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»_Interfaces are artxflczally made types of Joxnts. They occur

_in most’ c1v11 engxneerang pronects.”t~1 _'}f L . -”;ff”iif’
P “Several authors have called attentxon to the 1mportance
eof 1nterfaces in the behavxour of these pronects and to the

gpotentlal r19k that these areas represent. |

K}

; Durxng the 1ast two decades, the study of 501l concrete
ﬁxnterfaces has rece1ved the consiant attent1on of }’
i.researchers. However, the great majorlty of the, studxes were .
: concentrated 1n the area of analytxcal modelllng

o A*standard procedure was é%equently used 1n connectxon
“”-dthh the f1n1te element method to model 1nterfaces. However,

N

.»no d:scusszons of the va11d1ty of the procedures adopted
.could be found Thls thesxs, therefore, concentrates on the
physxcal 1nterpretatzon o@~5011—concrete ;nterfacev -
| ;behaviour. 'j‘)i - ‘f_c' = J"' ';}‘ ‘J‘ f,i :
' Due to the large number of cases 1nvolved 1n thlB area
of study, only planar concrete structures in contact thh a.
; compacted sxlty clay 5011 ‘are - consxdered - |
. T?e "macro"‘behav1our was modelled 1n‘an exper1menta1

‘_hembankment constr[1ted 1n the area of Dxckson Dam. The o

\i

’5results ‘of thls fleld test led to a serles of laboratory

o

Iﬂtests, xncludxng a reduced scale model Based upOn some "’,

&]gﬁobserved feétures of the large test. a phenomenologzcal
'ft-model was proposgd and used to analyse the conventional

ngtechnxques of analytxcal modell1ng.p

Aas'rm\c'r ST e ?' e
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TR It was concluded that these stailard procedurﬁﬁ lack

_-v

p
representatxon of the physxcal.phenomena 1nvolve& 1n the
w}f behaviour of sozl concrete 1ntﬁrfaces._‘5'7ﬁi}* .9;5Q1”gl,e
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1. INTRODUCTION

. ’ ’ v
1.1 GENERAL
, S ) S 4
‘The objective of this thesis'iS'to SEUdy the behaviour

of 5011 structure 1nterfaces Desplte the frequency df the1r'

voccurrence in most large c1v11 eng1neer1ng progects,gfcant
‘attention has been g1ven to the subject 1n partlcular to
'the fundamental phys1ca1 phenomena and thelr interpretatlon

as well as to the 1nfluence on- the behav1our of . dhe 3011
.mass,_‘ o ‘“_;_ ) SRR §s' " ”~t y ».,

" For the purposeslofvthis research'the'sbructure‘is
"-,repreSented by a planar concrete wall and the SOll mass by a
7 e

compacted so11. Therefore, most of the d1scu551ons presented

fdur1ng thls the51s are related to problems such as JOlntS ,
‘between earth and concrete dams,‘reta1n1ng walls or w1ng

hwalls of br1dges. When appl1cable, reference wlll be made - to

4+

other examples.

E

¥ 2 BRIEF u:smony or THE TREATMENT or SOIL CONCRETE "

A
5

: 1INTERFACES - X 7;.1_]2'~,.. '_“;*«‘ el

The stab111ty of 3011 concrete 1nterfaces Was of great

‘fconcern befoge/the beglnnlng of the last century. In 1776

~

TZQCoulomb-developed a Fethod of determ1n1ng the 11m1t1ng earth‘

'fpressure actmng on reta1n1ng structures, consxderxng the d

-,

'fjeffect of the fr1ct10n between 5011 and structure. Later 'in“p

'ﬁ1857 Ranklne presented a»sxmllar theory not cons1der1ng the"'

L ed

;effect of the frlctlon. These two 1ndependent erks comprlseff_

P s



A";problems.

the Cla551ca1 Theory of Limit Equalibrium and.their..

Tappllcab111ty is w1despread and sditable for most practlcal
- . ) B : ‘ \/ .

However, 1n %bme cases, not omly the~£act6riQf safety

agalnst collapse is des1red but al o the deVelopment of
ystresses and stralns both at the in erface and in the
adjacent so1l mass 1s of 1nterest: Analyses using 11m1t
equ111br1um fail to furnlsh thlS 1nformat1on.

| W1th the advent of numerlcal techn1ques,‘such as the
'finlte d;fﬁerence_method, the boundary element method and
'themfinite‘elementimethod the'calculat1on Qf stresses.and

stra1ns in 5011 masses became poss1ble, even 1n J

i c1rcumstances where exact solut1ons (closed form solutlons” S

/

"based on the theory of elast1c1ty) were not avallable.

' Among the methods ment1oned the f1n1te element method
vlS of partlcUIar 1nterest for 1ts flex1b1l1ty in modell1ng

complex problems, 1nc1ud1ng anlsotropy, nonhomogene1ty,‘”5

;complex geometry and’ d1scont1nu1t1e§. The last p01nt 1s a

very common feature of rock masses (jOlnts or fractures) and

efforts have been devoted durlng the last two decades to

. .4mprove the, methods oﬁ modelllng. As a result of thxs l1ne f;f,“ o

°

°'der1ved termed Jo1nt element._ f,7',7§ff o i,jee v
. N B . o N AR

e;...

Due to the 51m11ar1t1es between the representatlon of

R e,

ﬂdlscontlnu1t1es in. rock m ses and so11 concrete 1nterfaces,

RS 93;

: Q;Ju51ng the f1n1te element method the 301nt element pecame

‘of analytlcal research a spec1al type of element has beenllyef :



the 1970's, the study of this type of interface has been
reinitiated, witﬁ special attention éo the area of numerical
modelling (the first reported joinf element is dated 1968).
However, irrespective of the differehce; inherent in these
two classes of problems (jointed rocks and soil-concrete
interfaces) advances in finite elementltechniéues for
interfaces, based primarily oﬁ ﬁo{nted rock concepts, have
been developed in an uneven propo}tion to the understanding
of the physical processes involved in the soil-concrete
interface. Furthermpre; theﬂemphasis in numerical modelling

seems to have overshadowed fundamental physical concepts,ﬂas

{
{

well as the urge for field observations, of the interface//
behayiaur.,The for@er is of’gtmogt importance 1in avoidiﬁb
misinterpretation of the basié'mecganical processes
influencing the interface behaviour. The latter is the only.
possible method of ensufing that the advances in ‘analytical
modelling lead to a more realistic representation of the
problem, since exact solutions based on the theory of
elasficity (closed form solutions),'are not readly
available. .

Therefore, a brief review of‘!?ﬁ% mechanical‘conéepts
of elastic bodies in contact will be presented in .the |

following section, aiming to revive. the fundamental theory.

L]



1.3 MECHANISTIC VIEWPOINT
An 1mportant mechanlcal concept governing the behaviour

of interfaces between elastlc bodles can be found not in

advanced engineering baokd, - but in cla551cal physics and
statics books. As will be shown during the bresentation of'

this research, this basiclconcebt seems to have been1

A

neglected and replaced by more complex theories, not always

~
. i,\

more approprlate, to represent the phy51ca1 process
involved.
For the sake of this introdectory preéeﬁtation, a
simple example wi}l'be_discgssed,~es-shown in-F}gure 1.1,
« This figure depjets an elasticleody;zkw'restiqg on a

inclined plane. This‘plane has.variable‘angie of ‘
ieclination' 9.-Fifst iet.the angle 6 assume a null value.
In this conflguratlon equ1l1br1um‘of the system 1s ensured
by a Vertlcal reaction equal and opposite to the body force
that is, only the vertical component exists,

If the angle 6 is increased, a component of the tody

L

.forces, acting iafallel to the inclinétion 6 of the plane

i

will be generate To satisfy equ111br1um in this new
conflguratlon a reaction -(equal and in opposite d1rect10n)
appears, acting at the interface. As long as the value of
this reaction; 7, is not overcome, the system sétisfies.
equilibrium and no movement can be observea.

» For continuous increases in the angle 6f inclination

there will exist an angle § for which the value of the

reaction 7 will assume its maximum value. This angle is

K



W - weight of elastic body

- T— shear stress

A FigUrea1.1'The‘Cbncept of Two Elastic Bodies

in Contact



calied the "crictical angle". Any further increase in 6 will
cause block "A" to slide on the inclined -plane. At this
moment, equilibrium is no longer satisfied, tle value of 7
is constant and is equél to its maximum possibieivalue. It
is said that, for this angle 6 L block "A" has overcome
the "staiic gf&t;ion" and the i;;;ent of 6.' ~ is called
the coefficient of static friction (u). Thecséiue'of u is a
property'of the‘interface and, as such, is unique. It will
change only if one of the elastic bodies involved in the A
experimgpt described above is replaced. |

The value defined in the above discussion is of
fundamenfal importénée because it seems to be the only
exiéting'fundamental quan;ity.that can be measured for'an
interface.-As a fu;damental quantity, this concept holds fofu
any type of interféce under any circumstance. This concept,
however, does not cbnsider‘strains and'displaéements." <

_Furthermofe, the recoéﬁition that.tangentiai stresses
(reaction T) are‘déVeloped to maintain equilibrium‘is also

y .

of great interest for the discuSsion-that'follows;

_All these points wil} be furtherJexplored in later

- chapters.

]

L

&,
it

ff& OBJECTIVES AiD SCOPE OF THIg RESEARCH ' :
This research aims to discuss three major issues
related'to'the behaviour of interfacesfsoil-concfete.
"First, the anajysis of the interface iﬂw%%rmsgéf
stresses and displaéement.will’bé considered. - |

18
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In this part it is intended to create an overall
understanding_of.the behaviour® of interfaces and‘their
infl@ehﬁe on the behaviour of the soil mass‘pleced adjacent
to the structure; For this purpose, a program-of field
insrrumentetion was planned and carried out in an
experimental embankment; This part can be regarded as ; view
of the macro behaviour of the interface.

The analysis of this first part led.to a’tentative
description of the physioal behaviour of this type of
interface, in-order to explain certain observed features.

Finally, rhe use of the fﬁnite.element method as a tool
for analysis of interfaces is addressedl«As will be seen in
subse&uent chapters, several methods of analyses have been
proposed in the past. However, in mosr‘cases, only one type
of test is'generelly'used'to derermine the parameters for
thevanaiyses, naﬁely the direct shear box test. The
suirability of this test ;o~}epreseht the behaviour of
interfaces is discussed based on the physical,interpretarion

of .the interface behaviour.

.1 .5 CONTENTS OF THIS THESIS

\-' '~ The first step of thls research 1ncluded a detaxled

. study of the avallable 11terature‘on So11-ooncrete
interfaces. This is rev1ewed in Chapter 2, and demonstrates
ithe nece551ty for f1e1d observatlons of 1nterface behav1our.‘
U Thls sub]ect is covered in Chapter 3 whlch descrlbes a
program of field 1nstrumentat1on carrled.out in a test fili;

I
|



- 6 ) * ) . . ) 0y .
built in the area of D1ckson Dam, Durxng the design of the

field 1nstrumentatxon, the need to develop new field

1nstruments was facer Therefore, two new devzces ‘have been
& e
created and are descr1bed

A1m1ng to reproduce part of the fleld 1nstrumentat10n,

Chapter 4 describes a reduced scale prototype bu11t in the

1aboratory. Under these more controlled cond1t1ogs several
features could. e observed and as a result a ‘ ’v\
phenomenologxcal model" was der1ved.’This model.is
:described in.Chapter 5. Apart from its presentation)
rexamples are deSCtlbed to prove its rel1ab111ty and

approprlateness in descr1b1ng the 1nterface behaviour.

F1nally in Chapter 6, a-F1n1te Element'analyses-of the

test embankment 1s presented The features of the program .

L3

used are descr1bed and examples prov1ded to assess the
’rel1ab111ty of the program. ( |
In Chapter 7 the main concluszons are summarlzed and

recommendatlons for further reseach are presented. -

.



¢
" \ 2. ANALYTI CAL' ‘ VERSUS EXPER IMENTAL MODELLING
‘ - ) 4]
2.1 fnmnonucmxon :
’ | In this chapter a llterature review is presented
-emphas1z1ng the most pertlnent art1cles for this research
The review is subd1V1ded 1ntovtwo parts. In the £1rst part_
some o@ the Joxnt elements used xn connectlon with the
f1n1te element method are“descr1bed The objective 1s to-
£am111ar1ze the reader with some of the Tost used
‘technlques. _
In the_second.part*some applications.of:these methods
in problems involuing soil-concrete lnterfaéeslare described‘
w1th spec1al attent1on glven to the reports presentlng
' const1tut1ve models. This is followed by a summary of ~some
: pract1cal experlences related to actual eng1neer1ng
_.pr03ects. Th1s second part 1ntended to draw attentlon toathe f
lack of_exper1mental observatlons of Pnterface'behav1our.
< .
2.2 LITERATURE REVIEW
2.2.1 The Concept of Joxnt Element A
The f1n1te element method 1s a very powerful numer1ca1
V method able, at least in theory, to solve the most complex
i problems encountered 1n c1v11 eng1neer1ng. Its ab111ty ‘to
1ncorporate complex1t1es has made the method one of the most

. used numer1cal techn;ques now avazlable.

