v : .-
L . . . (B-3)
' du , dv -
i(g};‘ + -37)

l Howe\}'er. in the actual calculation, carried out by the digital prqgramé '
"FIT" shown in Appendix E, the strain rate components were determined -

to be the average value of the quantities calculated for adjacent rows

v or columns. ,Thus. Eqs. (B-3) are written as:
DR U (14, 3,K) - U (1,0, A s L.
(€ )XN YN XXA (141,0,k) - XXA-(I;9,k)\ - = T
. o ™
. , A (B-4)
: “‘/'_ : L AU (AL k) - U (1, 91, &) R ——

XXA (141, J+1,k). « XXA (I,041,k)
" ‘ ) _ where |

\ o (‘x)xn N 5‘ at the point (XN,YN) locafed at the center of area of

p ' o tﬂe quadrilateral formed by the. points (1,9,k), (I«H J k).
‘ (I+1, 341, k) and (I, J41, k) 4 :

s . I,J.=.column and rou mmbers. respectively

k = m:gg number

U= particle velocity in the x~-direction
#XXA = gdjusted abscissa value of particle coordinates

@
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Similar equation§ were used ‘to deternmine the valies of the

A

other strain rate components. - ‘

!
. . 1.‘
5, -

The effective strain rate ¢ ;nas obtained from the calculated

strain rate components, viz: ‘ ‘\
. - 2 ‘ . z L 4 2 - L] L] 3 2 5
: AR ORI VRS (A ) I B.5)

B.6 VOLUME CHANGE CALCULATIONS

_ The method by which the permanent volume changes were estimated
has been described in detail.in Section 4.B.3.  The results of these

calculations, performed by ‘progr&me "FIT" ﬁfin Appendix E, have been

| presented as Table 4-3, In sumngry , however, the method makes use of

the principle of the conservation of mass [Fung £1965)], applied to the

- —elemental areas within the deforming field. ’Ef reference is made to

N
Y

Fig. B-3, it will he seen that the appiicagion of this principle results

RLT L )

. | )
PyA, = PRA, = PAy

for plane strain deforwation. These equations may/be rewritten as:
,

- , : )
}

' . /(
: / 2
N ) '
) 4

. &

Py = mass dimity or sﬁociﬂc mass of the ith elmntal area.

A,’-maoftnom. mmt .
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0 M .
] ( A Pl
' - o

o Machine comp,utation of the areas, carried out by programme “FIT",
permitted a cdémparison of the mass densities of the deforming soi}

through succgssive grid positions. Estimatés of the volume changes

were thus obtained. - ‘ ‘ (r

!

1
1

B.7 CALCULATION OF POWER OF DEFORMATION
— AND TOYAL DEFORMATION ERERGY

e

I

3 . )
J— e power of deformation at the coordinate location [XN, YN]

is obtdinsd from the application of Eq. {4,16) repeated as: | .

W= 2k/T,

2

to foém the product:

PD=NxA ' o (8.7)

- o A \ N
‘ where ) ) -

|
i
|

PD = power of deformation at coordinate location [XN.\YN].
A = area of quadrilateral surrounding the point [XN,YN}.

k? =.J, = second invarfant of the stress deviation,

' 1, = second myari&!‘itpﬂ . the strain rate tensor.

‘" - e /—‘{—i):"‘f;:‘j—i:—" - ‘ - .

The summation of the valuesof PD calculated at the various points

jfven by [XN, YN], is carried out b,x means of S1mpsén.'s rule [Hildebrand

(1965)] to yield the total energy dissipated in the plastic deformati
) L . - M

of the sofl.':, .
. S

a

~r
a2

-
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REVIEW OF PREVIOUS WORK

l ‘ to ‘.
\ A. INVESTIGAT]ONS ON SOIL CUTTING

\ \ During the early part of the century [1918 to 19397,
N N - ’ ’

i, X \\ researchers in the United Kingdom and the U.S.A. apparently confined

N thefr work to the investigation of the draft of tillage implements.
A \ They couli not, hohever, {solate the re'ievént soil parameters from

\ \ ' their‘wgrk.b;:ause of fhe very large number of inter-related factors

\\\ " considered. For example, "no clear distinction was made betweeh 2 1

\\\direct'ly invoived soil property 11ke cohesion and a characteristic B -

- , \s\u§:h as colloidal content, which is only relevant insofar as it

~ aff\ects cohesion" [Hettiaratchi (1965)]. c;m‘sequenti Y it wA:s ;

‘ impossible for them to conclude that a theoretical ana1ys1s/1n terms of

R it S

- . classical soil mechanics was possible.

. An important and noticeable feature of all rgtent work in‘ the : "
“ ' field of soil cutting fs the application of the theories of c1assica] T %

vsoﬂ mechanics to greatly s1mpl1f1ed sofl worki q/tools It was fe'lt %
' by mst researchers-that once tnese nbmn e understood, it would 2
. not be unreasonaMe. to extend the study. to mor ‘complex and realistic %

a

o pmb] ’ﬂs ) » i

Basica‘lly. the foundation of this v%?k ‘was 1a1d by Coulomb \ ‘ g

and the following: factors were. 1nvo'lved K ™ . e 8
g L e . . .
: b .a) Sot1 parmters such as cohesion. nternal fr1ct1on, density,

@ . b) Sofl-metal properties such as soil-metal friction and adhesion. 1

)
.
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n " ]
c) Assumptions that the sofl-was r191d(and,ﬁinpmpressit‘aje. . L.

" B .
Forces were evaluated by studying the static equilibrium of an assumed

i S EEL .

failure surface which was chosen to satisfy the 1imiting stress conditf ' o

jon of a Coulomb material,

Payne (1956) first confined his investigations to vertica]
tines. He classified narrow tines as those h}av'ing a shape factor :
[depth/width ratio] greater than unity, and blades as those with shape ‘
factons less than 0.5. Although he analyzed the forces of his pro- ‘ |
posed complicated fajluré pattern in front of a narrow tine, he did not - . %
produce a solution in a readily usable form.” Furthermore, the very
comﬁplfcated expression he derived ﬂfor the force on the tine was fdr an Y
arbitrary faiture ~surface; also such an exp?ession "has to be further o |
subjected to trial computatjons required in a minimizing process for
conformity with the requirements of a mirgimum value postulate before
‘the final value fs obtatned.” [Hettiaratchi (1965)]. Payne's work was
later extended by Payne and Tanner (1959), and by Tanner L1960} to cover i
the\behavior of natrow tines over a wide range of rake} angles.  Experi- ;
menta@mobsarvat*lons were in good agreemen't with the complex failwre shape

proposed by Paynéi' o :

.
* A4

> TR
= .

Osman (1964) analyzed very thoroughly the wide bhdé cutting

et

/ _ problem. In his investigations, Osman used wide blades with varying

A
T ¢
%

- rake angles, By using wide blades, he simplified the stress-field to

e

a simple two-dimens{onal one, and his experimental work was carried out
on dry sand, stiff clay, and a C-¢ type of soit. He atta’npted’ to chéck

two theories for passive pressure: - -° -

"

’._\‘d',eﬂ‘)r& 1 /”\:,?ﬁ

A e X ‘—xﬁ?:‘g,&{ "




5 Q ’ a) Coulomb's solution for a granular material, and

- b) 0de's logarithmic spiral method.

. that Ohde's solut1on .could accurate‘ly predict it

he forces required to

. He concluded that Coulomb's 'wédge solution was :on]y good for smooth

b'ledes of small rake a;\gles worki‘ng in cohes1(n1ess soils, and showed

cut 2 wide tange of soils. -

analysis is 1imited, in that 1t is a function of a large number of

It has been ?omted out by Osman that the usefulness of his

veriables and it {s necessary to have access to a computer to solve for ©

%‘v p each tndividual case. With a \}1ew to overcoming this difficulty,

“

F ) ’ / Osman made use of dimensional analysis and was able to write the follow-

\ "ing equation: ° : _ g

" @ ’ | Ca : '

D/ .2 f(Yz, y $» '.Fz"p Oy h/Z) ;

7

o' , where

- D/Yz *

c/\fz

ratio of draft to gravity forces

ratio of cohesive to gravity forces

Pty
]

O
]

soil to metal frictional angle

angle of 1nterna'| friction '

-
]

ratio of adhesive to gravit_y forces

k=4
]

rake‘angie, degrees
height of surcharge. inches, and
= blade depth, inches ",

=
L]

~N
]

s N ) - i
R | .
\.\ . - » . K
-
e .
.

y . e 8 e s

\
\

i
4

-

“5 : ‘ » « and h/, dlescriﬂt the geometry of the b?ade and the s‘arge. ! ;

D)
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CTELE Osman presented charts that would enable the calculation of

dratt forces to be made foﬁ a range of soil types of practical

1nterestl

.
/
v

Siemens and his colleagues (1964) conducted siniﬂgr investi-

gations but with fewer ekperimenta].vatiables, and the& used a com-

; 3 ’ bination of Ode's retaining wall theory and a "frea body" theorq:to :
compute theoretical loads on the blade. - Fhere was, however, poor agree- !
“. - ment between predicted and experimental observations, the former being 4

higher tn value than the latter. This seemed to cast doubt on the

| validity of the Ohde iogarithmic.spira1 solution. Subsequent. measure- ¢
E' ) mentemof‘soil pareweters revee1ed that too high e)va1ue of cohesion had v

E . E been u%ed 15 the original comoutation Predicted forces utilizing the
; €E! ‘ © revised value for cohesion showed .good agreement with experimental

} , results. - ’ .
. " Selig and Nelson (1964) conducted qualitative investigations
fnto the mode of failure of three types of soil under the action bf

Db - i A

flat bledes, and generalIy. their observations supported fhe 1dea that
the failure geometry was in accordance with the postulated 1ogar1thmic

spiral solution for retaining wa1ls.

* '

Reece (1965) proposed that the cutting force act1ng on a b%ade

could be expressed by means of the fol]owing equatioen: . g

N ‘ . \ . ¥

A : b !

' , . D Y2 NY+ och + CaZNa + q2h, , %
4 where - - - % ‘ A ’

o0 D= cutting force per unit width of blade and NY ‘/P a -
are d1mension1essonumbers representing the boundary con-
* - \ - -
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" ditfons of the failure surface and functions of ¢, &

blade geometry and failure boundary.

q'= the weight of the uniformly distributed surcharge due
to p1'led-u;> 5011;, e e

LY

.

Reece’s equatfon is not only simpllé but it also applies to

\.:\ )

/"' the computation of the force required to produce failure of the soil

beneath any form of loading structure with a two-dimensional failure

. pattern.

- =r
' However, as pointed out by Hettiaratcﬁi (1965), this
equation 15; not absolutely correct. Hettiaratchi et a1 (1966) com-
puted the four °N factors for a complete range of valuu of ¢ for
the two extreme values of wall friction. 6, that 1s, &6 =0 and

¥
5§ = ¢, for values of rake angle varying from (45°-¢/2) tof(’l35°-¢/2).

 They also produced suitable 1nterpolat1on formulae and graphs showing
the rupture distance as a function of the soil and blade variables.

l
0'Callaghan and Farrelly (1964) derived a simplified expression

for the draft per unit width on the basis that two distinct regimes of
deformation occur in ,vet:t1ca1 and horizontal planes. This expression

appeared to give good cérrelation for cohesive soﬂ; but faifed in
cohesionless sotls.