A
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Among the available formplations used in the method,
the most important of which, widely used in the solution of

practical problems, is the displacement-based finite element
¥

formulation. The major reasen'for its wide_ﬁse is its
v simpliciﬁy; generality‘apa'good'ngmericai propertieé‘(Bathe
and wilson, 1976) Other formulations, not used as often. are
the equlllbrxum formulat1on, hybr1d and mixed methods.
, ~ Whenever the finite element method is referred ‘to in
this thesis it is the dlsplacemenégpased formylatxon, unless_
stated otherwise. . 3" e 18] | |
In the dlsplacement formulatlon, the selutlon of a
part1cu1ar problem can be summar1zed as the solution of a

'set of l1near equat1ons of the type..

| KU = R

'wherer:
R - 1oad vector 1nclud1ng all the forces

actlng in the body. |

U -'d1sp1acement vector and the unknowns

6._of the problem.v_

o &Pfastiffness“of the body."
. . - S ._‘.0 | . ) .

The matr1x K can be determ1ned as follow (Z1enk1ew1cz,f

1971).

K = I [B)i[ Cly [B], av,

-
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(Bl - geometric matrix for the element
(cl: - constitutive matrix ofethe element
dv, - integral over the volume
The integral over the volume aoplies.for threel
‘dimensional problems. For most eiviltengineering
applicetions,‘plehe analyses oanebe performed (plane stress h
or plenewstrain) and then the integral is eValuateo over the
‘area of &he element.- |
kUhder certain circuﬁstances the formulation of the
st1ffness matrix, as presented above, becomes‘hean1ngless
51nce ne1ther geometry (area) nor- elastlc propertles can be
ass1gned to a part1cular region of the contlnuum' such are
: the cases involving fractures~1h.rock masses,'or
'soil-cohcrete interfaces. For these perticular'apoiications a
‘spec1a1 formulat1ons have been derlved based on technlques'
'such as Lagrange mult1p11ers or the constra1nt methods
_(Zrenk1ew1cz, 1971; among others)

i Oon thehother hahd{ if}thevjoi:t can be aésumed.to have
some thickhess, such as‘when rock joints are filled with
soil, the defihition of the.stiffness matrix; as presented
above., holds and the representat1on can follow the
Aconventxonal der1vat1on.

In the followlng sect1on some of these formulatxons are
brxefly revzewed
~ I't 1s worth ment1on1ng that models der1ved to represent

flUld flow through d15cont1nu1t1es CSUCh as Noorlshad (1971)

or Gale et al (1974)) are not 1nc1uded in thlS rev1ew.



- 2.2.2 Review of Analytﬂcal formulations
In this'séction 15 different joint elements are
\ g;ésented fincluding a brief destfiption of eachlilh
Fxgures 2. 1 and 2. 2 thelr geometry is shown and the notatlon
-used in the text is expla1ned 1n these figures. |
It is of interest to notice that most of the'joint
“elements found 1ﬁ the literature*foilow either thquoodmah
et al (1968) proposition for_zero EhickneSS'éiements‘or
Ziénkiewicz:et’ai (1970) for finite thickness elements.

The element prépbsed by Goodman et al (op.¢it;) has
been impfovéd twice by the same}author (1972 and 1976) to
account for d1latance and rotation respect1vely |

The element has four nodes and eight

,degrees-of-freedom. The "strain vector” {e;}ﬂfor the joint
element is défihed by the.relative diéplacéments and
rotations of the two sides»(toé’and bpttme measured at the

centre of the element, as shown in Figure 2.1, or:

]

T _
{e; 7 = [Auo Av, Awe]

where,
Uo, vo and Wo are shear,vnormal and

vrotatlonal "straxns" respect1vellya

This "joint sbrain” is felatea't°.theh"°dél
displacement using the relationship: |
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- .nor

{e;} = [T]Mu}

and thd stresses can'be found usin§ the constitutive matrix

. as: ’ - ‘ i

{o} = [Ci]{ey}

where,

in which,
K, - shear stiffness (simflar to K.)
:;j Kn}-~n6rma1 stiffness S o

E k- rotational‘gtiffness

w

fast'term can be expressed as a function oflthe

.‘x,=(x,,k‘1{)/4

1= length of Jo1nt element

" has six zero terms, suggest1ng that dllatancy it not

) .-uv‘ ¥ . . od
cons1dered -_.Q : B R

ThlS element has been used exten51vely 1n the past and

-

several mod;flcatxons have been proposed to accompllsh

14

»vfffness‘and equals: . . _ - \_‘,

;. Y 5Q§uld be notlced that ‘the constltutlve matr1x [C ]

¥
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specifﬁe heeds. In 1972,'Rouvray ana'Goodmen preeehted a.
"modified formulation aiming to‘aecpuht for initiai etress'
dependency on the joiht parameter§ d11atancy and a crlterla;
for crack initiation in rock blocks.

R Althdugh the basic formulatlon remalned unaltered the

e

‘-Jconst1tut1ve matrlx was reformulated u51ng the ‘

"Perturbat1onal Method"r(Heuze, 1971) to derlve the
stiffness parameters. Dllatancy was con51dered u51ng a
51m11ar approach (Perturbatlonal Method - Goodman and
_Dub01s, 1972) 51nce the evaluatlon of oﬁf d1agonal terms K, ,

'and'Knj in the matrix:

v

is rather diff&cult - - :
These two terms represent the effect of the shear

7

stress on the normal dlsplacement ‘and vice- versa,.or-'

Ken = [GT/SV]- .
SRREY
tandr -,
C Ka. = [8o/801
- « .. S V._," ) o
'where;}ﬁ-°

r ~ shear .stress

¢ - normal stress

e



u,.v - shear and normal dlsplacements.

“The, element propoSed by ZleﬂkleWICZ et al (1970) has

. been mod1f1ed by. Sharma et al (1976) and applled in several

ldlfferentApractlcal cases.," | .

Zlenklew1cz drew attentlon to the dlff1cult1es arlslng
1n the use of solld elements to represent 1nterface‘

behav1our, prlmarlly caused by*the elongated geometry

Ry

(narrow and th1n) of thls reg1on.(Therefore, zlenkxew1cz

»

‘der1ved a pew ]Olnt element capable of assumlng such a

conflguratlon. 3 7i.. | .
_ o - )

Although thlckness is con51dered when computlng the

element propertles, the nodes represent phy51cally the same

\

point (same coordlnate) In other words, in the general

[+

.descrlptlon of the problem the element w1ll be represented
by the,two m1d 51de pomnts A and B in Flgure 2 1
The dxsplacements are descrlbed uslng llnear shape

S

.funetlonslof the,type;

t '

= 2x‘/L':
and ) .‘ . ! v. . . . ) : 5 | l/' ' ,- )
n=2y'/t

%r‘-.

where

£ and'n.- local'normalized?EOQrdinates
x' and y' - looal coordinatés - o
- L - length of ]01nt element

#

Tt -'thlckness.oﬁ Jo}pt elementf
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Thereafter, the element'is derived as a conventienal
isoparameteric solid element.

Sharma (1976) used a similar formulation to derive a
new model to study the behaviour of a 260.5 m high rockfill
dam with vertical and inclined eores (Tehri dam). This ‘
formulation assumes a nondilatant joint with zeroA
of f-diagonal terms in the constitutitive mattlx.

Another two types of elements were presented by
Ghaboussi et al(1976) and Desai et>al (1984). Both assume
that the element has a finite th;ckness. The fotmer defires
the relative displacement between the two continuous masses

1 ip

as 1ndependent degrees-of-freedom for the element

‘Ghaboussi's joint element has only two nodes as shown in

Figure 2.1. h : . A

The displacements degree-of-freedom of one side of the
slipping surface is transformed into relative displacement
-t

.t s

of the element as follows: R

[} ' ';'

t .b - N
Ui = Uib +' AU] A
where superscrlps b and t refer to "bottom” an§ "top" solid

5 %

elements respect1vely Similar expressions canébe obtained .-
for the second direction and-for the other nodes (see
Figure 2.1)

Since the element has thickness, joint strain can be
defined as:

{6} = 1/t {AH} . y, . &

wnere:“ ' j



e - shear and normal strains
t - thickness
Au - i1ncremental shear and normal

@

displacements, in local coordinates
The general formulation for the stiffness matrix in
local coordinates is:

. T
(k] j [B] [c] (B] aa

n

where:

[B] - strain-displacement relationship matrix
(C] - constitutive matrix. ’
This element was used as the basis for the derivation

-

proposed by Saha (1982) for a new element.

The element described by Desai et al (1984) is a
conventional isoparamétric element applicable to a large
range of aspect rat?gs (raftio between sides of the
elements), but it %iffegs/trom the Zienkiewicz et al(1970)
element in its definition of the constitutive matrix [C.,j.

Experiences repofted by Desai et al (1954)h§uggested
that aspect ratios up to 0.01 can be applfed with no risk of
numerical problems. Furthermoré, such a ratio should- be
satisfactory for simuiating‘most interface behaviour.
Details of thié‘element'are also presented in Figure 2.2.

Finally, a similar approach was used on a Separate

occasion to derive the last two joint elements presented.



Figure 2.2 Details of Some Joint Element Formulations -

cont.
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b - average dimension
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Herrmann (j978) and Katona (1981) proposed joint
eleme;ts using the "constraint method". The first element
uses springs (Lagrange multipliers) to represent a
particular constraint applied to a pair of nodes, initially
in contact (same coordinates). The springé‘can be nonlinear
and the bond thaf they represent can sustain a maximum load
equivalent to a maximum shear stress determined by Coulomb's
equation. Only after the attainable stress is fully’
mobilized, relative displacement (&) occurs as slippage (if
in the tahgential direction) or separation (if in the normal
directioh). The method is both incremental and iter;tive_in
order to allow nonlinearity to be included andtto permit fﬁe
desired mode of deformation to be assumed (e.g. linkagé;
separation or slippage).

On the other hand, Katona (op.cit) used both the
constraint meth&d and the directional stiffness formulation
(the later is the conventional method uséd, for example, by
Gooéman) to derive his elemgnt. However, instead of using
Lagrangian multipliers to represent a particular constraint,
the aufhor applied a constraiﬁt equation directly in the
basic. equation of'the Prinéiple of Virtual Work. Thus, a

v

constraint ‘equation of the type:

H
o

Cu - a

where,

Cc - constrainx‘coefficient matrix
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'a - specified constant (e.g. displacement gaps)
u - incremental displacement vector.

_'and the consequent virtual work done by the force causing
this particular cohstraint, thét assumes the form:

- T T
constraint wvirtual work= 6u C A

where, ’
bu - variation in the displacement vector
A - constraiﬁt fofce ‘ )
can be inserted in the general equation of the principle of
virtual work, to get the final general equation including a

~

constraint. ,

In this formulation, three modes of deformation can be
imposed in the tangential direction (fix, free or slip) by
selecting appropriate constraint matrix and load vectors,

Using this method the author simulated an idealized
buried pipe and compared the normal stresses and shear
tractions with exact closed form solutlon for extreme cases
of friction (bonded and frictionless condltlons) The
results show very close agreement and a‘third example, using
an intermediéte condition {frictional slip) falls between |
the two extreme cases, as expected. .

A summary of the elements discussed in th1s section is
listed in Table 2.1, In this table the most 1mportant
.character1st1cs of each element are presented

It is worth mentioning that, although the formulations

described in this section are not identical, a commom

-
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feature can be observed in the majority ot the joint
-elements, viz, the parameters for the anaiyses are obtained
from conventional dlrect'shear‘box,tests. The only exception
found in the literature was the publication by Desai and his
co-authors (1984), where.the patameters for the element are
derived:fibm eISpecial apparatus calledwthe

"CyClie-Mhlti Degree-of—Freedom Device" (Desai, 1980).

t §ome of these elemente have been implemented into
finite element programs such_as; "Finite element
Isoparamettic;‘Nonlinear with Interface interaction and
Non-tension (FINLIN)" developed at Purdue University,;or g
'"Culvert ANdlyses and'DEsign program (CA%DE)" developed at
the U.S. Navy Civil Engiheering-Labdratory. Another two
programs have been d;veloped at the Unlver51ty of California
- at Berkeley by Duncan and his co- workers. A very
comprehensive discussion of some of these programs;is
reported by WU,(1980). |

In the next section, a review of some reported . -
experiences Where.these numerical models wereusSq,{s'
presented. This feview was carried oﬁt‘to demonstrate that
the ava11ab1e l1terature is 1nsuff1c1ent to supply the |

necessary 1n£ormatlon for more detalled research work in the

subject.

2.2.3 Revxew of Soil Hechanlcs Experlence 0
‘The f1rst Jo1nt element was neported in the llterature

in 1968. In the eatly 1970 s the first model that could

L3
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account for partlal‘sllp (or partial bgnd) between the
kst:ucture and the ‘adjacent soil was proposed (Clough and
!Duncan, 1870). Following a similar approach used by Duncan
and Chang (1969) for nonlinear stress-strain relatdonships
for soils, Ciough'and Duncan (op.cit.) fit a hyberbola to a
series of standard shear box test results, The sample was
composed of concrete\in the lower half of the box and sand
in the upper'half. The gap between the twoAha1Ves.was kept
as small as poSsible and the relative movement between the
two haives of the box was assumed to be entirely due to
interface movement. In other words, it wae assumec that ';
fa@lure occured at the interface. | . |

- An . empirical equation Qas derived based on a normalized
plot accofdind\fjgure 2.3. With this approach the value of
the "tangentialfstiftnessﬁ (K.), cculd‘be‘obtained. This
value varies with normal stress and the reiative
displacement. According to this study, the value of the
~normal stlffness (K ) should. be kept very high to avoid the
elemenga representlng the 5011 overlapp1ng w1th those
elements simulating the concrete. h

.These two valueS-(tangential Stiffneee -VK‘ or C,,, and
normal'atiffnesa -R, or C,n) were assigned to""joint
elementsf {Goodman's type).