© Hettiaratchi and Reece (1967) attempted to provide a useful
so'lution which would enable certain symuetrica'l three-dimensional soil
faﬂure problems to be.analyzed rapidly by the use of charts describing
| the failure gmtry._togtthe} with some simple tnfgqnou':etri'cu factors.

JUCSUPSEE R et

er e A e ol e




e e e v "
3

i~

~ Certain simpdifying assumptions were made and their 1imitations

" pressures were integrated and used to predict the y cutting force

mhgnics. ' . R \ -

' prediction tions for the draft and vertical forces on biades
. operating An both sand and .saturated clay. These equations were
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pointed out. However, more experimental support was needed as ﬁointed

out by the authors.

~ Elijan and Weber (1968) conducté\fxperimenté'using model and
full-scale flat blades in artificial and field soils to determine the

soil failure patterns and the distribution of normal and tangential

pressures on thel blade surface. These blades were designed so that

the cutting edges were separated from the blade éurface. " In this work, i

four distinctfailure patterns were identified.  They were designated pd
\

as "shear plane", "flow", "bending" and “tensﬂe" failures. Elijah / -

and’ weber pointed out that there was a need for def1n1tfon of new soil //

//

parameters in order to predict when these patterns will occur and w
tool forces are involved. They found that the pressure distributi

on the blade surface ‘varied—‘w‘lth the location on the blade and with the
type of soil. .Reasonably gpod agreement was obtained when the P ¥

acting on the-blade for "the various soils. : :
| » :

eece (1969) pointed out ‘that while the methods of classical
soi1 mechanics can solve the problemof wide cutting blade, time has

come to n,Lke use of the theory plasticity, with a proper description
of the rﬂation between stre¢s and strain, in deve\opinq soil machine

+

- N '
Wismer ahd Forth (1969) ard Wismer and Luth (1970) derived

4




fitting to experimental results for a wide range of blade sizes, angh;s,"
~and operating speeds. In these exper'lments cone penetrometer measure-
ments were made to determine the properties of the sml ar\d the soil
strength was-expressed in terms of the cone index of‘ a standard cone
1nstead of the more conventional tenns of cohesion Jnd angle of internal
friction. For this reason, no quantitative compaM sons with other
1nvéstigat‘lons can be made since the relationship Between the cone y
index and the conventional strength parameters debends on the- soﬂ
twe. . | // - J
Yong et al. (1969) gnd Yong and cr"}&/(w%) employed the : . ~—
principle of 1imit equilibrium where the stabj/th of the soil mass is
controlled or affected by the moving blade. / Tpe development of the
so1qt1on technique was based on the following assumptions: - i
1] The stressed soil in front of the blade is divided into »
two regfons: Region I being the r:adial\’ shear zone and
Region I the simple passive Rankine zone, Fig. 2-2-A. |

2] The sofl mass is ificompressible and is assumed to obey ’ }
the Mohr-Coulomb yield function. - }

With the yse of a similarity sglut'lon technique, the equations of
equiTibrium, and the Mohr-Coulomb yleld condition, they were abld t
predict the forcés on cutting blades in both cohesionless and C-¢ soﬂs.

Yong aud Chen (1970) showed that for conditions where limit
equﬂ!briwx in the soﬂ is approached, and for the purposas of predict-
ing first faﬂun 1n the soﬂ under the action of a mving blade. the



-~

analytical technique developed, 'utﬂizing the method of characteristics
for solution, gave a good correspon@ence between cémputed and measured
va{lues. Moreover, comparisons with reported values from other studies

showed the applicability of the method to the sol@tion of the problem,

/
!,
INVESTIGATIONS o§ SOIL-GROUSER TNTERACTION ‘ ;

The first systematic attempt to prov1de a basis from which
reliable predictions of vehicle behavior cou1d be made was carried out
by Micklethwait - (1944). Based on his experimenta'l work , Mfck]ethwait

. proposed an equation expressing the maximum tract1ve effort of a tracked

vehiMn cohesive soils of the form: . ’
_H='blc +Wtan¢ - v \
where ' |

C H = gross tractive effort in 1b
b = track width in inches
1 = track length in inches
¢ = cohesfon in psi
W = vehicle weight 4n 16

This equation 1s ?lery rarely used at the p?esent time, but was the basis
of veh1cular design until Bekker (1956, 1960) examined the p;-olﬂan of
soil-grouser interaction from a theoretical point of view. Bekker con-

sidered that Micklethwait's equation was incomplete in that several para-

. . meters were not taken into account. As a result, a pair of equations

were proposed, the f1rst of ‘which escr{bed the horizontal thrust

developed by a groussr 1n tems t track geometry. vehicular weight and
the rate of stip. This

on s deMoped for use with the conven-




,
;’Q

N o
7 BN A

//tﬁonal 1inked track, where a condition referred to as "grip faflure"

3

“\/ results, Fig, C-1. This condition occurs at very high values of the

I : n
ratio of horizontal to vertical forceS‘(H/w) and rupture occurs along

Py
e

interface ab with the forces acting as shown The relationship

between H and W for this caS;/is give:zés

Hayhts tan p . c(h’ +
S-htang¢ S - eﬁn¢

// The second of these equations was applicable to a spaced 1ink track,

(c-1)

a system ghich ana]déSE; to a series of . {solated grousers moving

through a so}1. The condition of failure in this case was referred to
* -as “ground //ilure“. This equation expressed the horizontal thrust in
terms of t‘e grouser geometry and soil parameters, and was based on the -
N assumption that,the grouser plate could be approximated by 4 strip foot- -
ing inclined to the horizontal at-an angle given by ' D
6 = arc tan (H7,) ) '

\ " .

Qhere

/////////:/// H = horizontal thrust developed by grodser : .

W = applied vertical load

-

1

As a consequence of this assumption, the development of the equation
follows the metﬁods proposed by‘Terzagh1 (1944) in that dimensionless
constants analogous ;o bgar1ng capacity factbrs were used.  The

equations and the foﬁce diagram have already been given in Chapter 1
H;;ﬁ,ﬁ,f,4‘.4—_asﬂ£qs,411‘1) and (Lk) and Fig. 1-2 respectively, and|vwere examined in

//////////////' ct1on 7-4 //;/pgzr¢§u1tant force ZPP. Fig.‘ -2,. 1

given by Bekker

(c-2)
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iiquation (C-2) fs used to plot a trafficability curve, Fig. C-2. The

curve from point A to point B is generated by plotting polar coord1na'tes

of 2Pp at 0 over cartesian coordinates of H and W. Point A is
determined by the intersection of Eqs. (C-1) and (C-2), and point B is

the ultimate bearing capacity u’nder vertical load. Fro;\ the traffi;:— .

ab111tj/ curve one may obtain the optimum values of‘ W and H forfa“ny

wgfven W/H ratio and for the plate“' grouser and soil strength parameters Lo

used.

Harrison (1973) pointed out two main objections to the
wp\proach proposed by Bekker. The failure pattern chosen is not compat-
ible w1th'the properties of a rigid Coulomb material, and the forces
=as\sumed to act oh plane's within the pattern are not reasonable. Mever-
theIe;ss. the investigations carried out by Bekker represent an ambitious
attempt to supply solutions to some of the problems associated with the

soi1-vehicle interaction process. Unfortunately, there appears to be

a lack of firm experimental support of these theories rémrted in the

J

readily accessible 1 {terature,

~Haytharnthwaite (1961) consi‘dered,the problem of a grouser
being dri;en th'rough a soil possessing both cohesion and fr1ct13n. In
hs analysis, Haythornthwaite utilized the methods of 1imit plasticity
d.cv’i'loped by D;@ckar and Prager.(1952). With the.assumptionsabf:
Ty a) a soil possessing both cohesion and friction,
b) ‘the Couj’onb y?ew criterion, ,
?':." C+a'tan ¢

A

describing the stress conditfons at failure, and

/ . . .
c) ' a weightless, perfectly plastic .mmodel for the soil, .

%}
¢

\ - \
\ R »
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a statically admissible stress distribution was postulated by means of

which a lower bound solution was obtajned. An upper bgqund solution

b

was then inferred by calculating the dissipated energy along an assumed

i
%
;
'y
!
U

fai!ure surfaqe. Examples of upper and lower bound conditioné as des-

cribed by Haythorﬁthwaite_are shown in Figs. C-3aland C-3b respectively.

A numerical solution to £;ese assumed conditions 1s shown in Fig. 3-3c.
. :Af{ In this approach thro¥gh sophisication of the stress‘and flow pattern,

{

Lf * “the lower bound is maximized and the upper bound is minimized until the .

curves shown in Fig. C-3c coincide. A more sophisticated upper bound

model chosen by ﬂ#ythornthwaite is b}esentedi{ﬁ”Fig. C-3d. - |

~

The solutions arrived at by Haythornthwaite are severely res-
trictive. The calculation of the diss1pa£10n energy function for the
upper bound was based on the failure hypothesis proposed by Drucker and
Prager (1955) and is only valid for,a material possessing cohesian. For

/2 non-;ohes1ve material, the dissipation energy and hence the upper‘bound
is zero. In addition, as a dohsequence of the a;sumption of a perfectly . P
plnst1cﬂmater1a1, the solution will only be valid for soils which possess

a ;7fy small angle of internal friction, ¢, since . . . "a material is

y

only plastic to the extent that it is not frictional." [Drucker (1961)].

é A main objection to the application of‘tﬁe 1imit analysis

theorems as stated by Harrison (1973) is "The degree of probability that
the two bounds can be made to coincide within a reasonable number'df'
assumed flow and stress options. The intuition required to cause the
upper and lower bound solutions to converge would conceivably require a

considerable number of solutions or a knowledge of the stress-strain
v * N - \
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behavior of sofls uncommon to the ordinary researcher."

The 1imit equilibrium approach has been successfy11y used Zx

Yong‘and Sylvestre-will{ams (1969).v The analytical model adopted is
shéwn in Fig. C-4.  The following assumpfions were mdde:x

1] Admissibility of the Mohr-Coulomb failure criteria.

2] Rigidity of blo’ck'Asco. -

3] Full failure development in the entire mass defined

by zone CDE. o
4] Insignificant volume change in zone ABCED.

- In analyzing such a model, a similar approach to that of Yong
et al. (1969) and Yong andlChen,(1970). [a similarity solution technique

. together with the method of characteristic¢s] was followed. ’Alntegration'

of the stresses over the length of CD [Fig. C-4] provided the forces on

1/"\ - -
. the grouser. Confirmation between analytical model prediction and physi-

cal pgrformaoce was obtained, for grousers moving at controlled depth or

under constant vertical loads in sand, by: i .

a) ) matching physical fajlure surface due to grouser action
.with theoretically computed fatlure characteristic, and

b) magching computed forces with physical values.

Comﬁaring their }esults with those cgmputed from Bekker's equations
[e.g. Eq. (1.1) and (l.isPin Chapter/ 1] showed 11ttle agreement.

= Harrison (1973), on consideration of the discrepancies ‘between

exptrinentully observed slip line fields and thdsa predicted by ghe theory,
ittib

gmé to the conclusion that these d1screpnncfes uere. to a large extent, .

duc to the existence of a uedge-shaped zone of soil fixed to' the interface,
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QEES /// , forming a pseudo-interface élong which actual failure occu%s _He
postulated that the interface shear zone transformed itself 1nto a wedge

if the direction of mot¢~; of the lower edge of the interface was at a

S b Ao WA At et

smaller angle to the horizontal than the s1ip 11ne at that boint Con-

. siderimg Fig. C-5a,%p wedge will form if the interface 1s driven forward
at an angle smaller than ec. where ec = 90 + ¢-8, Fig. C-5b, otherwise

¢
the norinal slip line will apply. .
Having made this postulate, Harrison analyzed the plate-grouser
y problem using a combination of Ohdé’sretaining wai] theory and a "free
1/ . . i -
/. _ body" theory to compute the loads on the grouser. The mathematical

§olut10n is based on the relatiqnshipxbetwgen the horizontal force H,
the vertical force V, and the direction of plate-dgrouser movement 0,

for a givan set of soil strength paraﬁe&ers, and a given plate-grouser
conf1gura£1od. The solution requires that efther V or & be known.

The horizontal and vertical forces are given by Harrison as: .

H = iYSakY sin (B-4) + cs[kc sin (8-A) + tan A cot ¢} f
' 2 ‘)\ . - ,> : (C”-3)
V.= S [kygos&(s.A) - tan B8] + CS[k_ cos (B-4) )
. ' - tan B tan A cot ¢] !
where - . | ’ SNy
‘= sih fﬁ#ﬂ) 1 o0 tan ¢ J‘S
Y cos Sﬁsiq (ﬂé0-¢-A) 8 sin® ¢+l ' A

(&2 %%a%“sin 21) + 3 tan ¢ sin (8-4) + cos (8-4)

-

. sin (6-0) cos (p+6-¢)'
E stn (B+8) cos ¢
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Nty \

e ] J 2w tan ¢, + g2 tan

¢ cos B sin (B+9—¢-A)] sin ¢ \ |

u sin‘(8+e) + cos (B+6-¢)[1 + cot ¢ tﬁhA]} ?
g

o' = 2(gs0) - (9044)

w = +9 = 45-9/248 |

= angle between ;pecified radii of log spiral i
p = angle 45+/2 degrees o ’ | o
. g = ch;racteristic angle of a plate-grouser [degrees], Fig. C-5c. .
8 = instantaneous direction of plate-grouser movement with _'
i the horizontal at sofl failure [dégrees] | |
) .S = plate length in inches y | 3
// ' Y- sofl bulk density, 'Ib/1n. , \ ‘ ' 4‘

C= apparent cohes1on, p51

¢ = angle of sofl shearing resistance [degrees]. p

ihrrison conducted exper?ment,é on quite large grousers drf‘ven into a '
saturated clay, 2 dﬁy sand and an intermediate Toam. The éxperi;nental
Jud obsorvations verified the postulated sTip tine fields, . Moreover, there k/
¥ ’7'”4 ,uus fairly good agreement between the predicted forces and the experi-
' mentally maasured ones. with the exception of the case uf & horizontany
, moving grouser [i.e. /_n] driven in 1ow and clay where the difference
“ t \ Petwnn the prudicted and the msured"valucs ,vus very significant.

< Y . 14 ¢

Invutigatmg the problen of traction from & mcroscop'lc
po1nt of view, a grolt deal of work has b«m done 1n recent years by




.

the U.S>. Army at the \:aterway's Experimental Station in Vicksburg and at
the OTAC at the Detroit_arsenal. §tud‘les on the trafficability of soils
by. both wheeled and tracked vehicles have been'carried out by W.E.S., and
a great deal of work has been doﬁe on the problem of soil whee1f1nter-

action. In the course of their research, W.E.S. have proposed formulae

for the determination of a dimensionless Mobility Index based on' the
‘determination of the coné penetration resistance of the sofl in question.
The Mobility Index {s an indication of tr;e ability of the soil to allow .
f1ftynpasse§ of the vehicle under consideration witho;{t th)at,‘ vehicle

being stuck. Some attempts at correlating the theories proposed by
Bekker and the traffiéabihty theories proposed by W.E.S. have been made
by trafficability research teams of the Israeli Army [trafficability
research team 1961] while Seia (1961) has provided a theoretical solution
to Bekker's tractive effort-sl ip relationship.

. » : 5

It must be pointed out that mosi o_f the research done to date
on the tracked vehicle-soil interaction problem has been oriented towards
the provision of “go/mo-go* criteria fbr givén ve!ﬁcles in giveﬁ soils,
As warranted' as °1:his may be, it is still necessary to understand. the
fundamental interaction 'process,_and it 1s precisely in this area that
there appfars to be i‘; !great lack of experimemtal or theoretical research
effort. In addition, revieu_r-ing the available Hterhurp it is evident
that very 1ﬁ1tt1e work has been done {n investigating the interaction 81-‘

" grousers pthr than that of the plate'-grouser with soil. As the pro-

AR

blem of traction is related to the interaction of stress between the
ground and the loading area, and the motion resistance depends on the

relation between stresses and strains, studies of the éffect of gmuse7




gec;metrjes on the loaded soil may lead to a grouser shape that produces

a rather significant improvement in traction.
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0 APPENDIX D :
) ¢ CHNRASR

_ SOLUTION OF LINEAR EQUATIONS
'BY_DIRECT GAUSSIAN ELIMINATION METHOD

4
S B |
The equilibrium equations for a continuum system may be written
fn the following form: - "
. ALK ALK At LD, = B, | (D-1a) | t
LA KA EA X L, :@- B, (-1 ’
) Ag X+ A Xt A Xt o oo L + Asuxw,gi,” +(D-1c) \ ‘

X, b A, FAGK + o e o By (o)
//Amx“ANz%’Nsa ANﬂN BN /
' or_symboldcally: .
- AN = 18] | R
: where ' }

[A] = the stiffness matrix
~[X] = the unknown displacements
[B] = the applied loads. "

) GAUSSTAN ELIMIMTION NETHOD. ‘
e s ' L
,/ ‘ 'me first stop ih the solution of the above set of- nquations
’ s to. solva Eq. (D<Ta) for X, or

'. x " BIIA11 - (AI,IAH)X, - (A“/AH)X, .....(A;N/AU)XN (D'Z)

1f Eq. (0-2) 1s substitutad into Eqgs. (b«‘lb. c, . N) a modifiad set-
af N1 mt‘lm i; Mm'lmd.




A similar pr € is used to eliminate X, from Eq.-(D-3), etc.

A general algorithm for the elimination of xn may be written

$

Xy = (80*/A0-1) }:(A LU Wy deml... N (D)
My = Ay - A (R0 (Ao / L =ml, .., N (0-6)
n-. oh-1 =1 ,af=1,,0=1 |
‘By = By Am (8, /A ). fantl, ..., ,N (D7)

Equatfons (0-5), (D-6), and (D-7) may be rewritten in compact form:

. x-o-ZﬂMx3 Juml, ..., N (D-8)
Ay A"3 - K My A amt, Lo N (D9)
of -8y - AR, S eml N T
where . —
D = B Ay -
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,,/!E}/ After the abové procedurL ts applied N-1 times, the original set of
&

— --- -~ equations {s reduced to the f9119wing single equation:

- N ey g
~ Pwn Xy ™ By

which 1s solved directly for Xy

i» -1, N1
f 4 B, /
e N “m«/ ‘,\
' In te '6?\the prevtous ﬁotations. this ‘
™~ e . ' .
" | : u 1
The remaining unknouns are determined in reverse order the repeated
appiication of Eq. (DPB) ﬁf_ 4 / |
: \ | ‘ Sl
\j’ _ SI’PLIFICATIGN.FOR BANDED MATRIC ' ] '
For‘unny situations it is possible to place thelstiffness
~matrix in 2 ”band" form which results in the concentration o:ﬁépe [
elements of the stiffness matrix along the main diagonal. / / fore, /
the foliowing simplifications in the general algorithm [ s.(D-8), (D-9) /
S+ . and (D-10)] are possibie. ( A \' ‘ , // |
Xp~ O = T Hogy (RS S S T S BN (B 4
H . . ' y . ) //
¥ A?J - A?;lli-~A"'nl H‘\’ ) iyu b “+‘l| s e & v g l\'m-] : . (p/‘/13) /
’ : B” Bn.l n.l ) i.n*".’ s o 8 e @ ﬂ"'"-]
where ' N - the band width of ;n‘a matrix.
@ ‘ : - ‘l’!vu nuber of mmricai oporations can further be reduced/ y
- i

‘ : ' ra:qmizing that thc reduced utrin at any stace of procedure is

w
. ? \

.’ ' \
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symmetric. Accordi'ngly, Eq. (D-13) may be replaced by tpe following

'

equation: . | 2
7 - 0 \ " :\
*al n-1 n-1 - . ) :
. A1J . Aij - A‘ﬂ ’!nj ‘ 1 n"] 2 .s s e . wt"-] 0

¢ ‘ ° J - 1 ] s e s 2 9 n+""] (D-]S)

Since : y

no_oan ' .- '1
AJ" A‘J ! ) ‘ Lot {’\ ; a
The number of numerical operations required for the solution : L

.

of a band matrix is proportional to WNM? as compared to N® which is , ‘
\required for the solytion of a .ful'l matrix. Also, the computer staragel
. required by the band matr:ii,procedurg is W™ as‘comparetii‘ to N* required
by a set of N arbitrav;y equations.  Equatfon (0-16) s utilized in u
Subroutine "SOLV_@“ of programme "MAIN", Appéndix.E. t\o solve for the

unknown finite o\m}\ts nodal displacements.

4
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COMPUTER PROGRAMS - MAIN SERIES "

) During the course‘.of the presént study, several computer pro-
grams were developed to solve general. nonlinear p1ane-stra‘1n problems
ooccurrfng in soil mechanics. The programs were grouped under a series
.named "MAIN" and were based on Zienkiewicz's program (1971) A1l the
%rograms can handle nonlinear material properties, and the different

‘methods used to perform the nonlinear analysis and idealize the conth_\.-

~uum usually classified the type of the program,
. & : .