Q‘Using the proposed formulation, an analysis of a
retaining~Wa11 was sinniated and'the results of the‘passiee
and actlve earth pressures show good agreement for '

_‘condltlons not near the 11m1t equ1l1br1um, for both rotat1ng



’ NORMAL STRESS

: Hyperbolic Representation
~ Actual Stress -Displacement Curve
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Kg =tangential stiffness.
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Relative Deformation (As) 0 n=normal stress

n = stiffness exponent
R- = failure ratio
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. Figure 2.3 Derivation of Hyperbolic Model
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3 N
and translating walls,

The formulat®on was also used to analyse the earth
pressurs caused byvé sand backfill during the construction
stages of the Port-Allen Lock (Duncan and Clough, 1970) with
some degfee of success.

The interest in the subject increased during the
1970's, specislly in the area of earth dams. It seems that
this\suddén motivation was primsrily promoted by the
reéognition of the "potential zone of cracking andi
consequent hydraulic fsacturing" (during first impounding)
that such éype of interface can represent.

This risk was first ‘recognized by Vaughan and Kennard
(1972). For the case of Cow Green Dam, instrumented with
cohtact pfessure cells at the interface befween the concrete
and the earth dsm,sno risk of ﬁydrauliq fracturing was
detqsted; Measurements showed that the normal stress in the.’
concrete wall 3?5 consistently equal to 70% of t?@. |
overburden pressure for four instrumented elevations.
H?wever, it is importaq; to sgficé;that the measurepen; ofl
normal stress by itself.does not provide sufficient |
information to define the "state’cf stréss" at the gall.
Therefore it is -inconclufive whethe: or not the observsd
values were a conseguence of derbutden‘pressures solely or
due to some loéé transfer mechanism that could have
happened.‘This point is further discussed in Chapter 3.

A simélar point pf vieﬁywas di5cussed by de Mello

(1977) in the 17th Rankine Lécture, undér the heading
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.

"Design Considerations at the Critical Wrap-Around Details”.
According to de Mello, discontinuities are the most critical
poihts of design in embankment‘dame. He quotes the contact
core-concrete as a problem,of great responsibility with
respect to cracking and piping.\

Probably spurred by these two very important papers,
the International Commission on Large Dams devoted an entire
eession, during the 13th International Congress on Large
Dam; (New Delhi, 1979)( to debate the subject. Due to the
practical nature of this Congress no major advances towards
the phy51ca1 or mechanical understand1ng of the behav1our of °
interfaces were reached, but it was a valuable opportunity
to evaluate and call attention to several "unexpected’

behaviours.of this type.of junction.
& :
Empiricism and engineering judgement are the criteria

‘most used in designing this iméortant zone of a dam. Often

past experience degenerated into a "rule of thumb". The
placement of clayey material, wetter than the optimum °
moisture content; compacted against a. sloped concrete
structure (this angle can vary from 70°-85° almost at
ranéom) igs today assumed as a design criteribn.

B ‘Subsequently, in the International Konference of Soil
Mechanics and Foundation Engineering held in Stockhelm in
1981, another ségglon was dedicated to the subject. Dur1ng
this conference an 1mportant contr1butxon was del1vered

(Roa, 1981) Roa used a ‘linear- elast1c perfectly plastic

\)

" best-fitting approach to represent the behaviour of shear
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box tests in jointed rocks, as depicted in Figure 2.4. The

conven, ot his proposition is its simplicity and the

abilid lipde'loss of strength with increasing
?hivalent to strain softening, not
iFigute 2.4). .
iwdcqing the Fourteenth International Congress on
%j held in Rio de Janeiro, another 1mportant case
f;s presented It reports the behaviour of Roxo Dam
f;e Mello and Teixeira Di:eito,A1982). .
f dam was built in Portugal between 1964 and 1968,
ihfter-completion, signs of a defective behaviour in

the ea h. dam, near the interface with the concrete

struct;;;} was detected in the form of exce551ve

1

_ settlements. - : | R

cal geology comprised schist‘and porphyry. In the
hlthe quality of the foundation did not raise..
problems. In the right abutment, on the other
hand, the quallty of the rock (ma1nly porphyry) became
clearly worse and the formation showed faults and veins of
schist and_wlde vezns of heavily fractured quartz.

‘The defectlve behav1our was monltored with no major

concerns regarding the causes of the problem until 1973

.Since 1ncreaS1ng settlement per51sted it was deczded to act

L3

in order to normalize the 51tuat10n. At that time two k1nds
of act1on were suggested and discussed, One advocated very
drastlc measures such as ‘the removal of the whole affected

fill and 1ts subst1tut1on by another one or two concrete .



Test Results ,
‘— - — Hyperboli¢* Representation
"(Clough &Duncan,71)

T

— -— Bilinear Represention -

(Rog,81)
-~ .
v
[7; NN
b
)
15
-0
[N ~
£
n
| ! I >
Relative ; Dispiacement As
‘ <
‘ 3
T¢ = On- tand where  On - normal  sfress
' : ) - friéi‘ign angle
: : D a
: N - L , Oy Ay
- Ks = tan fi = K|7w(_-p-u) for T<T7;
Ks = ton @y = TRIE for T= Ty

where :'Ki.,vn - nondimensional parameters
Pa - at}mospheilc _ pc;ggsure

Figure 2.4 Derivation of Bilinear Model

e



30

‘sections., Such a solutionhwas strongly contested due to the
costs involved, Ihstead, a series-of-conSecut&ve measures
were adopted,. hoping that some relatively simple and
inexpensive remedial work would be the solution. Hencer
between 1973 and 1976, more than one hundredvboreholes‘were
drilled for -cement injection, instrumentation of high -
accuracy, sampling and so on. . .A : S

Since no success was obtained atter all these measures
were trled,.the solution of removing the earthfill affected
by the_excessive settlement and its'replacement by another
four blocks of concrete was undertaken.

In their conclusion, the authors' comment:

'"Unfortunately, the matter is not completely cleared

up, although certaan facts can be pointed out, eadz‘

of them, though, insufficient to justify the \

behaviour-of the dam." '

In the writer's opinion, this case.history jUstifies'by'
1tself the need for a more detalled study of 1nterfaces, |
although it is not even completely clear whether or not the

.1nterface was the pr1mary cause ofithe defect1ve behavxour
observed. Even with todayos level of knd%ledge it was not
‘possible to phy51cally understand the reasqns for the
excessive settlement close t0'the‘501l-concret?afnterface;

It is trUevthat the number of dams;Successfully

:constructed using today 'S state of the art of 1nterface

des1gn 1s much larger than the number of dams that showed

defect}ve behaviour.

~

-
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o

However, as mentioned by De Mello (1977), despite the
importance of this region of the design of dams, only scant
attention has been given in thelpast to an understanding of
soll-concrete }nterfaces‘behaviour. Surprisingly, aé was
me@tioned before, numerical modelling, using the finite
el;ment apb}oach,'is far ahead of the development of the
phyéical understaﬁding of soil-concrete interface behaviour.
(e.g. Desai et al, 1980; Desai et alj}984). In the writer's
opinion, this seems inappropriate,Asng% modelling should
follow a:complete understanding of the "physical behaviour” S
and}not vice-versa. |

Furthermore, none of the reports found in the
litergture and described in this section, have attempted to
measure shear stresses and shear displacements at the
interface. At most, measurements of normal stresses have
been reported. However, to understand the behavjour of
interfaces and the influence of the structure in the
behaviour of the adjacent soil it seems of utmost importance
to observe the shear‘stresses actiga'at the concrete wall,
'since these are the governing stre§g§§>for the behaviour of
the adjacent soil, as will be discuéséd in later chapters.

Therefore, the study presented in the fqllowing

chapters will focus on the shear stresses devéloped at the

interface rather than normal stresses.
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2.3 CONCLUSIONS
The literature review presented in this chapter showed
a lack of information on the measured behaviour of soil
concrete interfaces. Furthermore, most of the
instrumentation programs discussed failed to determine some
of the most impoftant parameters for the analysis of such an
interface, viz:
- measurements of shear stress, and shear
displacement (relative displacement between the
soil and the structure at the interface). These
are the minimum requirements necessary to fully
understand and model the behaviour of an
interface.
- measurement of stress and displacements in the
fill, including its trend towardg the rigid
boundary.
In order to accomplish these tasks, a test embankment
was built in the area of Dickson Dam, at that timé (1982)
under construction in Alberta. This test fill is fully

described in Chapter 3.



3. TEST EMBANKMENT

3.1 GENERAL

| The major purpose of the Test Embankment was to cover
the gap between "analytical modelling” and "real behaviour”
of the prototype.

As in any field instrumentation project, the:
instruments have to provide the maximum possible
information, with a minimum number of instruments. In the
particular case of interfaces, the cost of the concrete
structure governs the size of the test area (it represents
aéproximately 20% of the total cost) and and the size
dictates the number of instruments that can be }nstalled in
the test fi1ll.

In this chapter a detailed description of the Test
Embénkment will be presented, including the geological
features of the area, construction procedures, design
details, gquality control and instrumentation used.

It is worth mentioning that the state of the art of
interfage instrumentation in the early stages Qf this
research induced the conception of two new instruments. They

will be fully discussed in following sections,

3.2 DESCRIPTION OF THE TEST EMBANKMENT
The Test Embankment facilities included a 6 m high, 6 m
wide reinforced concrete wall built prior to the fill

placement. The area available for its construction lies §

33
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9

within the reservoir of Dickson Dam, at that time (1982)
under constfﬁction. The location of the dam sit;fis
presented in Fiqure 3.1. The nearest city i1s.Innisfail,
which is located approximately 250 km south of Edmonton,
Alberta, ‘and the dam site is about 25 km west of Innisfail+:

The choice ot locating the test area at Diékson Dam,
and in particular inside the reservoir of the dam, was -
adopted for three main reasons:

~ to avoid interference with the dam construction,.
- proximity of material for backfilling.
- availability of contractors on the site.

At the same ti;e this location imbosed restrictions,
the most important being the méximum elevationdallowed at
any point inside the reservoir. Since the site which was
chosen was already at the maximum elevation permitted, the
embankment had to»be built inside an excavation which was
opened‘up before the concrete wali was built.

The site lies in the Western Alberta Plains, just east
of the Foothills of the Rocky Mountains. The area has a flat
to gently undulating surface, except where glaciation and
river erosion have formed broad, "U" shaped valleys. Thus,
the stratigraphy generally consists of a thin cover of
alluvially and glacially derived sediments overlying
Tertiary sedimentary rocks of the Paskapoo Formation. The
latter'comprises layers of sandstone, siltstone, claystones
apd shales with minor layers of carbonaceous shales and

~

aréillaceous limestones. (Alberta Environment, 1380,
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0 20 % 100 krm

Figure 3.1.Location of Dickson Dam Site
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Report#8-31-0044). Several discontinuities can be identified
in this material, most of them vertical and sub-horizontal.

Morgenstern and Eigenbrod (i974) tested several
argillaceous materials including some samples of the
Paskapoo Formation. They have shown that ;ost of the clayey‘
formations lose their strength rapidly, especially when
immersed in water. According to their study, a loss of up to
90% of the original undraingd shear strength can take place
in few days.

In order to avoid the'effect of the weathering process
indicated abov;, the excavation for the test fill proceeded
in two phases: During Phase I a small wedge of the material
was rémoved, leaving én abutment inclined 1H:4V and enough
Space for the construction of the concfete wall which rests
on that slope, as depicteé/;n Figure 3.2.

As soon as the concrete wall was completed, Phase II of
excavakion proceeded, the f{nal dimensions of the excavaﬁion,
being 100 m‘long (parallel to the wall) 25 m wide .
(perpendiculér to the wall) and 5.5 m deep. Plate 3.1
provides a general view of the excavation s;ages;

It is important to notice that the excavatioﬁ was made
100 m long to facilitate trafficability during excavation
and backfilling. The "Test Embankment" was considered as
only the center region, comprising thevcenﬁer 18 m with
respect to tﬁe center of the wéll'(9 m each'side), Quality

control was carried out only in this area.

13
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Figure 3.2 Seduence of Excavation



a. Beginning of Phase''| of Excavation

b. Final Ex&avqtfon and CoﬁCre;e‘Wall

Plate 3.1 Excavation Stages
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Immediately after the excaQation was completed the
backfilling began. The fill was placed iﬁﬁ15 cm (6") thick
layers after compaction.
The construction sequence used is described below:

- Approximately eight loads of loose material were

placed on each side of the embankment area, using a -

scraper.

ﬁ\

- A caterpillar D6 bulldozer spread the fill forming

a uniform layer,

- When necessary a water truck was used to bring the

material to the optimum moisture content.

- A sheepsfoot roller compacted the material. A

tentative method showed that 8 passes would produce
¥

°

,the,desired degreé of~compactiqn.
It is generally known that compaction using a hand held
compaction machines induces a rather different structure in
coméacted fills, as opposed to compaction using sheepsfoot
rollef. In order to reduce to a minimum the amount of fill
manualiy compadted, the following sequence of compactidn was
used: _
| -8 pagses Onveagh side dﬁ the fiil with respect to
the centre line iline contain}ng the instrumentati&ﬁ
as willlbe discussed in the next section),
ﬁéfpendicuiar to the wall;
" - 8 passes on each side of the fill with respect to

the center line, parallel to the wall and as close

as pbssible to the wall. After this phase was

o
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completed only a few centimeters of the fill had to
be cémpacted using a hand held compact@r:

- Finally, 8 passes between the instruments, where
there was room for the shéepsfoot roller to travel.
The remaining zone around fhe instruments was
compacted using a hand held compaction machine. L

With this proéedure an average rate of construction of
0.33 m/day (aproximately two layers per day) was reached; as
shown in Figure 3.3. The same figure shows the time when the
initial reading for all the instruments was obtained.