"MAIN 1" and "MAIN 2" {EW’ZJ use an incremental-
iterative method without py}j@ons [Chapter 2]Mto solve nonlinear
probl;ns &tla{ MAIN 1" §s a general routine \deve10ped\ to handle
problems with no discontinuities in thie deformation field, the joint
analysis was’incorporated 1K"ﬁﬂn 2" to handle such problems. The
programs were written in the Fortran language for use on the _IBM' 360/75 .
computer. A brief outline of the wor\‘Qg of ‘the "MAIN 2" program is
given here, A Hs_ting of the program,

d

ogether with general flow
) cfurts for the varfous routines are included. A number of comment

»
Te

cards are added in the 1isting for better undersunding of the mechanics

L]

1 D

“The eoqmor time required for a prob!n usually depends on

¥ Mz% mdm' of tfmts and mm‘! pomts used in the idealization of

PO

ﬂp M’!u. the fmber of‘ 1mnnnts and iterations [Table E-1].
,_* ' . N, &z T .
S . - . " . ; m - /
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A ™ : ?
"PROBLEM  PROBLEM _ MNo. OF CST No. OF JOINT No. OF BAND  Mo. OF  No. OF ITERATIONS COMPUTER
“WOMBER DESCRIPTION ELEMENTS  ELEMENTS  NODES WIDTH INCREMENTS . WITHIN EACH TIME* b
» INCREMENT  (Minutes) o

1 Cutting blade-10° 231 0> 76 18 10 3 9.10
with vertical o \

2  Cutting blade - 50° 175 - 24 136 74 10 3 7.10

. © with vertical - ' - .
T 3 RA gig. - bt 228 W 156 -44 0 ! -3 7.33
. AP.6. - b2 228 22 162 44 10 3 . 7.45°
/ b 00833 . ’ M
S.E.W. -Grouser 205 13 139 38 10 . 3 ; 5.30
. (73]
C.E.N. erouser 199 18 144 36 10 3 5.45 9
Retaining nn-nough 302 - 178 . 58 10 - 3 9.25 "
Interface-Ro cuttmg . : -
plane ‘ ‘ ‘ .
Retaihing nn-nough 302 14 - 193 58 10 3 lya/ 3
Interface-cutting Lo : A
plam . . ~ P
Retaining wall-Inter- 302 - 22 202 58 10 3 - Y0.75 4
face elements-cutting \ Co ' .
phm R - 2 \ . /
-~ IJ 1\\*\ ' [ r/
* - » \ //
. Does not include compilation time of 40 seconds. ' : ; -
. \ /
S T 2 5 / ‘ s
' COMPUTER _ TIME LT
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O . A1 GENERAL.OUTLINE OF PROGRAM "MAIN 2"

The "MAIN 2" program consists of several subroutines and a

. brief description of the subroutines is given below,

Main Program - "MAIN 2"

t A}

This is the main d'r‘lver routine of the program. It calls i

two subroutines to handle the input data and calls several others to
execute the probllem. fhis routine initializes all nodal and element
arrays, ard specif\es the size of the loading increment. A1l outpyt

with the exception of the reactions are printed out in the subroutines.

—

Subroutines "GDATA 1" and "GDATA 2" —
‘ -

Since| this program deals with nonlinear material properties, %
" it was \found most appropriate to provide two dat,a/ input routines. /// ﬁ

, © Subroutine "GDATA 1" reads the basic data, whw{u are: | /

' 1)  Junction COordinates an# element characterisﬂcs. . T /

. 2) mitia materia1 pmperties for each element type. w "
n . ‘ T —— ,/ s S '
. . - 3) Boundary conditT‘rYs. T — L 3
/ 4)  Number-of 1ncr¢;|;ents. and ,pumber of iterations in
Y ﬁ every increment required fov execution of the problem. ,«g
/ ‘/ ! .‘}‘};
) | . Subroutine “G!}ATA 2" 1ncorporates the nonlinear stress- | ;é,

strain data the progréqu . Ns mentioned earHer. the =strais %

lnl? dmngﬁzm lnboratory te/sti are used directly in a dig‘lta\p form,

Sevpral points on- the stress ;t 1n cum are selected as input to_thi

qouﬁm in the fom\of maber pam. The first Ralf of this routin \ ;
3\&}@ sa‘lected«»ipbut po%nts on ‘the’ sf.ress dtfference (0, =0, vs \

a\1 strm h conﬂning pressuu. The cond

- i . / : // -x}
) ) -4 e . %,

’ ; - %
X NN T

N s / L
P A

_._,,I




ha1f reads data for the joint elements nonlinear properties. The in-
put data, in this case, are the hyperbolic coefficients (a) and (b),

Eq. (2.32) for each normal pressure.

P

oSubroutine “STIFT l(N‘f%' and "gTIFT 2(N)" !

The purpose of these two routines. is to create the element
stiff;iess coef:ficier]lts appropriate to the problem. They have all
necessary data transmitted to them through common storage and“passes
the’ element stiffness matrix back to the ca111ng'rout1ne "FOR;I;\
The element stiffness matrix 1is ger_lerated using the constitutive

relations of the material and the geometry of the J'45'—:3ent., Subroutine

__"STIFT 1(N)" computes the stiffness matrix for a joint element [cutting

or interface element]. In case the element is.of the constant strain
triangle typ;,'sqbroutine "STIFT 2(N)" is called to generate the stiff-

ness matrix.

Subroytines “FORMK" and "MODIFY'

¢

~ The "FORHK" routine assembles the total stiffness matrix for

the entire continuum using the direct stiffness method. Because ofv

the bonded form of the resu! t‘lng total sti ffness matrix, only the main

diagonal elmnts and the lower triangle e'lements are stored 1n a

rectanguiar matrix with a/‘w:ldth of half the band [Zienkiewicz (19m)]..

The “FORﬂK“ routine alséigenorutes\ the totai nodal force
vector. The applied nodal forces are added d1rec;;1y. wh e total
stiffness matrix is modified for t}\e_ applied displacement éopd1€1ons~
[Chapter 2] using subroutine "MODIFY". The body forces due‘ﬁto gravity
are'also added in this routine. L

P "
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Subrodtjne "SOLVE"

) ‘
This routine uses Gaussian elimination method [Appendix D]
" and solves for the .unknown d1sp1acements from the s;t of stiffness

equations generated in “FORMK".

Subroutiné "STRESS" and "JSTRES" )

/

These routines compute the Stresses and strains at the center
of each element using the noda] displacements obtained from "SOLVE".
Subroutine "STRESS" is called for the determination of stresses and
strains in the "CST" elements. The routine a)so computes the |
pr1nc1pa1 stresses and pr1nc1pa1 strains in each "CST" element. More-
over, it calls subroutine "NONLIN(N)" to update the nesT" e]ements
elastic properties.

Subroutine “"JSTRES" {s used for the computations of the
average incremental shear and normal stresses across the joint elements ,
and the accumulative corresponding values, . This routine calls subi-

routine "JNONL(N)" for updating thL stiffness values of the joint

W
-

elements to be used in the subseq'uent increments. . .

Subroutines "NONLIN(N)" and "JNONL(N)" . .

Fha

The nonlinear analysis is performed in these subroutines.
In "NORLIN(N)* routine, values of E an.u’»\“: are computed for each
élement from the nonlinear stress-strain curves depending on the state
of strain andr'con'ﬂnmg -pressure‘ in each element, This mmHnéar
rouﬂne can hmd‘le several noniinear curves, for any rmber of different
matertals by. suttably altaring the Munmn stevents. - ¥

.
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- \ ' L N . N f‘
' h . -

e il

H
2
4
H
’,




-

(( N SRt g PO e v e e — e e N 7

& 396
c Subroutine "JNONL(N)" interpolates for shear stiffness
/ ' values (ks) %rom the hyperbolic shear stress-relative displacement
¢ / relationships. Values of the coefficients (a) and (b),- Eq. (2.32),

are computed for each cutting or interfo\;e element depending on the .

state of shear displacement and the normol pressure in the e'lemen“t.l

‘Again this ";-\:ut‘l.ne can handte several non]ineor c@rves for any
er of different joint behaviors by suitably altering the

dimension statements.

Subroutine’ “RE!AC" Coy

- }

The neactions at certain nodal points resulting from specify-
ing displacemen bou\n"dary\bondﬂions for these nodes are determined in
tt;is routine. The reactions at the desired node are obtained by ”

- multiplying the odal displacement vector of the e’lement by the stiff-
?/ A ness va1ges of t e p’articu].ar node. The reactions obtained for any -
paf;iculor‘\\ingr nt are then added to the cumulative vaTues obtained -

IA)

in previous increments to obtain total reactiops.

\
\\ . 1 L *

Subrohtine "AVER" |

&

3 ¥ T In this subroutine output results are averaged at the nodes.

'1

. L & !
- The stresses. tno/ st ains, and tbe strain rates of all the e'lements
connected to a /hode are sunmned and divided by the number of elements.

/
o // ’ - 4

Subroutine *LARDEF* ‘ ' . B ‘ .
/ : TN : !
Aftor each increment, the e‘lement nodﬂ coordinates are up-

dated. This is done in subroutine "LARDEF" by adding the nod?‘l dis-
9 . pJaoemnts to the elennt nodal coordi tes to obta1ng new coordinates = &

( -
for the noxt incrmnt [o}mpter 2]. In addition, the velocity com-
1

i K v
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- : ,
ponents of the nodal points are determined together with elements
strain-rate components and their principal valyes and directions.

The "LARDEF" routine also canputes the incremental def&mtion energy
and power of deformation anql adds them to previcusly obtained values
for determination of total befoﬁntion energy and power of deformation.

»
I3 s

Subroutine "PRIN"
I

) This routine evaluates the principal. stresses [or strains]

from the Fnown nodal values. - ! :

.
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A.2 FLOW CHARTS

PROGRAM MAIN 2

START . -

READ NUMBER QF PROBLEMS

LOOP -ON NUMBER OF PROBLEMS
\
N\

CALL GDATA 1

READ INPUT GEOMETRY AND
PROPERTIES

DETERMINE BAND WIDTH.OF
TOTAL STIFFNESS MATRIX

\

\

READ NONLINEAR STRESS-ST

CALL GDATA 2 \
RA
DATA

1

"‘%« TIALTZE ALL STRESSES AND
STRAINS “¥0_ZERO |

~

" \c \v

“INITIALIZE MATERIAL PROPERTIE:
_ INITIAL VALUES OF E AND w.FOR A

. JOINT ELEHENTS

 CST ELEMENTS, Ks AND Ky FOR \
\\ “

\

\

mmAuza ALL NODAL msmc'ﬂcnrs
~T0 ZERO ‘

PR T - S 7 e
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INITIALIZE ALL REACTIONS TO ZERO

" SPECIFY SIZE OF INCREMENT .

LOOP ON NUMBER OF INCREMENTS

LOOP ON NUMBER OF ITERATIONS

CALL FORM STIFFNESS
SUBROUTINE FORMK

CALL BQUATION SOLVER
SUBROUTINE SOLVE

>

Y

CALL STRESS OUTPUT

SUBROUTINE STRESS FOR CST ELEMENTS
SUBROUTINE JSTRESS FOR JOINT ELEMENTS

END LOOP ON ITERATIONS

_DETERMINE AND WRITE REACTIONS
| SUBROUTINE REAC

UPDATE NODAL COORDINATES
CALL SUBROUTINE LARDEF

AVERAGE 'STRESSES, STRAINS AND
STRAIN RATES IN ADJACENT ELEMENTS
AT NODES' -

CALL SUBROUTINE AVER




END LOOP ON INCREMENTS o
) . |
. s "
-
END LOOP ON PROBLEMS
END '
. N
.
.
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/7
(g . -

' ' START

READ AND P/II.NT CONTROL DATA

/

READ AND PRINT MATERIAL PROPERTIES

READ NODAL COORDINATES

- READ ELEMENT CONNECTION AND TYPE

N | READ LOAD AND DISPLACEMENT
BOUNDARY CONDITIONS . -

READ TOOL VELOCITY AND. TRAVEL
DISTANCE

READ PRESSURE BOUNDARY CONDITIONS

_ READ NUMBER OF INCREMENTS AND
. i MMBER OF ITERATIONS

YES SKIP PRINTING OF INPUT DATA
1 ,’ 1

. . L
[ B PRINT NODAL COORDINATES

. t s / !
, ,
. ' 4 *
) ! M L
.- . . . LI
il > . / A
. . ,
- x
[ -
N -

1)
y

LA ve




(«

DAkt
#M

PRINT ELEMENT CONNECTIONS

PRINT LOAD AND DISPLACEMENT

BOUNDARY CONDITIONS

~

, PRINT PRESSURE BOUNDARY CONDITIONS

PRINT TOOL VELOCITY' AND TRAVEL

DISTANCE

-

Ve

PRINT NUMBER OF INCREMENTS AND

NUMBER OF ITERATIONS

ey
L ane

RETURN




,/ /u ’
w03 ¢

|  SUBROUTINE. GPATA 2.
/
// . o
T START

/l " -

- ) . \\

READ AND PRINT THE NONLINEAR STRESS-
SPRAIN DATA IN TERMS OF POINTS ON
THE (o, - 93) VS (e;) CURVE FOR EACH
CoNFINING PRESSURE

READ. AND PRINT THE INPUT VALUES OF
T THE JOINT ELEMENTS NONL INEAR '
PROPERTIES IN TERMS OF THE HYPERBOLIC
COEFFICIENTS (a) AND (b) FOR EACH:

. NORMAL PRESSURE

RETURN




o - SUBROUTINE FORUK e

START " .

ZERO STIFFNESS MATRIX

/

v _

, LOOP ON ELEMENTS 1
5 I _ CALL ELEMENT STIFFNESS SUBROUTINE =
o | . IF JOINT ELEMENT CALL STIFTI(N) |
\‘ . L

IF TRIANGLE ELEMENT CALL STIFT2(N)

STORE ELEMENT. STIFERESS IN
RECTANGULAR FORM

a ' / | | I END LOOP ON ELEMENTS

) ADD CONCENTRATED FORCES AND LOADS
’ DUE T0 BODY FORCES TO LOAD VECTOR

APPLY MODIFY ROUTINE 1O ALJER :
STIFFNESS MATRIX TO TAKE IRTO ‘
ACCOUNT DISPLACEMENT BOUNDARY L

CONDITIONS N

" RETURN B




v L v -

-“\ - ¢

START | \ .

gl B —,%mw# &

-
.
o

“"LOCATE NODAL CONNECTIONS

~ CALCULATE ELEMENT DIMENSIONS ) |
. 1
: = |

GENERATE ELEMENT STIFFNESS : o
MATRIX IN LOCAL COORDINATES

.

GENERATE TRANSFORMATION MATRIX | - : g
' 5}

® - l,. - A
- TRANSFORM ELEMENT STIFFNESS : T -
| MATRIX TO GLOBAL COORDINATES . o ;
i L]
’
RETURN
_ A
L & . , - \
W i “. '
) °
. o
e !
h J o
e 1 b
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o - | SIBROVIINE STIFTZ0. ( o

4
&
v i

/ START

// " LOCATE NODAL CONNECTIONS

CALCULATE ELEMENT DIMENSIONS J L

CHECK FOR CONSISTENT
. NUMBERING ‘ ~— FALSE .

|
TRUE

g . GENERATE STRAIN- WRITE ERROR
' DISPLACEMENT MATRIX / MESSAGES

. GENERATE STRESS-STRAIN STOP
: v RELATIONSHIP

CALCULATE STRESS MATRIX 1

o, STORE STRESS MATRLX ON
TAPE NT4 -

CALCULATE ELEMENT STIFFNESS 2

i RETURN




~yra

‘@

\
o f

J‘/’

e

K
DO /néz. WBAND

4

MODIFY FORCE VECTOR COMPONENTS
AS B(K) = B(K)-SK(K,M)XU WHERE
U IS THE SPECIFIED NODAL

| DISPLACEMENTS

[t

“[RETURN TO FORMK

OF THE STIFFNESS MATRIX (SK)

SET Atl. OFF-DIAGONAL ELEMENTS
zro ZERO

/

!

|

- - [SET \DTAGONAL ELEMENT OF (5K

MATRYX TO UNITY ,

n ’
e
,
- , Q

SET DISPLACEMENT COMPONENT
CORRESPONDING TO DISPLACEMENT
BOUNDARY CONDITION = SPECIFIED
DISPLACEMENT

END

ol
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START,

LOOP ON EACH EQUATION

~

COMPUTE MODIFICATIONS TO TERMS
WITHIN SQUARE OF BAND
(APPENDIX D) .

MODIFY LOAD VECTOR

sy

END LOOP ON EQUATIONS

LOOP BACKWARDS ON EACH EQUATION

BACK-SUBSTITUTE FOR EQUATION
_SOLUTION (APPENDIX D)

0

»

—

E2rE

- END LOOP ON EQUATIONS

RETURN

~



409

2’

~  START

PRINT NODAL DISPLACEMENTS OF
CURRENT INCREMENT

-

COMPUTE TOTAL NODAL DISPLACEMENTS
BY ADDING INCREMENT DISPLACEMENTS
TO PREVIOUS VALUES

e

LOOP ON CST ELEMENTS

v

READ STRESS BACK SUBSTITUTION
.MATRIX .

CAL CULATE ELEMENT STRESSES Mg
STRAINS \DUE TO' ONE INCREMENT OF
DISPLACEMENT

N )

CALCULATE PRINCIPAL STRESSES-AND
STRAINS AND THEIR DIRECTIONS DUE
TO_ONE_INCREMENT OF DISPLACEMENT

ST .
{ . . . \

COMPUTE TOTAL ‘STRESSES AND STRAINS
IN ELEMENT BY. ADDING. INCREMENT
VALUES TO PREVIODS STRESSES AND
STRAINS \ :

© S

CALCULATE TOTAL PRINCIPAL STRESSES
AND STRAINS IN ELEMENT AND THEIR
DIRECUONS




- r S - S
1 ‘y.,,'

*
hd 'cl/
fols -
£
_ .
,"" 1

o

ELEMENT FROM INCREMENTAL

" GALCULATE , ELASTIC MODULUS IN - |

STRESSES AND STRAINS

CALL SUBROUTINE NONLIN(N)

e

PRINT ELEMENT CONFINING PRESSURE,
THE ELASTIC MODULUS 0BTAINED FROM
THE INPUT STRESS-~STRAIN DATA, AND
THE ELASTIC MODULUS' CALCULATED
FROM INCREMENTAL STRESSES AND
STRAINS '

END LOOP ON CST ELEMENTS

RETURN

« B '
.
4 «
.
.
-r .. !
; .
: ' ~—
? . e
.

[
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an

SUBRQUTINE “JSTRES

‘., START

LOOP ON JOINT ELEMENTS

FORM MATERIAL PROPERTY MATRIX

L ®

GENERATE TRANSFORMATION MATRIX
(EQ. (2.24))

CALCULATE ELEMENT NODAL
DISPLACEMENTS IN LOCAL AXES

t

GENERATE RELATIVE DISPLACEMENT-
NODAL DISPLACEMENT MATRIX
(DESIGNATED AS MATRIX (D) IN -
EQ. (2.20)) B

FORM RELATIVE DISPLACEMENT
VECTOR DESIGNATED AS (w) IN

“EQ. (2.19)

[ AVERAGE RELATIVE DISPLACEMENT

VECTOR AT ELEMENT csﬂmom

CALCULATE SHEAR AND NOWL °
STRESSES IN ELEMENT (EQ (2.13))

]

3
.

PRINT SHEAR AND NORMAL STRESSES
IN ELENENT
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END LOOP ON JOINT ELEMENTS 1w

13

~

P —————

LOOP ON JOINT ELEMENTS

COMPUTE CUMULATIVE STRESSES
AND STRAINS IN ELEMENT BY

. ADDING INCREMENT" VALUES TO
PREVIOUS STRESSES AND“STRAINS

na
G
5

CALL™JOINT NONLINEAR SUBROUTINE
(JNONL(N)) TO MODIFY THE ELEMENT
STIFFNESS VALUES

/ ~
< A

PRINT CUMULATIVE STRESSES AND
STRAINS AND THE NEW STIFFNESS™-
VALUES TO BE USED IN NEXT

INCREMENT S
) Vo \\\\\\\
- ‘\ ‘ T~ \

END LOOP ON JOINT ELEMENTS /

RETURN /

//\.
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2UBROUTINE REAC

START

rS

LOOP ON CST. ELEMENTS

1 .

CALL CST ELEMENT STIFFNESS
SUBROUTINE STIFT2(N)

LOCATE NODAL CONNECTIONS

LOCATE ELEMENT NODAL
DISPLACEMENT VECTOR OF CURRENT'{

RN

INCREMENT

COMPUTE REACTIONS ON DESIRED .
NODE BY MULTIPLYING THE ELEMENT
NODAL DISPLACEMENT VECTOR BY

_THE STIFFNESS VALUES OF THE NODE

ADD REACTION VALUES DUE TO THE
CURRENT INCREMENT TO VALUES
OBTAINED FROM PREVIOUS -INCREMENTS

END LOOP ON CST ELEMENTS .

iy re

LOOP ON JOINT ELEMENTS

"CALL JOINT ELENENT STIFFNESS

"SUBROUTINE STIFT1(N)
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LOCATE NODAL CONNECTIONS

LOCATE ELEMENT NODAL
DISPLACEMENT VECTOR OF CURRENT
INCREMENT

COMPUTE REACTIONS' ON DESIRED
NODE BY MULTIPLYING THE ELEMENT
NODAL DISPLACEMENT VECTOR BY THE
STIFFNESS VALUES OF THE NODE

4

ADD REACTION VALUES OBTAINED

FOR THE NODE DUE TO THE ‘CURRENT
INCREMENT TO VALUES OBTAINED FROM
PREVIOUS INCREMENTS

) ' ' END LOOP ON JOINT ELEMENTS

{
,\) o RETURN
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SUBROUTINE LARDEF i

'

- . : ;_;

START

. ;i
[ !

b 1

————={ L0OP ON MODAL POINTS .

‘| ADD INCREMENT NOI]AL DISPLACE- . ‘
l MENTS TO CURRENT NODE COORDINATES ‘

COMPUTE HORTZONTAL AND VERTICAL
YELOCITY COMPONENTS FOR EACH NODE »

END LOOP ON NODAL POINTS |

PRINT NODAL COORDINATES, NEW HODAL

" COORDINATES.,, AND VELOCITY .COMPONENT
FOR ALL NODES

1

LOOP ON CST ELEMENTS

3 ' COMPUTE STRAIN RATE COMPONENTS,
PRINCIPAL STRAIN RATES AND .
_DIRECTIONS FOR EACH CST ELEMENT ;

END LOOP ON CST ELEMENTS ' “

»] LOOP ON ALL ELEMENTS
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0 . - CALCULATE DEFORMATION ENERGY
AND POWER OF DEFORMATION DUE TO | .
CURRENT INCREMENT | .

—

OBTAIN. TOTAL DEFORMATION ENERGY
AND POWER OF DEFORMATION IN
OVERALL SYSTEM DUE TO CURRENT
INCREMENT

~

i ™

END LOOP ON ELEMENTS.

\:-/“‘

COMPUTE CUMULATIVE DEFQRMATION
- ENERGY “AND POWER OF DEFORMATION
IN OVERALL SYSTEM BY ADDING -
CURRENT INCREMENT VALUES TO

PREVIOUS VALUES

RETURN

L1




- START

.| COMPUTE CONFINING PRESSURE

IN ELEMENT

1 (e IN ELEMENT

e
FIND MAXIMUM PRINCIPAL STRAIN

.