The material used as back fill was obtained in part
from the excavation and the remainder from a nearby borrow
area. Similar materiai was used to build the aikes
(aproximately 8 km) attached to the main dam of Dickson Dam.

A summary of the properties;of this material is shown
}in Table 3.1, and Figure 3.4 presents the result of some 25
grain size analyses carried out during baékfilling. Standard
_Proctor tests, performed brior to the fill placement,
suggested that the average maximum dry density was
17.65 kN/m? (112 lb/ft?) and the optimum moisture content
was around 13.5%.

Compaction control was maintained using a Nuclear
Densometer. In each laye;,‘four tests locéted ét randon,
were performed, and after placement of every four layers a
sample was collected to update the maximum dry density‘and

optimum moisture content. The results of the compaction

control is shown in Figure 3.5, Figure 3.5a presents the
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Table 3.1 Properties of Test Embankment Soil
i
s
»
. ‘ ,
4
PARAME TER UNITS . NUMBER TYPE OF TEST VALUE -
Of TESTS
Classification - 25 Complete grain size Sang St
;{'\
Av ~m2/kN ’ S Qeadmetr ic 2.5 x |O’4
My ma/kN S ‘Qedometr fc 2.2 x 104
C «Pa q Trtaxtiat 30.0
¢ degrees 4 Triaxial 33.7
Y KN/m3 25 Standard Proctor 17.65
Optimum MoisSture /7'. 25 Stanqafé Proctor i 13 5
Content :
S Liquid Limit: 28.9
Atterberg Limits |. % S Plastic Limit 17.0
5 Plastic Index 11.9
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values of dry density and Figure 3.5b the optimum moisture
content, as measured during construction.

It is worth mentioning that if in any circumstance the
specifications of optimum moisture content (% 1%), and
degree of compaction between 95% and 105% of the Standard
Proctor were not met; a further two passes of the sheepsfoot
roller would be necessary. If a low degree'of compaction’
persisted, another two passes would be réquired. )

I1f after this additional compactibn the specifications
were not satisfied, the layer would be removed and placemenp
re-started with fresh material. |

For the sake of completeness, Appendix "A" provides a
brief description of Nuclear Gages with particular attention

to the equipment used in the Test Embankment.

3.3 INSTRUMENTATION
Two different aspects were observed during the

construction of the Test Embankment:

- the ¥nfluence of the presence of the concrete

“a
wall on the behaviour of the soil mass.

- the behaviour of the interface.

In the first case, measurements of total stress and
‘ .

displacement fields, including its trend towards the wall,

were performed.
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In the latter, stresses and displacements were observed
1n order to determine a stress-displacement pattern for the
interface. Whenever it was possible, the instruments were
installed at the center line of the fill to avoid end
effects and to permit plain-strain analyses to be performed.

A general view of all the instruments in their final

location is shown in Figure 3.6. Table 3.2 presents a

¥ N
¢

summary of quantities and different types &nstruments used.

In the next sections the instruments will be described °

in full.

3.3.1 F11l Instrumentation
In order to obtain the desired information, two
different types of instruments were used in the fill:
~ multipoint extensometers.

- earth pressure cells.

3.3.1.{ Multipoint Extensometers

To facilitate the installation procedure, a new shape
was idealized for the multipoint'extensometefs. In this
modified version a wooden plate, 30 cm X 30 cm X 2.5 cm
thick (12" X 12" X 1"),'regiaéed the original 30 cm (12")
long PVC pipe containing fdﬁr springs to hold the sensor in
position inside a borehble (Burland et al, 1972). Figure 3.7
presents a detail of the plate used. The magnetic sensor is
the same as in the original design. As a precaution, the
.wodd was treated to avoid deterioration éaused by the

o

adverse environment.



TABLE 1
TYPE OF INSTRUMENT LOCATIONS TOTAL NUMBER OF INSTRUMENTS
fMultipoint extensometer 7 45
Earth Pressure Cell 2 10
Settlement Hubs 3 3
Slope Indicator 1 1
Bench Mark 2 2
Shear Displac. Device 3 6 -
Shear Stress Device 3 3
Contact Pressure Cell 3 3
Piezometer 2 2

—_—
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Installation .

The plates were instélled'at the center line of the.
fill, distributed in Seven crossections. Their relative
locations with respect to the top gf the wall are presented{
in Figure 3.8. As can be seenlin this figure, the verticals
ME-2 through ME-7 had their first sensor at the
fill-foundation intérface, while the sensors installed at
ME-1 began half way in the fill, having their ‘access tube
resting on the wall.

The plates Wwere installed, at the desired elevation, by
simply placing the plétes around the access tube and pouring
loose soii over it. To avoid daﬁage to t@e plates,
compaction around the access tube was permitted only'éfter

one full layer covered the plate.

.3.3.1.2 Earth Pressure Cells

The earth pressure gauges were manufactured.by
Gloetzl and each cell consisted of a flét,retangular
steel chamber 20 cm X 30 cm X 1 cm thick filled with
oiitFThe cell contains in its top a diaphragm which
remains closgd due to an in-built pressure left insiée_
the chamber during manufacture. Earth pressure acting on
the flat sides of the chamber increases the internal
pressure,

Each cell is connected to a read-out station by
means of two nylon tubes. The read—out consists of a

smgll hand pump, a precise pressure gauge, an oil

reservoir and a manifold with valves, so it can be
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connected to several cells. 0Oil can be sent to the
sensing uﬁit through .one’ of the nylon tubes. When the
pressure on the diaphragm exceeds that of the oil
éh;mber, the diaphragm opens, allowing 0il to circulate
through the chamber and\return to the reservoir using
the second tube. If pumping at constant rate is
maiﬁtained, oil wili flow from the reservoir té the cell
and back, without further increase in the pressure
readings. This procedure will permit the pressure in the
chamber to be registered.
The accuracy of the readings is sensitive to the
" amount of air in the system. It 1s advisable to
, circulate oil in all sensing units before each reading.
It is important to notice that, due to reading
procedures described above,.the pressure registered is.
always slightly higher than the pfessure acting in the
chamber. It is, theréfore, important to calibrate'thé.

cells against a known earth pressure. -

Calibration

The calibration was_run in an apparatgg?s1m11ar to that
described by Plantemma (1953) and shown in Figure 3.9, |

It consisted of a steel cylinder 70 cm (28") in
diameter, 25 cm (10") high and 1/2" thick wall, containing a
fixed bottom 1/2" th?ck, and a removable lid. The lid was
some 20 cm (8") larger in diameter to allow six anchors 5/8"

in diémeter,_to pass througp'the lid and hold it in

4
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position.;

i The soil sample, in which the cell was embedded, was
only 65 cm (26") in diameter, and was placed inside a rubber
membrane. A collapsable metal shield shaped the membrane
~during the.sample preparation.

After the sample was prepared, the gap ﬁ%tweeﬁ the
rubber membrane and the cylindrical chamber was filled with
water. With this set up the lateral friction was completely
eliminated.

The vertical preésure was applied by a rubber balloon
63.75 cm (25.5") in diameter, that fitted 1inside ghe rubber
membrane. A steel ring was left inside the balloon to permit
the membfané to be sealed against the rubber balloon;musing
pipe clamps.

With the 1id - in position, the balloon was inflated to
come into contact wi;h the 1lid. .

A steam valve connected to the side of the chamber
allowed the vertical pressure to be applied. Almokt
simultaneously the lateral pressufe was increased, and tests
performed at different ratios, Kso,/0;. By-calibrating the
cells at several K ratios, a study of the cross sensitivity
ofvthé cells was procured, as defined by Brown and Pell"
(1967). ‘ | ‘ -

The total height of the sample was 17.5 cm. (7") and
tests were run with tl@ sensor unit at several elevations to

A4

. .
‘account for this effect. No influence was detected.
€ o
@.
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Some results of the calibration are shown in Figures
3.10 through 3.14. , y

In Figure 3.10 a dense sand was used and the ratio
K=0,/0, was kept equal to 1. The next two tests, shown inw
Figures 3.11 and 3.12, the ratio was'1/é and 4/3
respectively. Based on these figures it was concluded that,
for the range of pressure expected, the applied pressure was
only 'slightly different from the heasured pressure ahd no
cross sensitivity was observed.

Subsequently, a test using a material Similar to that
used in the test embankment (labelled "Till" in the figure)
was performed. The sample was compacted at about 20 kN/m’,
and moisture content Qﬁ 12.5%. Since the ratio 0,/ o, showed
no effect in the cell response, this ratio was maintained
equal to 1 for the subsequent calibration. The result is
shown in Figure 3.13. Again, thé results are similar to
those of the previous calibration.

Finally, th? installation procedure‘was tested. Thus, a
sample was coméagked inside the membrane and a.trench cut,
to embed the cell. The trench was then filled with sand and
the remaining height of the chamber filled with compacted
Asdil. The result is.almost iden;ical to the previous
results, as can be seen in Figure 3. 14.

| Based ‘upon these results, it was concluded that thé\
cellsbmgﬂufactured by Gléetz{ are of high quality for the

range of stress for which they were tested.
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Calibration of similar cells are presented by Penman et al
(1975), using a large oedometer. Those authors noticed a
higher dépdrture from the applied pressure, for higher
pressure range.

It is 1mportant to mehtion that all the calibration
tests in soil were-run for one cell. Prior to installation
all cells were tested against an all-round water pressure to
check their response. All gave 100% response to the applied

pressure.

Installation

The Gloetzl cells were installed in two clusters of
five cells each. The first group was placed close.to the
concrete structure, and the seﬁond one as'far as possible .
from the rigid boundary (limited by\the opposite abutment).

The érrangement of the cells is shown in Figure 3.15
for both groups ("A"- close to wall, and "B" remote from the
wall). In this figure their location with respect to the
nearest access tube of a magnetic extensometer is given. Thg
orientation of the celis were chosen in order to allow the
principal stresses to be determined.

The installation procedaore followed the routine used
dur%ng the célibration, departing only in the size of the
trench dug to embed the cells, To facilitate the
installation one large trench was dug to accomodate all five

cells of one cluster. To prevent mutual interference between

the cells, they were placed as far as possible from each
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other, as shown in Figure 3.15.

The nylon tubes were placed inside a second trench 0.5
m deep to avoid disrupting tﬂe traffic of heavy loads. The
tubes wére connected to the read-out statigﬁ( placed behind
thé wall, through plastic pipes embedded in the concrete
wall during construction. After positioning all the cells,
0oil was circulated to ensure full saturation of the system.

The cells were then coveréd with sand to inhibit large
particles from applying an uneven pressure on the cell,
followed by finé grained soil, lightly compacted.

At the end of the inst@llation,rinitial readings were
obtained. |

®

3.3.2 Wall Instrumentation

In order to develop a constitutive relaéionship for the
behaviour of the Soil—concrete‘interface, simultaneous
measurements of shear stress, normal stress’and shear
(contact) displacements are necessary.

Equipment suitable to measyure shear stresses and normal

stresses in laboratory, have been extensively reported (e.gq.

~ Arthur and Roscoe, 1§@1; Bauer et al, 1979; Dboohan, 1975 ).

However, the equipmeat referred in these publications do not

~ seem suitable for field applicatipn,'wheré sturdier

instruments are required. Only recently the first cell to
measure shear stress in the field has been presented in the
literature (Askegaard, 1984).'Furthermore; no account of the

-

measurements of direct relative displacement between a

"3
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-concrete structure and a soil mass could be found.

Consequently, two new devices Had to be desxgned to
obtain the desired data. They are called Shear Stress Device
(S.S.D.) and Shear Displacement Device (S.D.D.). .

They were 1nstalled in three rows as shown 1n F{gure
3.16 and Plate 3.2 together with contact pressure ceils
Each of these rows contalned one contact pressure cell/ one
shear stress device and two shear dxsplacement devices. Rows
were located at 1.5 m, 3.0 m and 4.5 m from the top of the
wall. |

Each of these dinstruments will be dlscussed in the
‘followlng sections. Plasticp pipes were also prov1ded to

A

conduct the wires and tubes of these instruments to the

a

read-out station. .

3.3.}.1 Contact Pressure Cells

Contact pressure cells were Used to measure normal
itresses acting on the wall. Sevfral Ccase histories
1nvolv1ng the use of thls 1nstrumeﬁ% h%ye been -published
(Kaufman and Sherman, 1964 Vaughan and Kennard 1972;
Jones and Sims, 1975; Carder et al 1977),

For this test emhankment Irad Gage pressure cells
were chosen. It is a circular, oil filled cell, 22.9 cm
(9") in diameter, containing a vibratingXWire pressure

transducer. A recess in both sides of the cell pr¢

" ‘g-‘ i

infreasing the sensitivity of the'dlaphragm and causing
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,oiher, as‘*shown in Figure 3,15,
The nylon tubes were placed inside a second trench 0.5
m deep to avoid disrupting the traffic of heavy loads. The
tubes were connected to the reéd;out station, placed behid®
the wall, through blastic pipes embedded in the concrete
wall during construction. After positioning all the cells,,
01l was c1rculated to ensure full saturation of the system.
‘The cells were then covered with sand to 1nh1b1t large
particles from applying an uneven pressure on the cell,
fbllowed by fine gralned soil, lightly compacted.

At the end of the installation, initial readings were

" obtained.

3.3.2 wWall Instrumenté%%on

In order to develép a conétitutive relationship for the
behaviour of.the soil-concrete interface, simul{aneous-
measurements of. shear stress, normal stress and shear
(contact) displacemehts afe neCeséary.

Equipment suitable to measure shear stresses and normal
stresses in laboratory, have been extensively reported (e.q.
Arthur and Roscoe, 1961; Bauer et al, 1979; Doohan, 1975 ).
.However, the equipment referred in these publications do not
.seem suitable for field application, where sturdier
instruments_are required. Only recently the first cell to
“measure shear stress ih'the&field have been presented in the

liﬁefature (Askegaard, 1984). Furthermore, no account of the

ks . .
measurements of direct relative displacement between a

»
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concrete structure and a soil mass could be found.
Consequeﬁtly, two new devices had to be designed to
" obtain the desired data. They are called Shear Stress Device
(S.S;d.) and Shear bisplacement Device (S.D.D.).
| They were installed in three rows as shown in Figure
3.16 and Plate 3.2 together with contact pressure cells.
Each of these rows contained one contact pressure cell, one
shear stress device and two shear.displgcement devices. Rows
were located at 1.5 m, 3.0 m and 4.5 m from the top of the
wall, | " " ; '
%Bach of these instruments will be(diScus%ed in the oo
foliowing sectigns. Plastic pipes were also provided to

conduct the wires and tubes of these instruments to the

read-out station. -

3.3.2.1.‘Con.tagt‘ pressure Cells : |
- Contact pressure cells were useé\to measuré normal
stresses acting on the wall. Several case hiétéries
involving the use of»fhis instrument hayé been published
(Kaufman and Sherman, 1964; Vaughan -and Kgnnard, J97é;
Jones add‘sims, 1975;}Cardef”et al; 1977). :
For this testvembankﬁéht Irad Gage pressure cells
were chosen. It is a Circular;‘oil,fillgdﬁcellr:22.9 cm
(9")viﬁ,diameter, confaining a vibratidé wire p}essute
:tréhsducér._A recess in bothrsides of Ehe cell provide
fléxibilityﬁto’yhe‘central diaphrhgm._This reces;
significantly improvéd fhevperﬁorﬁange'of thévcell by
:increasing‘the sensitivity qf'the.éiéph;agm aﬁdﬂéausing

-

-
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Plate 3.2 View of Wall Instruments
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no disturbance to the overall stiffness.

Due to the large amount of pastwexperience and
available literature regarding contact-and earth
pressure cells (Peattie and Sparrow, 1954; Hamilton,
1960; Tory and Sparrow} 1967; Thomas and Ward, 1969;
Felio, 1980) no further details of these inétruments

will be presented:
3

Installation

It is well known that the presence of a stiffer body
withins,a soil m?ss, such as an instrument, can cause a
concentration of stresses and hence misleading the
measurements. To avoid this undesirable effect, the contart
cells were installed flush against the wall. During»the
construction of the concrete structure_an %lluminum disc was
placed in the formbwork wirh exactly the shape of the
gauges. The cells were then glued 1nsxde thlS recess using
qu1ck dry groutjing. A similar technique %gs reported by

% Coyle et al, (1974). o —

The initial readings were obtained after the grout had

dried. -

e 3.3.2.2 Shear Displacement Device (S.D.D.)

Design Detail

The basi¢ éomponents of this equipment, as shown

schematlcally in Flgure 3 17 are-

iF

- a rectangular ‘steel plate, 0 635 cm (1/4") thick

°

(Plate "A")



68

By

o

.}

W W — SudiSudwtp |0

v

.

32143Q ucwsmomaammb.\megm«wo\m:mumo L1*f sinbrg
o v _ -

~




69

- a T-shaped steel plate, 0.635 cm (1/4") thick
(Plate "B")

- a Linear Variable Differential Transformer (LVDT)

»

(not shown in Figure 3.17)

The relative movement between\the soil and the
structure 1s obtained by recording the rel%giveAmovement of
the two plates. |

In this sense, Plate "A" is firmly fixed to the
concrete wall using four 1.27 cm (1/2") bolts, and has two
steel blocks to M81d the LVDT (Figure, 3.17). The second
plate is placed in the soil with the widest section of the

"T" towards the wall. To minimize lateral movements @f this .

€,

plate 'two anchors were'installed .as shown in Flgure 3.17. Twed

The inner core of the LVDT is attadhed ‘to this plate.
A

In order to reduce friction between the structure and

P

plate "B" a teflon sheet 0.318 cm (1/8"). ‘thick is placed in -w

@
the contact area and a teflon head prov1ded to Plate "B", as

shown in detail "A" of Figure 3.17. Wlth this arrangement

'

‘the contact between the concretf and the steel is replaced
by a contact between two layers of ‘teflon. .

The LVDT chosen for this project was manufactured by
Schaevitz This transducer is of a special type for

appllcatlon in agressive env1ronments hermetlcally sealed,

o~

being water and humid?ty proof. The\electrical\cables vere

also water and humidity proof. The corinections were, sealed-

Ie

e e s e -

'For detalls\of Linear Variable Differential Transforher
refer to Herceg, (1976). v

)
oy

wt
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Installation Procedure - *

The installation is carried out in two phases. Before
. - 'd
the fill reaches the desired elevation of the instrument,
. G :
plate "A" 1s bolted to the concrete wall.

After the fill has coyered at least half of this plate,

-
LS N

and good compaction is ensured in the region where the
&
second plate will be placed, a small trench is dug and plate

"B"‘positioned. E%tremé caution is necessary in this phase

to avoid excessive disturbance in the soil hqusing the

plate. It 1s also important to ensﬁre full contact beﬁween
the plate %nd the soill.

‘With plate "B" in position, the LVDT Is attached to

A

plate "A" by means of two nylon screws and the 1nner core 1s

=
screwed to plate "B".
It is impoftant to notice that although plate’"B" is a .

heavy plate, it prévents erroneous measuremeénts by

. |
‘minimizing possibility of tilting of the pla?e which,

turn, would bend the inner core of the LVDT,

As é;precaution, a protective device is suggested to

a hand held compactlon dev1ce perm1tted only after the LVDT
, P /
is completely coverea o

- A sequence of Plates (Plates 3.3a. and 3,3b) illustrates

fhéflnstallatlon prqcedure.
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‘ Several authors have called attentxon to the 1mportance
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' ; Durxng the 1ast two decades, the study of 501L concrete
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researchers. However, the great majorlty of the, studxes were .
: concentrated 1n the area of analytxcal modelllng h
o Afstandard procedure was é%equently used 1n connectxon
thh the f1n1te element method to model 1nterfaces. However,

N

. no d:scusszons of the valldzty of the procedures adopted
.could b: found Thls thesxs, therefore, concentrates on the
physxcal 1nterpretatzon o@~5011—concrete ;nterfacev -
. ;behaviour. 'j‘)i - ‘f_h' o J"' ';}‘ ‘;‘ -,L |
' Due to the large numbe; of cases 1nvolved 1n thlB area
of study, only planar concrete structures in contact thh a.
; compacted sxlty clay 5011 are consxdered - |
T?e "macro" behav1our was modelled 1n an. exper1menta1

’f_ embankment constrf1ted 1n the area of Dxckson Dam. The -

L ‘

_ﬂ
results ‘of th1s fleld test led to a serles of laboratory

o

tests, xncludxng a reduced scale model Based upOn some "'(
observed feétures of the large test,'a phenomenologzcal
model was proposed and used to analyse the conventional

technxques of analytxcal modellxng._»,‘:
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1, INTRODUCTION

1.1 GENERAL
(-
‘The objective of this thesis'is to S}‘tudy the behaviour

of so11 structure 1nterfaces Desplte the frequency df the1r":

voccurrence in mbst large c1v1l eng1neer1ng pro;ects,@fcant
‘attent1on has been g1ven to the subject 1n partzcular to
'the fundamental phy51ca1 phenomena and thelr ﬁnterpretatlon

as well as. to the 1nfluence on the behav1our of ﬂhe 3011

»

-maSS._‘ _ » N | : o - xr y
: eFOF the purposes'ofvthis research'the sﬁructure is

V,repreSented by a planar concrete wall and the 3011 mass by a
R —
compacted so1l Therefore, most of the d1scu551ons presented

‘}fdurlng th1s the51s are related to problems such as 301nts
‘between earth and concrete dams,lreta1n1ng walls or W1ng

hwalls of brldges. When app11cable, reference wlll be made - to

;y

other examples.

PR

P 2 ansr uxsmony or THE TREATMENT or SOIL CONCRETE "
‘ Y, \
xnrznrncrs - : ?;_;_;M "i‘ -.e,«c‘ -

.

The stab111ty of so11 concrete 1nterfaces Was of great

'fconcern befoge the beglnn1ng of the last century. In 1776

m,;:icoulomb.developed a Fethod of determ1n1ng the 11m1t1ng earth‘

.

'fpressure acthng on reta1n1ng structures, con51derxng the d

-

F”fjeffect of the fr1ct10n between 5011 and structure. Later,'ln“p

'91857 Rank1ne presented a 51m1lar theory not cons1der1ng the*"

-

feffect of the frlctlon. These two 1ndependent erks comprlsefg;

b

L RN



A";problems.

the Cla551cal Theory of Limit Equalibrium and their ..

fappllcab111ty is w1despread and s itable for most,pract1cal

Ve

However, 1n %bme cases, not omly thevfactOriof safety
agalnst collapse is de51red but al o the deVelopment of
ystresses and stralns both at the in erface and in the
adjacent so1l mass 1s of 1nterest: Analyses using 11m1t
equ111br1um fail to furn1sh thlS 1nformatxon.

| W1th the advent of numerlcal techn1Ques,‘such as the
'flnlte dlfference method the boundary element method and
'the f1n1te element method the calculat1on Qf stresses and

stra1ns in 5011 masses became p0551ble, even 1n .

i c1rcumstances where exact solutlons (closed form solutlons' o

"based on the theory of elast1c1ty) were not avallable.
Among the methods mentloned the flnlte element method
vlS of partlcUlar 1nterest for 1ts flex1b1l1ty in modell1ng
complex problems, 1nclud1ng anlsotropy, nonhomogene1ty, |
;complex geometry and d15cont1nu1t1es. The last p01nt 1s a
very’common feature of rock.masses (301nts or fractures) and

efforts have been devoted durlng the last two decades to

: lamprove the methods oﬁ mddelllng. As a result of thxs l1ne f‘

‘of analytlcal research a spec1al type of element has beenltyef '

‘ ' .
L
. 0

°'der1ved termed Jo1nt element._ prv,-v.. RO i,jaA
. N P . o S T e

ﬁ-;...

Due to the 91m11ar1t1es between the representatlon of

P
SN e,

fd1scont1nu1t1es 1n rock m ses and so1l concrete 1nterfaces,

HE e

‘ %Jﬁu51ng the f1n1te element method the ]olnt element pecame

'“7yW1despread in- s1mulat10 s 1nvolv1ng 1nterfaces. Hence, 51nce

i, .
- .
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the 1970's, the study of this type of interface has been
reinitiated, witﬁ special attention éo the area of numerical
modelling (the first reported joinf element is dated 1968).
However, irrespective of the differehce; inherent in these
two classes of problems (jointed rocks and soil-concrete
interfaces) advances in finite elementltechniéues for
interfaces, based primarily oﬁ ﬁo{nted rock concepts, have
been developed in an uneven propo}tion to the understanding
of the physical processes involved in the soil-concrete
interface. Furthermpre; theﬂemphasis in numerical modelling
seems to havg overshadoweé fundamental physical concepts,fas

/
well as the urge for field observations, of the interface /
behayiaur.,The for@er is of’utmogt importance 1in avoidiﬁb
misinterpretation of the basié'mecganical processes
influencing the interface behaviour. The latter is the only.
possible method of ensufing that the advances in ‘analytical
modelling lead to a more realistic representation of the
problem, since exact solutions based on the theory of
elasficity (closed form solutions),'are not readly
available. h .

Therefore, a brief review of‘!?ﬁ% mechanical‘conéepts

of elastic bodies in contact will be presented in .the

following section, aiming to revive. the fundamental theory.

L]



1.3 MECHANISTIC vxswpejnr

An 1mportant mechanlcal concept governing the behaviour
of interfaces between elastlc bodies can be found not in
aévanced engineering bookd, but in cla551cal physics and
'statics books. Ae,Will be stown during the bresentation of
this research, this bas{clconcebt seems to have Been1

A

neglected and replaced by more complex theories, not always

~
. i,\

more approprlate, to represent the phy51ca1 process
involved.
For the sake of this introdectory preéeﬁtation, a
simple example wi}l'be_discgssed,~es-shown in-F}gure 1.1,
« This figure depjets an elasticleody;zkw'restiqg on a

inclined plane. This‘plane has.variable‘angie of ‘
ieclination' 9.-Fifst iet.the angle 6 assume a null value.
In this conflguratlon equ1l1br1um‘of the system 1s ensured
by a Vertlcal reaction equal and opposite to the body force
that is, only the vertical component exists,

If the angle 6 is increased, a component of the body

L

1

.fo;ces, acting garallel to the inclinétion 6 of the plane
will be generate‘To satisfy equlllbn.um in this new
conflguratlon a reaction -(equal and in opposite d1rect10n)
appears, acting at the interface. As long as the value of
this reaction; 7, is not overcome, the system sétisfies.
equilibrium and no movement can be observea.