!
\

\
DETERMINE TWO ADJOINING
CONFINING PRESSURE DEPENDENT

'CURVES DEPENDING. ON THE

CONFINEMENT OF THE ELEMENT

INT ERPOLATE FOR STRESS
_?(I)F{ER[)E&CE (o7 - 03) CORRESPONDING
€y :

‘COMPUTE (E) VALUE FOR ELEMENT
FOR THE NEXT LOAD INCREMENT

O RETURN

A



,(é

START

INTERPOLATE FOR HYPERBOLIC
COEFFICIENTS (a) AND (b)
CORRESPONDING TO NORMAL
PRESSURE ON ELEMENT

DETERMINE ULTIMATE SHEAR
STRENGTH VALUE DEPENDING ON

NORMAL STRESS IN ELEMENT

CHECK WHETHER SHEAR STRESSES
IN ELEMENT HAS REACHED
ULTIMATE VALUES

NO

COMPUTE SHEAR STIFENESS
MODULUS VALUE FOR ELEMENT

FOR THE NEXT LOADING INCREMENT
(EQ. (2.34))

"RETURN

YES

REDUCE THE SHEAR
STIFFNESS MODULUS

TO A SMALL VALUE

5
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W

START

LOOP ON NODAL POINTS.

INTTIALIZE ALL AVERAGE
INCREMENTAL NODAL STRESSES AND
STRAINS TO ZERO

\ Ki

VALUES OF STRESSES AND
STRAINS FOR ALL CST ELEMENTS .
CONNECTED TO THE NODE

N

AVERAGE VALUES BY DIVIDING BY
NUMBER OF CONNECTED CST ELEMENTS

=

CALCULATE AVERAGE \INCREMENTAL
AND TOTAL PRINCIPAL\STRESSES

AND STRAINS AND THEIR DIRECTIONS

N

END -LOOP ON NODAL POINTS

]

PRINT NODAL. INCREMENTAL AND TOTAL
STRESSES AND STRAINS

- -

_RETURN

v *
D Y

VO

T
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(\ A.3 IDENTIFIERS USED IN THE "MAIN 2" PROGRM/ .

program are listed below in the order in which/they appear. ’ / f
COMMON_BLOCK/CONTR/ ) yam
TITLE . Word title array. //' |
P *: Number of noda] points. / /
/ NE : : Number of elements. . / ,/ ) fi
NB :  Number of restrained boundary nodes. . -~ |
NDF : Number of degrees of freedom per node. //// |
NCN ) Maximum number of nodes per e ement, ~ } .
NLD : Number of Toad cases. | f
“ NMAT Number of element mater’tal types.\‘ o \ i /
\N\SZF Number of equatinns in the system. \ / | / 1\ \ /i
L1. Load case count,er. . ' ‘ i
Na \ \‘ \
Logical storage fce mm\bers
" "
| NOPC ber of?b‘uundary presfure cards. ‘
NCMAT / : Nypber of "CST" elemer)é materigl types.

fo. 4 | ' .

CK/DATA /

cd&;pn BLOCK/ ) |

CORD : Noda poi’nt coord%nate array.

NOP : Element tonnection array. @

: _Element/material type array. . o e S
. NBC =/ -t Restrained boundary node mumbers. \

CODE : Code for various boundary conditions, \ ,
= 0.0 specified Joad in both X and Y directions

/I/.Ospecified displacement {n X-direction, -
load in Y-direction. - Vo '
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= 2.0 specified load in X-direction, displacement

in Y- direction.
= 3.0 specified displacement in both X and ¥ éirections.

ux l- : X-force or displacement at the noda1 point.
Y’ : Y-force or displacement at the nodal point,
1BC ¢ Nodal point I for the boundary pressure.\
JB : Nodal point J for thé boundary pressure. )
‘ PRE Boundary pressure between I and J.
- T/ : Element thickness array.
XDENI , Body forces in X-direction.
YEN  : Body forces in Y-direction. - \
ORX : X-coordirjate of element ceﬁ/troid.'
ORY : . Y-coordinate of element centroid. &
‘. PRCORD : Nojc!ﬂ point coordinate it previous increment.
COMMON_BLOCK/ANAL/ |
NOING ° : Number of increment2. ” ' - :
KOUNT : Counter for number of § ncrmnts. | .\ 3 b

NTEST : Alphanumeric identifier of type of prab'lem.
C - 0 for ymr,probm.
= 1 fornonlinear probliem,
LTEST : Alphamm;'ic input to spécify whether problem is
, linear. or nonlinear: "
" NOITER

: Number of fterations. o

NITER — -t\.ounter for nuber of iterations executed: ‘
*((\?EL_ , L _Tool velocity. - ' | ' ]
mo - 't Tool total hor'lzontal q’is;l;émﬁ/t. :m___“m//
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COMMON BLOCK/STIFF/

ESTIFM : Stress-strain matrix, later used for element stiffness |
- matrix. ' ; . |
A " o : Strain-displacement matrix. i
B | . : Stress backn-s;ubstitution matrix. |
-SK : Rectangular matrix for equations. )
AREA . Area of element. \ .
¢ : Intttalfy contains nodal force vector for the t;tal

stiffness matrix, but displacement solution vector

réplaces it.

R o Vector of element riodal displacements.
H : Nodal displacement vector of joint elements in
Tocal coordinates. o v ‘ ~ j
WBAND - : Band width of the stiffness matrix.
D : Nodal force’ vector for the. total stiffness matrix;

. replaces vector C before modifying for dispiacement
' boundary conditions. . ‘ . . {

AR . Nodal reaction array.: ‘ ‘ ‘ L l‘d ;
GOMMON_BLOCK/STRES/

DISTO . Total nodal displacesent vector.

SIGTO :‘ th<1 n'lnenj: stress vec:t,or.‘ )
STRTO ¢ Total element strain vector. | ~ : E\ﬁ
© SMAXTO : Total maximum principal stress. Lo oo }.
SMINTO -~ : Total'mintmum principal stress.

ANGTO: : Clockwise angie from vertical to 1ine of gcﬂdn 03 total

maximum principal stress. T

Lot .
R ! R 4

}
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EANGTO ., : Clockwi se angle from yertical to line of action
of total maximum, pri.n'cipar] strain, ’ BN
EMAXTO , : Total maximum principal strain. - f-(}“ o,
"EMINTO : Total minimm principal strain. ’ ~ |
FORCE : Vector of element 1n‘<;;~apental' stresses. 3
STR : .Vector ofﬁelanent 1ncre‘menéal strains. ?
PSIGTO : Total. elemqnt sfress vector at previous k&rement
PSTRTO 1 ¢ Total element‘strain vector at previous 1ncrement .
PDISTO : Total nodal displacement vector a‘t previous 1‘ncrement.
COMMON aLocn/muuf : / ‘
NCUR R : Vector of numbers of ;\onlinear curves 1pput for each i
. ' materfal. ’ ‘ '
\'CPR‘ i : Confining pressure for a nonl 1.r;ear curve,
NPTS ., :Nunber of points on each nonlinear curve. ' .
£G E Stress coordinate of the nonlinear curve for data, o .
GAM.. :. Strain coordinate of the nonlinear curve fér data.
B : ‘sfre‘ss°coor{ﬂnate of the nonl inear curve. '
D emxmemt G _
. GAMOC : Strain coordinate of the nonH;\ear‘cur\R. )
. meMMX AX)IJ!:? - . : ,{;& ,
PRESTI} " .t Principal-strain at previods increment. ‘;} '
PREDEV : Principal stress difference (o, - o,) at pravious / ’
’ . increment. ’, ' P
GONPRE . : Element confining préssure. - RN S
‘ C T
] o ) 2
‘ . 4




COMMON- BLOCK /DEF/

-

DX X-displacemént of nodal point for a loading increment .

DY Y-displacement of nodal “point for a loading increment.

VX Horizontal velocity of rjuodal point for a loading increment.

vy Vertical velocity of nodal point for a loadi‘;g increment .

EPSX Horizontal strain rate for a loading increm\ent.

EPSY Vertical strain rate for a loading 1n7:r2nenf.

GAMXY Shear strain rate for a loading increment. '

EPSI 1 : Major pr1nc?pa1 strain rate for a loading ‘increment.

EPSI 2 Minor principal strain rate for a loading increment.

PS1 Clockwise angle from vertical to 1ine of action of
major principal strain rate.

CSUMPD : Total deformation energy.

CSUMPH Total paser of defomt‘iigﬁ. |

COMMON BLOCK /ELAS/ - | :

E Stenting modulus of elasticity for the material.

ENU Potsson's ratio for the ‘n,\aterial .

Array of vaiues of E modified for nonlinear analysis.
Array of values of E determined from Stresses and

strains calculated ﬁ {ncrement. *

: - Starting tangential stiffness value for cutting <

Joint elements,

Starting normal stiffness value for cutting joint

Wt

elements. . ) .

: Starting tangeuﬂﬂ ktiffneq;’ value for interface’

)inntwclmnt;.. \7/ \ R
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DKNII :  Starting normal stiffness value for i'ntey‘face
Joint elements. | . K
COMMON_BLOCK/JOINT/ ’
T1 : Joint element transformation matrix from local
" element axes to global axes.
BL : Working matrix for the Eransformation. process.
5 AL " : Element length. -
ANG(N) : Angle element N making meq horizontal,
DKS(N) : Tangential stiffness coefficient for element N.
~ DKN(N) : Normal stiffness coeffici;nt for element N.
sD b . A diagonal material property matrix expressing
’ - the joint stiffness per unit length in the normal ]
and tangential directions. l ‘ ,
W{N,1) : Incremental shear and normal displacements i
W(N,2) : § for element N, vespectively,
P(N,1) : ) Incremental shear and normal stresses
P(N,2) 2 for element N, respectively.
V(N,1) : Average, incremental shear and normal
V(N;Z) .8 2 displacements for element N, respectively.
AVP(N,1)  : ) Average incremental shear and normal. o i‘x
‘AVP(N.Z) ™ isﬁesses for element N, respectiv ly.
CV(N,1) - & ) CumlatiVe ‘average shed‘ and normal
CV(Nn2) displacemnts for element N, res ‘ tively.
CAYP(N,1) (:unulative average shear and mm : S
! : ~ _CAJE(N.Z) : gi stresses: for element N, respectively. .
o )
* ) A . N
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PCV(N,1) : Working vectors for

PC‘;(N,Z) ‘ § .the summation process.

PCAVP(N,1) : )-Working vestors for .
PCAVP(N,?2) $ the summation process

B1 : Relative element displacement-nodal displacement

matrix. [Designated as matrix D in Eq. (2.20)].

L3

COMMON BLOCK/JNONL/

KWL Vector of numbers of nonlinear curves 1npht
for each joint material,
CNP B Array of normal pressures for ngnlinear curves.
AH B : Hyperbolic coefficient (a) array.
4 BH : Hyperbolic coefficient (b) array.

COMMON BLOCK /AVRG/

PRV S

AVSMAX ¢ Average incremental max fmum principal stress.
AVSMIN  : Average incremental minimm principal stress.
AVANG “ ‘ Clockwise angle from vertical to line of action
- “ " of incremental maximm prinéipal stress.
\Avmx y Avérage total max panipa] stress.
~ AVTMN : Avérage total minimum principal\stress.
AVTANG : Clock\;isé% angle from vertical t&)ﬂe d¥ action
of average total maximum principal stress.
© RAYSMX : Avcrage incremental maximum principal strain.
AVSMN . : -Average incremental minimum pr’incipa'! strain.
. AV:SMB ¢ Clockwise angle from ver:.ical to line of action

of aveﬁage incremental maximm principal s;train‘
Average total maximum principal strain.