» For continuous increases in the angle 6f inclination

there will exist an angle § for which the value of the

reaction 7 will assume its maximum value. This angle is

K



W - weight of elastic body

- T— shear stress

\ FigUrea1.1'The‘Cbncept of Two Elastic Bodies in Contact

&



calied the "crictical angle". Any further increase in 6 will
cause block "A" to slide on the inclined -plane. At this
moment, equilibrium is no longer satisfied, tle value of 7
is constant and is equél to its maximum possibieivalue. It
is said that, for this angle 6 L block "A" has overcome
the "staiic gf&t;ion" and the i;;;ent of 6.' ~ is called
the coefficient of static friction (u). Thecséiue'of u is a
property'of the‘interface and, as such, is unique., It will
change only if one of the elastic bodies involved in the A
experimgpt described above is replaced. |

The value defined in the above discussion is of
fundamenfal importénée because it seems to be the only
exiéting'fundamental quan;ity.that can be measured for'an
interface.-As a fu;damental quantity, this concept holds fofu
any type of interféce under any circumstance. This concept,
however, does not cbnsider‘strains and'displaéements." <

_Furthermofe, the recoéﬁition that.tangentiai stresses
(reaction T) are‘déVeloped to maintain equilibrium‘is also

y .

of great interest for the discuSsion-that'follows;

_All these points wil} be furtherJexplored in later

- chapters.

]

L

%ff4 OBJECTIVES AiD SCOPE OF THIS RESEARCH ' )
‘ . This research aims to discuss three major issues
related'to'the behaviour of interfacesfsoil-concfete.
"First, the anajysis of the interface iﬂw%%rmsgéf

- stresses and displatement.will’be considered. -

\_/ | *
. C . %
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In this part it is intended to create an overall
understanding_of.the behaviour® of interfaces and‘their
infl@ente on the behaviour of the soil mass‘pleced adjacent
to the structure; For this purpose, a program-of field
instrumentetion was planned and carried out in an
experimental embankmentt This part can be regarded as ; view
of the macro behaviour of the interface.

The analysis of this first part led.to a’tentative
description of the physioal behaviour of this type of
interface, in-order to explain certain observed features.

Finally, the use of the fﬁnite.element method as a tool
for analysis of interfaces is addressedl«As will be seen in
subse&uent chapters, several methods of enalyses have been
proposed in the past. However, in most‘cases, only one type
of test is'generelly'used'to determine the parameters for
thevanaiyses, nanely the direct shear box test. The
suitability of this test to~}epreseht the behaviour of

interfaces is discussed based on the physical,interpretation

of .the interface behaviour.

.1 .5 CONTENTS OF THIS THESIS

\‘ * The first step of thls research. 1ncluded a detaxled

~ study of the avallable 11terature on 5011 concrete
interfaces. This is rev1ewed in Chapter 2, and demonstrates
ithe nece551ty for f1e1d observatlons of 1nterface behav1our.‘

G Thls-sub]ect is covered in Chapt%f 3 which descrxbes a |

program of field instrumentation carried.out in a test fili;

I
|



- . 6 ) * ) . ) Y .
built in the area of D1ckson Dam, Durxng the design of the
field 1nstrumentatxon, the need to develop new field
1nstruments was facer Therefore, two new devzces ‘have been

& e

created and are descr1bed

A1m1ng to reproduce part of the fleld 1nstrumentat10n,

Chapter 4 describes a reduced scale prototype bu11t in the

1aboratory. Under these more controlled cond1t1ogs several
features could. e observed and as a result a ‘ ’v\
phenomenologxcal model" was der1ved.’This model.is
:described in.Chapter 5. Apart from its presentation)
rexamples are deSCtlbed to prove its rel1ab111ty and

approprlateness in descr1b1ng the 1nterface behaviour.

F1nally in Chapter 6, a-F1n1te Element'analyses-of the

test embankment 1s presented The features of the program .

L3

used are descr1bed and examples prov1ded to assess the
’rel1ab111ty of the program. ( |
In Chapter 7 the main concluszons are summarlzed and

recommendatlons for further reseach are presented. -

COAd
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" \ 2. ANALYTI CAL' ‘ VERSUS EXPER IMENTAL MODELLING
‘ - ) 4]
2.1 fnmnonucmxon :
’ | In this chapter a llterature review is presented
-emphas1z1ng the most pertlnent art1cles for this research
The review is subd1V1ded 1ntovtwo parts. In the £1rst part_
some o@ the Joxnt elements used xn connectlon with the
f1n1te element method are“descr1bed The objective 1s to-
£am111ar1ze the reader with some of the Tost used
‘technlques. _
In the_second.part*some applications.of:these methods
in problems involming soil-concrete lnterfaéeslare described‘
w1th spec1al attent1on glven to the reports presentlng
' const1tut1ve models. This is followed by a summary of ~some
: pract1cal experlences related to actual eng1neer1ng
_.pr03ects. Th1s second part 1ntended to draw attentlon toathe f
lack of_exper1mental observatlons of Pnterface'behav1our.
< .
2.2 LITERATURE REVIEW
2.2.1 The Concept of Joxnt Element A
The f1n1te element method 1s a very powerful numer1ca1
V method able, at least in theory, to solve the most complex
- problems encountered 1n c1v11 eng1neer1ng. Its ab111ty ‘to
1ncorporate complex1t1es has made the method one of the most ;

ﬂﬁused numer1cal techn;ques now avazlable.

)
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Among the available formplations used in the method,

the most important of which, widely used in the solution of

practical problems, is the displacement-based finite element
¥

formulation, The major reason for its wide use is its

v simpliciﬁy; generality‘and'good'ngmerical properties (Bathe

and wilson, 1976) Other formulations, not used as often. are

the equlllbrxum formulat1on, hybr1d and mixed methods.

, ~ Whenever the finite element method is referred ‘to in

this thesis it is the dlsplacemenégpased formylatxon, unless_

stated otherwise. . 3" e 18] | |
In the dlsplacement formulatlon, the selutlon of a

part1cu1ar problem can be summar1zed as the solution of a

'set of l1near equat1ons of the type..

| KU = R
'wherer:
1:R - load vector 1nclud1ng all the forces
actlng in the body. |
U -'d1sp1acement vector and the unknowns
of the problem.v_
K - stiffness-of the body.
T L o R
The matr1x K can be determ1ned as follow (Z1enk1ew1cz,f

1971).

YK = ZI [B]l[ C]l [BJI ‘dVI :

where: - . .ﬁ{)‘

-
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(Bl - geometric matrix for the element
(cl: - constitutive matrix ofgthe element
av, - 1ntegral over the volume
The 1ntegral over the volume applles for three
‘dimensional problems. For most civil engineering
applications,‘plane analyses eanobe pefformed (plane stfess h
or planewstrain) and then the integral is evaluateo over the
‘area of the element.- |
kUndef certain circumstances the formulation of the
st1ffness matrix, as presented above, becomes‘mean1ngless
51nce ne1ther geometry (area) nor- elastlc propertles can be
ass1gned to a part1cular region of the contlnuum, such are
: the cases involving fractures~1n.rock masses,'or
'soil-concrete interfaces. For these particulat'appllcations a
‘spec1al formulat1ons have been derlved based on technlques .
'such as Lagrange mult1p11ers or the constra1nt methods
_(Zlenk1ew1cz, 1971; among others)
A " On theyother hand, 1f the Jo1:t can be assumed te have

some thickness, such as when rock joints are filled with

soil, the definition of the stiffness matrix; as presented

N }\k
P

above., holds and the representat1on can follow the
/lconventxonal der1vat1on.
In the followlng sect1on some of these formulatxons are
brxefly revzewed | | i |
I't 1s worth ment1on1ng that models der1ved to represent
éEUld flow through d15cont1nu1t1es CSUCh as Noorlshad (1971)

or Gale et al (1974)) are not 1nc1uded in thlS rev1ew.



- 2.2.2 Review of nnalytlcal formulations
In this'section 15 different joint elements are
\ g;esented,fincluding a brief desctiption of eachliln
figureé Z.l\ana 2.2 their geometry is shown and the notation
-used in the-text.ls etplained in'these figures. |
It is of interest to notice that most of the'joint
“elements found 1n the literature*follow either the:Goodman
et al (1968) proposition for_zero thickneSS'elements‘or
Zienkiewicz:et’al (1970) for finite thickness elements.

The element proposed by Goodman et al (op.tit;) has
been improved twice by the same}author (1972 and 1976) to
account for 5ilatance and rotation respectively.'

CA The element has four nodes and eight
_degrees of- freedom. The "strain vector {e; } for the joint
element is def1ned by the relat1ve dlsplacements and
rotations of the two 51des (top and bottom) measured at the

centre of‘the erement, as shown in Figure 2.1, or:

£
. — T’ ) ‘ -
{e; 7 = [Auo Av, Awe]

where,
Uo, vo and Wo are shear,vnormal and

vrotatlonal "straxns" respect1vellya

This. "joint strain is related to the nodal

dxsplacement u51ng the relatlonshxp



"'FigufeAZ,T Details

of Some Joint Element Fprmulatibns 
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- .nor

{e;} = [T]Mu}

and thd stresses can'be found usin§ the constitutive matrix

. a8 ’ ’ s .A ]

{0} =.[C|:.He:]} . |
where, 4

C.= |0 r[: Ozl 0 |

in which,
-R, - shear stiffnese (simflar to K;)

L Kn»-~n6rma1vstiffness S

' | P

l K - rotational stiffness

w

fast'term can be expressed as a function oflthe

x,=(x,,k‘1{)/4
W o

1= length of Jo1nt element

;. Y sgguld be notlced that ‘the constltutlve matr1x [C ]

" has six zero terms, suggest1ng that dllatancy it not

p

.-uv‘ .‘. : . ad
cons1dered -_.Q : B R

ThlS element has been used exten51vely 1n the past and

-

several mod;flcatxons have been proposed to accompllsh

14

»vfffneSs‘and equals: . . _ ' b S

¥
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specific needs. In 1972, Rouvray and'Goodman presented a.

"modified formulation aiming to account for initial stress

dependency on the joint parameters d11atancy and a crlterla

for crack initiation in rock blocks.

R

R Althdugh the basic formulatlon remalned unaltered the

s .

‘-Jconst1tut1ve matrix was reformulated u51ng the

"Perturbat1onal Method"r(Heuze, 1971) to derlve the
stiffness parameters. Dllatancy was con51dered u51ng a

51m11ar approach (Perturbatlonal Method - Goodman and

_Dub01s, 1972) 51nce the evaluatlon of oﬁf d1agonal terms K, ,

'and'Knj in the matrix:

v

is rather diff&cult S -
These two terms represent the effect of the- shear

7

stress on the normal dlsplacement and vice- versa,.or.

Ken = [GT/SV]- .
SRR
tandr ,
SR . V.. Y
'where;}'

r ~ shear .stress

¢ - normal stress

e



u,.v - shear and normal dlsplacements.

“The, element propoSed by ZleﬂkleWICZ et al (1970) has

. been mod1f1ed by. Sharma et al (1976) and applled in severalv

ldlfferentApractlcal cases.," | .

Zlenklew1cz drew attentlon to the dlff1cult1es arlslng
1n the use of solld elements to represent 1nterface‘

behav1our, prlmarlly caused by*the elongated geometry

Ry

~
(narrow and th1n) of thls reg1on.(Therefore, zlenkxew1cz

»

‘der1ved a pew ]Olnt element capable of assumlng such a

conflguratlon. 3 7i.. | .
_ o - 1
Although thlckness is con51dered when computlng the

element propertles, the nodes represent phy51cally the same.

\

point (same‘coordlnate) In other words, in ,the general

.descrlptlon of the problem the element w1ll be represented
by the,two m1d 51de pomnts A and B in Flgure 2 1
The dxsplacements are descrlbed uslng llnear shape

S

.funotlonslof the type'

2x‘/L':

W '

and ) .‘ | . . ) | l/' ' ,-’
29"/t -

%r‘-.

=
n

where

£ and'n.- local'normalizedfCOordinates
X' and y' - 10Cal coordinatés E o

>

- L - length of ]01nt element

t - thlckness of. 301nt element.

5’
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Thereafter, the element'is derived as a conventienal
isoparameteric solid element.

Sharma (1976) used a similar formulation to derive a
new model to study the behaviour of a 260.5 m high rockfill
dam with vertical and inclined eores (Tehri dam). This ‘
formulation assumes a nondilatant joint with zeroA
of f-diagonal terms in the constitutitive mattlx.

Another two types of elements were presented by
Ghaboussi et al(1976) and Desai et>al (1984). Both assume
that the element has a finite th;ckness. The fotmer defires
the relative displacement between the two continuous masses

1 ip

as 1ndependent degrees-of-freedom for the element

‘Ghaboussi's joint element has only two nodes as shown in

Figure 2.1. h : . A
The displacements degree-of-freedom of one side of the

slipping surface is transformed into relative displacement
-t
of the element as follows: o

t .b - N
Ui = Uib +' AU] A
where superscrlps b and t refer to "bottom” an§ "top" solid

elements respect1vely Similar expressions canébe obtained .-

A}

for the second direction and:-for the other nodes (see

Figure 2.1)
Since the element has thickness, joint strain can be
defined as: ) _
{e} = 1/t {A_g}‘ . TR &

wnere:“ ' j



e - shear and normal strains
t - thickness
Au - i1ncremental shear and normal

@

displacements, in local coordinates

The general formulation for the stiffness matrix in

local coordinates 1is:

. T
(k] j [B] [c] (B] aa

n

where:

f

(B]

(C] - constitutive matrix

strain-displacement relationship matrix

*

This element was used as the basis for the derivation

-

proposed by Saha (1982) for a new element.

The element described by Desai et al (1984) is a
conventional isoparamétric element applicable to a large
range of aspect rat?gs (raftio between sides of the
elements), but it %iffegs/trom the Zienkiewicz et al(1970)
element in its definition of the constitutive matrix [C.,j.

Experiences repofted by Desai et al (1954)h§uggested
that aspect ratios up to 0.01 can be applfed with no risk of
numerical problems. Furthermoré, such a ratio should- be
satisfactory for simuiating‘most interface behaviour.
Details of thié‘element'are also presented in Figure 2.2.

Finally, a similar approach was used on a Separate

occasion to derive the last two joint elements presented.
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Figure 2.2 Details of Some Joint Element Formulations -

cont.
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Herrmann (j978) and Katona (1981) proposed joint
eleme;ts using the "constraint method". The first elementv
uses springs (Lagrange multipliers) to represent a
particular constraint applied to a pair of nodes, initially
in contact (same coordinates). The springé‘can be nonlinear
and the bond thaf they represent can sustain a maximum load
equivalent to a maximum shear stress determined by Coulomb's
equation. Only after the attainable stress is fully’
mobilized, relative displacement (&) occurs as slippage (if
in the tahgential direction) or separation (if in the normal
directioh). The method is both incremental and iter;tive_in
order to allow nonlinearity to be included andtto permit fﬁe
desired mode of deformation to be assumed (e.g. linkagé;
separation or slippage).

On the other hand, Katona (op.cit) used both the
constraint meth&d and the directional stiffness formulation
(the later is the conventional method uséd, for example, by
Gooéman) to derive his elemgnt. However, instead of using
Lagrangian multipliers to represent a particular constraint,
the aufhor applied a constraiﬁt equation directly in the
basic. equation of'the Prinéiple of Virtual Work. Thus, a

v

constraint ‘equation of the type:

Cu-a=20
where,

Cc - constrainx‘coefficient matrix
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'a - specified constant (e.g. displacement gaps)
u - incremental displacement vector.

_'and the consequent virtual work done by the force causing
this particular cohstraint, thet assumes the form:

- T T
h constraint wvirtual work= 6u C A

where, ’
bu - variation in the dlsplacement vector
A - constraint force ‘ )
can be inserted in the general equation of the principle of
virtual work, to get the final general equation including a

~

constraint. ,

In this formulation, three modes of deformation can be
imposed in the tangential direction (fix, free or slip) by
selecting appropriate constraint matrix and load vectors,

Using this method the author simulated an idealized

4

buried pipe and compared the normal stresses and shear
tractions with exact closed form solutlon for extreme cases
of friction (bonded and frictionless condltlons) The
results show very close agreement and a‘third example, using
an intermediete condition {frictional slip) falls between |
the two extreme cases, as expected. .

A summary of the elements discussed in th1s section is
listed in Table 2.1, In this table the most 1mportant
.character1st1cs of each element are presented

It is worth mentioning that, although the formulations

described in this section are not identical, a commom

-
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feature can be observed in the majority o?'the joint
-elemehts; viz, the parameters for the anaiyses are obtained
from conventional direct'ehearhbox,teéts. The only exception
found in the literature was the publication by Desai and his
co-authors (1984), where.the patameters for the element are
derived:fibm eISpecial apparatus calledwthe

"CyClie-Mhlti Degree-of—Freedom Device" (Desai, 1980).

t §ome of these elemente have been implemented into
finite element programs such_as; "Finite element
Isoparamettic;‘Nonlinear with Interface interaction and
Non-tension (FINLIN)" developed at Purdue University,;or g
'"Culvert ANdlyses and'DEsign program (CA%DE)" developed at
the U.S. Navy Civil Engiheering-Labdratory. Another two
programs have been d;veloped at the Unlver51ty of California
- at Berkeley by Duncan and his co- workers. A very
comprehensive discussion of some of these programs;is
reported by WU,(1980). |

In the next section, a review of some reported . -
experiences Where.these numerical models wereusSq,{s'
presented. This feview was carried oﬁt‘to demonstrate that
the ava11ab1e l1terature is 1nsuff1c1ent to supply the |

necessary 1n£ormatlon for more detalled research work in the

subject.

2.2.3 Revxew of Soil Hechanlcs Experlence 0
‘The f1rst Jo1nt element was neported in the llterature

in 1968. In the eatly 1970 s the first model that could

L3
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account for partlal slip (or partial bgnd) between the
kst:ucture and the ‘adjacent soil was proposed (Clough and
!Duncan, 1870). Following a similar approach used by Duncan
and Chang (1969) for nonlinear stress-strain relatdonships
for soils, Ciough'and Duncan (op.cit.) fit a hyberbola to a
series of standard shear box test results, The sample was
composed of concrete iﬁ the lower half of the box and sand
in the upper'half. The gap between the twoAha1Ves.was kept
as small as poSsible and the relative movement between the
two haives of the box was assumed to be entirely due to
interface movement. In other words, it wae assumed that "
fa@lure occured at the interface. | . |

- An . empirical equation Qas derived based on a normalized
plot accofdind\fjgure 2.3. With this approach the value of
the "tangentialfstiftnessﬁ (K.), cculd‘be‘obtained. This
value varies with normal stress and the reiative
displacement. According to this study, the value of the
~normal stlffness (K ) should. be kept very high to avoid the
elements representlng the 5011 overlapp1ng w1th those
elements simulating the concrete. h

.These two valueS-(tangential Stiffneee -VK‘ or C,,, and
normal'atiffnesa -R, or C,n) were assigned to""joint
elementsf {Goodman's type).

Q‘Usiné the'proposed formulation, an analysis of a
retaining~Wa11 was sinniated and'the results of the‘passiee
and actlve earth pressures show good agreement for

_‘condltlons not near the 11m1t equ1l1br1um, for both rotat1ng
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»
and translating walls,

The formulat®on was also used to analyse the earth
pressure caused bypé sand backfill during the construction
stages of the Port:Allen Lock (Duncan and Clough, 1970) with
some degfee of success.

The interest in the subject increased during_the
1970'5, spec;ally in the area of earth dams. It seems that
thlS sudden motivation was prlmarlly promoted by the
recognition of the "potential zone of cracking and‘
consequent hydraulicAfsacturing" (during first impounding)
that such eype of interface can represent,

This risk was first ‘recognized by Vaughan and Kennard
(1972). For the case of Cow Green Dam, instrumented with
cohtact pfessure cells at the interface befween the concrete
and the earth dem, no risk of ﬁydraulic fracturing was
detected Measurements showed that the normal stress in the_
concrete wall was cons1stent1y equal to 70% of t?e
overburden pressure for four 1nstrumented elevations.
H?wever, it is importag} to noficevthat the measurement ofl
normal stress by itself.does not provide sufficient |
information to define the "state’of stress" at the gell.
Therefore it is -inconclu€ive whethe: or not the obserwed
values were a conseguence of derbutden‘pressures solely or
due to some load transfer mechanism:that could have
happened.‘This point is further discussed in Chapter 3.

A simélar point pf viee,was d15cussed by de Mello

(1977) in the 17th Rankine Lecture, undér the heading
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"Design Considerations at the Critical Wrap-Around Details".
According to de Mello, discontinuities are the most critical
poihts of design in embankment‘dame. He gquotes the contact
core-concrete as a problemvof great responsibility with
respect to crecking and piping.\

Probably spurred by these two very important papers,
the International Commission on Large Dams devoted an entire

session, during the 13th International Congress on Large

- Q

Dams (New Delhi, 1979), to debate the subject. Due to the
practical nature of this Congress, no major advances towards
the phy51ca1 or mechanical understand1ng of the behav1our of -
interfaces were reached, but it was a valuable opportunity
to evaluate and call aftention to several "unexpected’

beﬁavioufsgof this type of junction.

Empf%ﬁcism and engineering judgement are the cri;eria
‘most used in designing this iméortant zone of a dam. Often
past experience degenerated into a "rule of thumb". The
placemenf of clayey material, wetter than the optimum -
moisture content; compacted against a sloped concrete
structure (this angle can vary from 70°-85° almost at
ranéom) is today assumed as a design criterion.

- ‘Subsequently, in the International Konference of Soil
Mechanics and Foundation Engineéring held in Stockhelm in
1981, another ségglon was dedicated to the subject. Dur1ng
this conference an 1mportant contrlbutlon was dellvered
(Roa, 1981) Roa used a ‘linear- elast1c perfectly plastic

\)

" best-fitting approach to represent the behaviour of shear
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box tests in jointed rocks, as depicted in Figure 2.4. The

Mot his proposition is its simplicity and the

gude loss of strength with increasing
hluivalent to strain softening, not

iFigure 2.4). .

%j held in Rio de Janelro, another 1mportant case
f?s presented It reports the behaviour of Roxo Dam
f;e Mello and Teixeira Direito, - 1982). .
: dam was built in Portugal between 1964 and 1968.
ihfter-completion, signs of a defective behaviour in

the eaflh dam, near the interface with the concrete

struct;;;} was detected in the form of exce551ve

. settlements. - : | I

1

cal geology comprised schist‘and porphyry. In the
left ab h/h:the quality of the foundation did not raise.
importa%jtprohlems. In the right abutment, on the other .
hand, the quallty of the rock (malnly porphyry) became
clearly worse and the format1on showed faults and veins of
schist and wlde ve1ns of heavily fractured quartz.

‘The defectlve behav1our was monltored with no major

concerns regarding the causes of the problem until 1973

.Since 1ncreaS1ng settlement per51sted it was deczded to act

L3

in order to normalize the sztuatlon. At that time two klnds
of act1on were suggested and discussed. One advocated very
drastlc measures such as the removal of the whole affected

£ill and 1ts subst1tut1on by another one or two concrete .
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‘sections., Such a solutionhwas strongly contested due to the
costs involved, Ihstead, a series-of-conSecut&ve measures
were adopted,. hoping that some relatively simple and
inexpensive remedial work would be the solution. Hencer
between 1973 and 1976, more than one hundredvboreholes‘were
drilled for -cement injection, instrumentation of high -
accuracy, sampling and so on. . .A : S

Since no success was obtained atter all these measures
were trled,.the solution of removing the earthfill affected
by the_excessive settlement and its'replacement by another
four blocks of concrete was undertaken.

In their conclusion, the authors' comment:

'"Unfortunately, the matter is not completely cleared

up, although certaan facts can be pointed out, eadz‘

of them, though, insufficient to justify the \

behaviour-of the dam." '

In the writer's opinion, this case.history jUstifies'by'
1tself the need for a more detalled study of 1nterfaces, |
although it is not even completely clear whether or not the

.1nterface was the prlmary cause oflthe defect1ve behavxour
observed. Even with todayos level of knd%ledge it was not
‘possible to phy51cally understand the reasqns for the
excessive settlement close t0'the‘501l-concret?afnterface;

It is trUevthat the number of dams;Successfully

:constructed using today 'S state of the art of 1nterface

des1gn 1s much larger than the number of dams that showed

defect}ve behaviour.

-

£

A
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However, as mentioned by De Mello (1977), despite the
importance of this region of the design of dams, only scant
attention has been given in thelpast to an understanding of
soll-concrete }nterfaces‘behaviour. Surprisingly, aé was
me@tioned before, numerical modelling, using the finite
el;ment apb}oach,'is far ahead of the development of the
phyéical understaﬁding of soil-concrete interface behaviour.
(e.g. Desai et al, 1980; Desai et alj}984). In the writer's
opinion, this seems inappropriate,Asng% modelling should
follow a:complete understanding of the "physical behaviour” S
and}not vice-versa. | |

Furthermore, none of the reports found in the
litergture and described in this section, have attempted to
measure shear stresses and shear displacements at the
interface. At most, measurements of normal stresses have
been reported. However, to understand the behavjour of
interfaces and the influence of the structure in the
behaviour of the adjacent soil it seems of utmost importance
to observe the shear‘stresses actiga'at the concrete wall,
‘'since these are the governing stre§g§§>for the behaviour of

% 2}
the adjacent soil, as will be discuéééd in later chapters.
Therefore, the study presented in the fqllowing

chapters will focus on the shear stresses devéloped at the

interface rather than normal stresses.
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2.3 CONCLUSIONS
The literature review presented in this chapter showed
a lack of information on the measured behaviour of soil
concrete interfaces. Furthermore, most of the
instrumentation programs discussed failed to determine some
of the most impoftant parameters for the analysis of such an
interface, viz:
- measurements of shear stress, and shear
displacement (relative displacement between the
soil and the structure at the interface). These
are the minimum requirements necessary to fully
understand and model the behaviour of an
interface.
- measurement of stress and displacements in the
fill, including its trend towardg the rigid
boundary.
In order to accomplish these tasks, a test embankment
was built in the area of Dickson Dam, at that timé (1982)
under construction in Alberta. This test fill is fully

described in Chapter 3.



3. TEST EMBANKMENT

3.1 GENERAL

| The major purpose of the Test Embankment was to cover
the gap between "analytical modelling” and "real behaviour”
of the prototype.

As in any field instrumentation project, the:
instruments have to provide the maximum possible
information, with a minimum number of instruments. In the
particular case of interfaces, the cost of the concrete
structure governs the size of the test area (it represents
approximately 20% of the total cost) and and the size
dictates the number of instruments that can be }nstalled in
the test fi1ll.

In this chapter a detailed description of the Test
Embénkment will be presented, including the geological
features of the area, construction procedures, design
details, quality control and instrumentation used.