/r//
K
=
.ﬁé




AVSTMN
AVSTAN

AVPSI 1
AVPST 2
AVPST

A
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Averageﬁtotal minimum principal strains.

Clockwise angle from vertical to line of

action of average total maximum principal strain.

Average incremental maximum principal strain rate.
Average incremental minimum principal strain rate.
Clockwise angle from vertical to 1Line of actjon of

average incremental maximum principal strain rate.

VARIABLE DEFINITIONS
AT SRR

PROGRAM MAIN

NPROB

TR

SUBROUTINE GDA

Nember of problems. A

Counter on number of problems,

E 4

A
BANGLE

.
v

Control for t of input data.
Angle of cutting blade fonlun case’of soil-cutting
analysis] with vertical. '

SUBROUTINE GDATA 2

' TMAT _t Type of mterial. “‘ : . -~ "
AXMUL1 ;s Multiplier for /ti‘;e strefs coordinate of the no:;
li{near curve. N i o
AXMUL2 :- Multiplier for the strain coordinate of the non-
| 1inear curve.
SUBROUTINE STIFT }(N) | D .
I, . K, L Element cénﬁactions,ﬂat&r used as 'lo;p\é‘ountegg.

\



EMX  : Maximum principal strain for. element N.
.EMIN ;' Minimum principal/strain for element N.
EANG “: Cloc ise ang¥e /from vertical .to‘Hne of action
of maximum principal strain for element N.

428

SUBROUTINE STIFT 2(N)

I, J, K : Element connections, later used as loop counters.

AJ,BJ,AK,BK : Local coordinates of triangles.

SUBROUTINE FORMK -

NROWB )
NCOLB : | Variables defining location of e}éﬁent stiffness matrix.
NCOL ) - o E e

'\,/ !

"

SUBROUTINE SOLVE

N : Equation counter for elimination and back-substitution.

G ¢ Working variable for the elimination process.

¢

SUBROUTINE STRESS

DIS : Vectoré displacement. /
EQUIVALENCE statement allgws array DSIS(2,200) to be
used for the solution vegtor C(400).

SMAX : ximum principal stresy for element N. -
SMIN : /)‘Mimum principal stregs for element N,
“ ’/ N
ANG :/ Clockwise a7§1e fr ertical to 1ine of action
,/ \ ‘ i

/  of maximum principal/stress for element N.

. e 0 /
SUBROUTINE REAC/  ~_ /- L

J1,d2,K1, i Ehnnt/ horizontal and vertical rasaction /
K2,L1,L2 ;" '} directions corresponding €b nodes.

—

a
* ? ' Yo
at R ‘ ,
-
. .
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&’ :
u . : Vector of element nodal displacements.
SUBROUTINE_LARDEF
SUMPW :  Incremental deformation energy for the

Y
entire continuum,

1

©men e st SR

SUMPD :  Incremental power of deformation for the
entire continuum. » ‘
DuP ¢ Working variable for calculation of deformation

energy for element N. b

DUPV . Incremental deformation energy for element N.

PDOF :  Incremental pbwer of deformation for element N,

SUBROUTINE AVER

SFORCE :  Working variable for summation of incremental

P s

stresses in elements connected at node, later used
for average incremental stresses at node,

Horking variable for sunmmation of total stresses in
elements connected\ at node,later used for average

total stresses at node.

- ’%%‘ft“x’ -

/ Z o .
MWorking variable for summation of total strains in

.4

elements connetted at node, later used for average -
total strains at node. |

: Horking variable for sumation of incremental strains

» ' ‘ in elements conhected at node, later used for average .
/ ‘ . incremental s}rains at node, ‘ .
SESPSX t ) Working variables for summation of incremental
SEP§Y : horizontal, vertical and shear strain ra'tes. respectively,
SGAMXY : in elements connected at node; later useé for .ﬂerage .
0 “ .

cremental values at node. _ SRS

w




NOEL

SUBROUTINE NONLIN

EPRE
PRSTTO
NC

BOTSTR
" TOPSTR
STRNEW
DZNOM
FUMER

E-value of an element at previous increment

Principal strain (e,). -

Nonlinear curve number.

)

¢
i,

Intermediate values in interpolation for

stress differencé#(ol - °s) corresponding \to strain, ¢

SUBROUTINE JNONL

TOWM

NV
AHI
BHI

Ultimate strength of joint material employing the
hyperbol{

¢ rgulation.
. Nonlinear curve number.

) } Interpolated (a} and (b) coefficients, Eq. (2.33).

)

P
ealbs

- o owe B

N\

[N

\

: Counter for number of elements attached to node.

N
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- NOTE THAT ALL THE MESULTS ARE IN TERMS OF UNIT wiIOTH

. PROGAAM CABACITY
HUNBER OF NONLIWEAR MAVERTALS

NUSSER OF NONL INEAR -CONTINUUM MATERTALS
TOTAL NUMUER OF ELEMENTS

NynaeR

JOTNT ELEMENTS
NQDAL POINTS

FI%8889R

. BAND wiOTH

CONTROL MAIN PROGRARM
COMMONICONTR/TETLEILZ) NP oNE cNB s NOF c HCN L NLD o NMAT e NS ZE L Lo NTANTS
1 o+ MOPC . NCHAT

COMMON/DATAICORDI 200 2) o NDP( 450,48 ) ¢ INAT(450) . NBC(S0),CODE(200) s UK

TRIANGUCAR ELEMENTS

*

SPECIFIED BOUNDARY CONDITIONS(LOAD OR DISPLACEMENTS)
SPECIFIEY PAESSURE BOUNDARY CONDITIONS
MOML INEAR CURVES FUR EACLH CONTINUUR MATERIAL
POINTS ON EACH NOML INEAR CONT INUYN CURYE
NONL INEAR CURVES FOR EACH JOINT MATERIAL

14200) ,UYI200),38CI10) . IBCLI0Y.PRE(10},T{450) ¢ XOEM, YDEN,ORX(4S0),
BDRY(430).PRCORD (200420
COMMON/ ANAL /NG ENC s KOUNT oNTEST AL FESFNITERNOI TER, VELLTHD .~
COPMON/ST [ER/ESTIFMAL2.1290A03:6028(306).8K(400,80) AREA(SSD),

1CLASD)I sREB) S HIRT « WHAND DL 400) « ARLADD)

-

COMMON/STRES/DISTO(2:.200) «SIGTO(AS0,4)STRTO(AS0,3) ,SMAXTO( 430).
LSHINTU(A30) CANGTOIASO ). EANCTO(4S0 1. EFARTO(AS0) EMINTALASE) FORCE
1{a50,4 éﬂ“SOOJ)cﬂslﬁTO(Q'SOc‘l-PSYR"NASB-)’v’GISFOCIoZOO)
NONL. ZNCURL2) «CPHI2410) NP TSI2.10) +EG(S0) .GANISO) o
BY{Z:10.50)4GAMOCI2:L0.50 ). PRESTR{AB0)PREDEV(230) , CONPRE(450)
CW/WFIDI(ZGO).DY(?“)QVI(!OOP.V'(!OD)'!’Sl(tsﬂ1-EF5V1‘5°)0
IGANXY(A30) EPSII{450).EPS12(480),PS$1(450),CSUMD LSUMY
COMNRONAELAS/E o ENU L EE(AS0) JECIOSO) . DXSE I OKNE I, OKSTT ORNETL .
CONMONZ JOTNT/TI(8.8) bl (8.8) AL IASOPANGLASO ) DKSLA4S0) DOKNIASOIvSD——
0221 3W(A%E2)eP(ASC2)sVIAS042) cAVPLASD 2 oCY(450,23.CAVP{A%0,2),

[s

2PCV (450,21 +PCAVP (45042008108, 0)

COMMONS INOREANVAL(2) e CNP (20100 AME2.302.8H(2,10)

COVION/AVRG/AVSMAXL 2000 s AVSIHINI200)  AVANG (200 ) o AVTHX (200 ),
IAVTRNM{200) AVTANG( 2003 AVSNX{Z00) -AVSH’I(‘ZQG) «AVSANG1200D),
ZAVSTMA(200) AVSTMNI 200} sAVSTAN(Z2DO0J.AVPEL1(200).AVPSIZ{ 200},
IAVPST(200)

INTEGER wBAND

NTaxt)
NTS=12

. INITALIZE TAPE na.

AND NUMBER OFf CORNER NDDE MAX.

'

READ(INHe 1) NPROB -

GO 4)2
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0T AVPSLIL 128 7.295 7RSATANL ( SGARRY(L ) /2 ) 7ISEPSYLILI-AVPSIE(L)))
9038 G0 TU 3os o
(1.1 307 AVPS1(L)=920.0 N
0040 308 COnTINnUE ' ~ 4
00s) 180 CONTINUE . \
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IAVSTMN{L ) sAVSTANEL ) oL =] o WP}
o072 URITE(S8e5) 3 )
0073 nRIFELD ) -
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15X+ *STIESS INCREMENT '/ N o —
1*  wNOOE x v R-STRESS Y=STRESS XY-STRESS
2 2-STRESS MAX-STRESS BIN-STRESS ANGLE®)
oeTse 202 FORMAT{ 0" SR, *STRAIN INCREMENT®/
? 1} . NOOE x ¥ v X-STRAIN V-STYRAIN x
LY=STRAIN MAX-STRALIN MIN-STRAIN ANGLE®)
00 306 FORMATI*O® DX *TABLE 7 - TOTAL STRESS AND STRAIN®//
- 1 NUDF X v X-STRESS v-STRESS XY-STHESS
2 2-STRESS HAR-STHE SS MIN-STRESS ANGLE® )
oera 118 FORMATUI///7.1%.'TOTAL STRAINS®) .
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. PORTRAN Iv G LEYEL 2} , NONL | N T pare « 13198 | oesadser sace ocoo2

3
INTERPOLATE 'D; STRESS OIFFERENCE VALU! 4
CORRESPFPONOING YO EFSILONT .

390 DENOMSGANOC {1 o NMCLP)~GANOCE ] 4NC L1 -

* esse - EUNEHS(GANDC | ¢ NCLPI-PRSTTOI *L{EY I JNC LP=11-ET( TonColPL) '
[ 1] " TOPYTASEY L1 NCLP ) FUNER/ DENON \
, o | c 1F ORLY UNE STRESS-STRAIN cuavé 1s Givew
. 1 -eovsr - T IFINCURYSLY 33943804365
ons2 . 359 WRITE(G.a%2) i -
983 ’ 482 FORMATISX . 'ERROR 1M NCURVE CARD?®) .
~ 8084 3606 EE(N)ADS(TOPSTR-PREDEVIND ) /ADS (PRSTTO-PRESTR(N)) * .
- 00es IP(NITER.NE .NQITER) GO YO 392 . A
’ [ 21 pnzsurva(m-’ﬂs"o .
20e7 NI TDPS TR .
00ss8 ~ %D TO 392 - .
c & IF MORE THAN OwE sness-svnui CURvVE (S GIVEN
0049 308 IF(ARSICONPRE(N])~0.0) 378,370,173
8 oeso 37S IFCABS(CONPRE(N))=CPRLI.NC)) 380,370,388 .
" 00351 380 NCaNC-t -
° R oesz BOTSTR=TUPS TR
- 0093 G0 ro 328 . . .
K = 2034 o 3re eﬂm-us(ro’srwzotvtnnrustnsﬂo—msrlml)
33 0053 ' 12 (MITER.NE.NOITER) GO YO 392
- e¥~3 0056 P&STH(N)WRS'?O
B . Q037 PREDEVINI=TOPSTR .
E3| . vcoss o G0 7O 392 -
- -~ 0059 388 STANEwsTOPSTRs (ASS(CONPRE (M) )~CPRET,NCII/(CPRIT.MCHEI~CPR(TNC) )
= ' - 1{BOTSVR=TOPSTR)
= 2000 CEtN) 2ABS [ S TRNEN-PREDEY (N) ) /ABS{PRSTTO-PRESPR(ND ) N
b 0061 IF (NI TER.NC.NOITER) GO TO 392 .
. 4 8062 PRESTR(N)ISPRITTO .
9083 PREDEYIN) =S TRNEYW
o 0008 39 CONTINUE -
. R eo0ss ' RETURN
z 0o6e END .
- = . . -
& 40PTIONS IN EFFECTS |n.encolt..sme.nm.xsv.uoo:c:.\.m.nmn .
= SOPTRIUNS [N EFFECTS NANE In o LEINECNT &
o *STATISYICSS SOURCE STATEMENTS = 66+ PROGRAN sm = 2308
'22 - SSTATISTICS® NO DIAGNGSTICS GENERATED
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PORTRAR IV G LEVLL- 2% SN0 N OATE = T3t Dasa3’al

s001 SUSRUUT g JMOMLN(N) : .

2002 COVMDIN/DATA/CORD( 2002 ) c NOP(4S0,4 ). INAT(450) . NBC(50),CODE(200) , UX
1(200) . UV(200) .(9CI10) e JBCILICIPRE(ID) , TIABO)I L XDEN. YDENDRX(850)
FORY(450).PRCORD L Z00,2)

o803 cm;nlutlrug.n).m.(a.a A\fiso)-mlls°b.DKSllSO).DIl(lSO).0

- T (2e2F e WI850.2149(430.7) VIS0 P oAVAIA50,2).CVIAS0,2),CAVRA(480,2),

é} PPCVIADY2) +HCAVEIAS0,2) B11{8.8)

8004 COBMON/ INONL/MWYALLZ) CNPLZ.10) AR(2.10).LHI2,10) - .
< JOINT NONL INEAR ANALYSIES
[ LY JHDNLEIN IS A ROUTINE THAT INTERPOLATES FOR S'!éﬂ
< . STIFFNESS MODULUS FROM HYPERBOL IC STRESS-STHAIN CURVES
[ 4 DLTERMINE Twl ADJOINING NDRMAL PRESSURE DEPENDENT
< CURVES DEPENDING OM THE NORKAL PRESSURE ON THE ELEMENT

200 ) LeIMAT(N}

*e00 MYALUESNVAL LT ) - .

2007 IFWALUE'li 3592300+ 310

eece 399 wRITE(64052)

000 4S2 FORMAT(SX, 'ERROR IN NVALUE CARD®) ,

seto JOO Town=) . /8M(1,1) .

[T 31} * . 1F(CAVPiN. T ) -TQUR) 350,330,355

0012 39S CONTINUE

o013 ndscn)-o.s ° 4

o014 G0 10 392, .

[ 1% ) a%e nvai

ople OKSINIZ{(1.~AOS{CAVPINSIII®BM(L1))2982)7aM(].1) .

[ 1134 GO O $72

oots A 310 DO 340 NVs] JNVALUE .

0019 TFCCNPL LNV I=CAYP(N. 2} 360,325,323

0s20 340 CONT INUE

[ 3 INTERPOLATE FOR A AND 8 VALUES CORRESPONDING TO NORNAL
[ 4 PRESSURE ~ LINEAR [INTERPOLAYION 3

.9zt 328 ANISAME TNV I=(ANT LNV I~AMIT NV-2) DS (CNP( T NV I-CAVP(N.2) )/
LECHPLL MY )=CNB( I, NY=1 )]

ooRs | aninontl.nv)-tonll.nvi-oncl.nv-n)Ioccu'(l.nvnoCAvttn.zinl .

—_— ' LECNA{ L NV I=CNP I Lo NV-1 )2

23 5 TOeka) seml

ooz IF(CAVPING] ) -TOUMR]} 360.360¢305

seas 363 CONTIvUE .

o026 OKS(N)=0,.5 -

on2r - GO tU 392 ’

sgze 360 DUSINI=( {1 ~ABS(CAVE (N1 IOBMTYeE2]) LANT
0029 392 CONTINLE »
0030 RETURN -
L LE}] . END . -
SOPTIONE "IN ERFECTe w.eacox:.sme.noust.uooccx.t.w.uouu- o~
SOPTIUNS IN EFFECT® NAME = JNONLN o LINECNT =
SETAVESTICSS SOUICE STATEMENTS = 31 . PROGRAN SIIE - 1690

© SSTATYISYICS® MO DEAGNOSTICS GENERATEQ . v,*“
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m tv ¢-LeveL 21 I OATE = 73191 00703713
00A8 7 c 28 B} R
28 1C=1,10 z
3 § 00 26 JCe1,14
w0 - 20 YYALIC,3C, JS)=FEOAT L IC~1190.50Y¥(1,1,1)
949 o JS1eisel
ovse - 00 290 Ret.s
9051 200 DU 710 JCS1,12
w2 - 2o
8053 202 00 210 1C=1,9 .
oosa IC1a1Ce]
°03S V1o KXALIC, 4C o SSI=RRLIC . ICo IS} \ .
e0sé 02=2XA{ IC1 o dCudS=XREIC1oIC o ISI-XRALIC,IC§JISI XX 1Cy
0037 © OISEXLICY I ISI=RATFC o ICI8)
0058 IF1DY-0.) 203,202,203
a0se 202 D4s). [} -
€040 €0 10 204 : o
00s1 203 D4=(XX(1C,JC,ISL)=RXLIC.JC,ISI) /DD
0082 - 200 DI=AXALICI ¢ JC2¢ IS5 -XX1ICE e dC2o JSI~XRALIC, IC20 IS ) $XXT1C 0 IC2,IS)
0043 Oa=XXICE o JC24JS1-NREIC,IC22JS)
0064 1£107-0.) 206,20%,206 |
004s 208 C1a0.
GQ 1a 207 /
0087 208 DT=1SRUIC,IC,IS11-AREICsIC, 3511706
€068 I0T DOsYYIIC,JC2,JSH-XVLIC,JC, 381 - /
0089 1F{08-0.) 209,208,209
ocre 208 09+0. .. /
" 0T § 0 YO 210 ‘ . N
o2 ” 209 095 1VYYUIC, JCoJS1I-VYYEIC,JC, 4833700
:;n// ¢ 210 XRAC1CJIC,ISLI=XX{ICoICoJ51) 401402904 ¢ 103 007-D2904 ) 409
/
offa 220 0O 229 JCe1,12 /
-6QTs ~JC2vICe2
oo7e 80 22¢ fCe1,9 / -
oer? IC1=]1Co1 J
eo1y DLPYALTCSIC, 3SI=YVLIC, ICod$)
ogre O2=YYALIC. JC203S)-YV{ICeJC244S)-TYALIC, JC ISIOYVIUCLICHIS)
0000 03eYYLIC,JC2¢ JS)-YVIIC, JC4JS)
aes) : IF(D3-0.) 222,221,222
ces2 221 DA=9. !
cos3 €C 1D 223
cods 222 DA=(YY{ICe JCoISLI-YYIIC,JC(JS)I/DY
. ogis . 273 03=YVALICL,JC2¢3S1-YYCICL 4 JC20d5)-YVALICH » JCo IS )YV ECL 4 IC24IS)
0006 De=YY{ICL,J02+3S)-YYLICLoJCsJS) |
oos? | 1R(06~0.) 225,224,229
ooes 224 D¥=Q. - [N
oose - ¢Q TO 226 ‘
cue0 223 OM=EYY(IC,4C,I81)-YYLIC,JC,JS)) /D6
con 226 DA=TX(IC1,JC,IS)-XXI1C,IC,d8) ‘
0092 1E(D8~-0.) 228,227,228 ..
00e3 227 0%=0. 4
0094 60 To 229
caes 228 D9 [XXU1C,JCoIS1)-RX(1C4JC,JS) ) /08

0096 229 vvitsc, JC.JS!D'YY(IC.JC'JSl!bDIODZ‘D‘ {05907-D20D4) *09
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PORTRAR 1v € LEVEL 2t
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qroe
o110
(1331
o112
o113
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e
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OATE = 73191 00/03/13 AGE 000

IC=10 1
00 230 JC=1,14 .
XRACIC s IJC oIS I XRIIC L JC o ISLYORRACIC s JCoISI-KEE[CoIC L 38) v
290 YVA(IC e IC o ISLIYVIIC IC o 3S) JOVPALIC L JC o JS)=-YY (1,4 JCs J8)
DO 232 JC=13,1A |
. B8 292 °1C=1,10 =
© REALICSIC s JSHImRXUIC  JC o IS1IORRATIC,ICe IS I-XX(LIC, JCvIS)
292 YVALIC e JC o JS1IsYVIIC  JC o JSLIOYYALIC L JC o283 -YVIIC, IC, JS? -

290 JSi=ySlel

=1 |
WRITE(6,901)
rc:navclnx.s‘n‘oaaszgg

00 902 JC=1,14

WRITE(6,903)JC, "X"TC"E'JS,'lC‘I'XO, - -
983 FORMATILH o 3RON. 19,3X INX,10F7.3) ° \/

WRETE(69904 I YVALEC,IC, IS, 1Cn],100 - .
904 FORNATIIN (BX,1HY,10F7.3) ’ )

RV

FOAMED GRID COORDINATES/1IN o28Mememmmvem

00 916 J$=2,5
WRITEIS,911)
ou FORNAT (161 ; 34HADJUSTED
o—m 7110)
_MRETE(6,912148
912 PORMAT(LIM (10X,8HINAGE
DO 916 JC=1.14
nl'Efﬁo'lQ)xvlltl||CU 0‘5’;'("01"
914 FoRMAT(IN .;nanu.l;.ax.igx.xoor.;n
)

] -

NRITE(S,913)IYYACIC,UC, s ICe1,10) T
F15 FORMATILIN (SX INY,10F7.3} e
%16 CCwTINUE

CONPUTATION OF VELOCITY le'$ -

READIS,30L1 7T .
301 FORMAT(F7.3)

1T=T1/60. . -

MRITE(40305)
304 FORMATIINI,*VELOCIYY C
“ o)

00 311 JS=1.4

JSiwmgéel

1F(JS-1) 308,306,308
306 MRITE(6,307) JS,IS1
30T FORMAV(IMO.*INAGE® ,12,0=7,12)

ONENTS CLLCM'!D FROM FITTEO COORDINATES

G0 10 312 ! ’ —

308 WRITE(6,309) JS,a51 . | : :
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