It is worth mentioning that the state of the art of
interfage instrumentation in the early stages Qf this
research induced the conception of two new instruments. They

will be fully discussed in following sections,

3.2 DESCRIPTION OF THE TEST EMBANKMENT
The Test Embankment facilities included a 6 m high, 6 m
wide reiriforced concrete wall built prior to the fill

placement. The area available for its construction lies §

33
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within the reservoir of Dickson Dam, at &hat time (1982)
under constfﬁction. The location of the dam sit;fis
presented in Fiqure 3.1. The nearest city 1s.Innisfail,
which is located approximately 250 km south of Edmonton,
Alberta, ‘and the dam site is about 25 km west of Innisfail<®

The choice of locating the test area at Diékson Dam,
and in particular inside the reservoir of the dam, was -
adopted for three main reasons:

- to avoid interference with the dam construction,
- proximity of material for backfilling.
- availability of contractors on the site.

At the same ti;e this location imbosed restrictions,
the most important being the méximum elevationdallowed at
any point inside the reservoir. Since the site which was
chosen was already at the maximum elevation permitted, the
embankment had toibe 5uilt inside an excavation which was
opened‘up before the concrete wali was built.

The site lies in the Western Alberta Plains, just east
of the Foothills of the Rocky Mountains. The area has a flat
to gently undulating surface, except where glaciation and
river erosion have formed broad, "U" shaped valleys. Thus,
the stratigraphy generally consists of a thin cover of
alluvially and glacially derived sediments overlying
Tertiary sedimentary rocks of the Paskapoo Formation. The
latter'comprises layers of sandstone, siltstone, claystones
apd shales with minor layers of carbonaceous shales and

~

aréillaceous limestones. (Alberta Environment, 13980,
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0 20 % 100 krm

Figure 3.1.Location of Dickson Dam Site
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Report#8-31-0044). Several discontinuities can be identified
in this material, most of them vertical and sub-horizontal.

Morgenstern and Eigenbrod (i974) tested several
argillaceous materials including some samples of the
Paskapoo Formation. They have shown that ;ost of the clayey.
formations lose their strength rapidly, especially when
immersed in water. According to their study, a loss of up to
90% of the original undraingd shear strength can take place
in few days.

In order to avoid the'effect of . the weathering process
indicated abov;, the excavation for the test fill proceeded
in two phases: During Phase I a small wedge of the material
was rémoved, leaving én abutment inclined 1H:4V and enough
space for the construction of the concfete wall which rests
on that slope, as depicteé/;n Figure 3.2.

As soon as the concrete wall was completed, Phase 11 of
excava%ion proceeded, the f{nal dimensions of the excavaﬁion,
being 100 m‘long (parallel to the wall) 25 m wide .
(perpendiculér to the wall) and 5.5 m deep. Plate 3.1
provides a general view of the excavation s;ages;

It is important to notice that the excavatioﬁ was made
100 m long to facilitate trafficability during excavation
and backfilling. Thé "Test Embankment” was considered as
only the center region, comprising thevcenﬁer 18 m with
respect to the center of the wéll'(9 m each side). Quality

control was carried out only in this area.

13
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a. Beginning of Phase''| of Excavation

b. Final Ex&avqtfon and CoﬁCre;e‘Wall

Plate 3.1 Excavation Stages
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Immediately after the excaQation was completed the
backfilling began. The fill was placed iﬁﬁ15 cm (6") thick
layers after compaction.
The construction sequence used is described below:
- Approximately eight loads of loose material were
placed on each side of the embankment area, using a -
scraper.
ﬁ\
- A caterpillar D6 bulldozer spread the fill forming
a uniform layer,
- When necessary a water truck was used to bring the
material to the optimum moisture content.
- A sheepsfbot roller compécted the material. A
tentative method shoﬁed that 8 passes would produce
,the,desired degreé of~compactiqn. )
It is generally known that compaction using a hand held
compaction machines induces a rather different structure in
coméacted fills, as opposed to compaction using sheepsfoot
rollef. In order to reduce to a minimum the amount of fill
manualiy compadted, the following sequence of compactidn was
used: _
| -8 pagses Onveagh side dﬁ the fiil with respect to .
the centre line iline contain}ng the instrumentati&ﬁ
" as willlbe discussed in the next section),
ﬁéfpendicuiar to the wall;
" - 8 passes on each side of the fill with respect to

the center line, parallel to the wall and as close

as pbssible to the wall. After this phase was

o
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completed only a few centimeters of the fill had to
be cémpacted using a hand held compact@r:

- Finally, 8 passes between the instruments, where
there was room for the shéepsfoot roller to travel.
The remaining zone around fhe instruments was
compacted using a hand held compaction machine. L

With this proéedure an average rate of construction of
0.33 m/day (aproximately two layers per day) was reached; as
shown in Figure 3.3. The same figure shows the time when the
initial reading for all the instruments was obtained.

The material used as back fill was obtained in part
from the excavation and the remainder from a nearby borrow
area. Similar materiai was used to build the aikes
(aproximately 8 km) attached to the main dam of Dickson Dam.

A summary of the properties;of this material is shown
}in Table 3.1, and Figure 3.4 presents the result of some 25
grain size analyses carried out during baékfilling. Standard
_Proctor tests, performed brior to the fill placement,
suggested that the average maximum dry density was
17.65 kN/m? (112 lb/ft?) and the optimum moisture content
was around 13.5%.

Compaction control was maintained using a Nuclear
Densometer. In each laye;,‘four tests locéted ét randon,
were performed, and after placement of every four layers a
sample was collected to update the maximum dry density‘and

optimum moisture content. The results of the compaction

control is shown in Figure 3.5, Figure 3.5a presents the
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Tablé 3.1 Properties of Test Embankment Soil
s
)
. ¢ ,
PARAMETER UNITS . NUMBER TYPE OF TEST vaLue -
Of TESTS
Classification - 25 Complete grain size Sang St
LG
Av ey S Qeaometr ic 25 % 104
My ma/kN S ‘Oedome tr ic 2.2 x 104
< «Pa 4 Triaxtat 80.0
¢ degrees 4 Triaxial 33.7
Y kN/m3 25 Standarg Proctor 17.65
Optimum MOoi1Sture /7'. 25 St.anqar;é Proctor 13 5
Content ’
S Liquid Limit: 28.9
Atterberg Limits % S Plastic Limit 17.0
% S Plastic Index 11.9
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values of dry density and Figure 3.5b the optimum moisture
content, as measured during construction.

It is worth mentioning that if in any circumstance the
specifications of optimum moisture content (% 1%), and
degree of compaction between 95% and 105% of the Standard
Proctor were not met; a further two passes of the sheepsfoot
roller would be necessary. If a low degree'of compaction’
persisted, another two passes would be réquired. )

I1f after this additional compactibn the specifications
were not satisfied, the layer would be removed and placemenp
re-started with fresh material. |

For the sake of completeness, Appendix "A" provides a
brief description of Nuclear Gages with particular attention

to the equipment used in the Test Embankment.

3.3 INSTRUMENTATION
Two different aspects were observed during the

construction of the Test Embankment:

- the ¥nfluence of the presence of the concrete
“a
wall on the behaviour of the soil mass.

- the behaviour of the interface.

In the first case, measurements of total stress and
‘ .

displacement fields, including its trend towards the wall,

were performed.
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In the latter, stresses and displacements were observed
1n order to determine a stress-displacement pattern for the
interface. Whenever it was possible, the instruments were .
installed at the center line of the fill to avoid end
effects and to permit plain-strain analyses to be performed.

A general view of all the instruments in their final

location is shown in Figure 3.6. Table 3.2 presents a

¥ N
¢

summary of quantities and different types &nstruments used.

In the next sections the instruments will be described °

in full.

3.3.1 F11l Instrumentation
In order to obtain the desired information, two
different types of instruments were used in the fill:
~ multipoint extensometers.

- earth pressure cells.

3.3.1.{ Multipoint Extensometers

To facilitate the installation procedure, a new shape
was idealized for the multipoint'extensometefs. In this
modified version a wooden plate, 30 cm X 30 cm X 2.5 cm
thick (12" X 12" X 1"),'regiaéed the original 30 cm (12")
long PVC pipe containing fdﬁr springs to hold the sensor in
position inside a borehble (Burland et al, 1972). Figure 3.7
presents a detail of the plate used. The magnetic sensor is
the same as in the original design. As a precaution, the
.wodd was treated to avoid deterioration éaused by the

o

adverse environment.



TABLE 1
TYPE OF INSTRUMENT LOCATIONS TOTAL NUMBER OF INSTRUMENTS
fMultipoint extensometer 7 45
Earth Pressure Cell 2 10
Settlement Hubs 3 3
Slope Indicator 1 1
Bench Mark 2 2
Shear Displac. Device 3 6 -
Shear Stress Device 3 3
Contact Pressure Cell 3 3
Piezometer 2 2

Table 3.2 Types and Quantities of Instruments
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Installation .

The plates were instélled'at the center line of the.
fill, distributed in Seven crossections. Their relative
locations with respect to the top gf the wall are presented{
in Figure 3.8. As can be seenlin this figure, the verticals
ME-2 through ME-7 had their first sensor at the
fill-foundation intérface, while the sensors installed at
ME-1 began half way in the fill, having their ‘access tube
resting on the wall.

The plates Wwere installed, at the desired elevation, by
simply placing the plétes around the access tube and pouring
loose soii over it. To avoid daﬁage to t@e plates,
compaction around the access tube was permitted only'éfter

one full layer covered the plate.

.3.3.1.2 Earth Pressure Cells

The earth pressure gauges were manufactured.by
Gloetzl and each cell consisted of a flét,retangular
steel chamber 20 cm X 30 cm X 1 cm thick filled with
oiitFThe cell contains in its top a diaphragm which
remains closgd due to an in-built pressure left insiée_
the chamber during manufacture. Earth pressure acting on
the flat sides of the chamber increases the internal
pressure,

Each cell is connected to a read-out station by
means of two nylon tubes. The read—out consists of a

smgll hand pump, a precise pressure gauge, an oil

reservoir and a manifold with valves, so it can be
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connected to several cells. 0Oil can be sent to the
sensing uﬁit through .one’ of the nylon tubes. When the
pressure on the diaphragm exceeds that of the oil
éh;mber, the diaphragm opens, allowing 0il to circulate
through the chamber and\return to the reservoir using
the second tube. If pumping at constant rate is
maiﬁtained, oil wili flow from the reservoir té the cell
and back, without further increase in the pressure
readings. This procedure will permit the pressure in the
chamber to be registered.
The accuracy of the readings is sensitive to the
" amount of air in the system. It 1s advisable to
, circulate oil in all sensing units before each reading.
It is important to notice that, due to reading
procedures described above,.the pressure registered is.
always slightly higher than the pfessure acting in the
chamber. It is, theréfore, important to calibrate'thé.

cells against a known earth pressure. -

Calibration

The calibration was_run in an apparatgg?s1m11ar to that
described by Plantemma (1953) and shown in Figure 3.9, |

It consisted of a steel cylinder 70 cm (28") in
diameter, 25 cm (10") high and 1/2" thick wall, containing a
fixed bottom 1/2" th?ck, and a removable lid. The lid was
some 20 cm (8") larger in diameter to allow six anchors 5/8"

in diémeter,_to pass througp'the lid and hold it in

4
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position.;

i The soil sample, in which the cell was embedded, was
only 65 cm (26") in diameter, and was placed inside a rubber
membrane. A collapsable metal shield shaped the membrane
~during the.sample preparation.

After the sample was prepared, the gap ﬁ%tweeﬁ the
rubber membrane and the cylindrical chamber was filled with
water. With this set up the lateral friction was completely
eliminated.

The vertical preésure was applied by a rubber balloon
63.75 cm (25.5") in diameter, that fitted 1inside ghe rubber
membrane. A steel ring was left inside the balloon to permit
the membfané to be sealed against the rubber balloon;musing
pipe clamps.

With the 1id - in position, the balloon was inflated to
come into contact wi;h the 1lid. .

A steam valve connected to the side of the chamber
allowed the vertical pressure to be applied. Almokt
simultaneously the lateral pressufe was increased, and tests
performed at different ratios, Kso,/0;. By-calibrating the
cells at several K ratios, a study of the cross sensitivity
ofvthé cells was procured, as defined by Brown and Pell"
(1967). ‘ | ‘ -

The total height of the sample was 17.5 cm. (7") and
tests were run with tl@ sensor unit at several elevations to

A4

. .
‘account for this effect. No influence was detected.
€ o
@.
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Some results of the calibration are shown in Figures
3.10 through 3.14. , y

In Figure 3.10 a dense sand was used and the ratio
K=0,/0, was kept equal to 1. The next two tests, shown inw
Figures 3.11 and 3.12, the ratio was'1/é and 4/3
respectively. Based on these figures it was concluded that,
for the range of pressure expected, the applied pressure was
only 'slightly different from the heasured pressure ahd no
cross sensitivity was observed.

Subsequently, a test using a material Similar to that
used in the test embankment (labelled "Till" in the figure)
was performed. The sample was compacted at about 20 kN/m’,
and moisture content Qﬁ 12.5%. Since the ratio 0,/ o, showed
no effect in the cell response, this ratio was maintained
equal to 1 for the subsequent calibration. The result is
shown in Figure 3.13. Again, thé results are similar to
those of the previous calibration.

Finally, th? installation procedure‘was tested. Thus, a
sample was coméagked inside the membrane and a.trench cut,
to embed the cell. The trench was then filled with sand and
the remaining height of the chamber filled with compacted
Asdil. The result is.almost iden;ical to the previous
results, as can be seen in Figure 3. 14.

| Based ‘upon these results, it was concluded that thé\
cellsbmgﬂufactured by Gléetz{ are of high quality for the

range of stress for which they were tested.
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Calibration of similar cells are presented by Penman et al
(1975), using a large oedometer. Those authors noticed a
higher dépdrture from the applied pressure, for higher
pressure range.

It is 1mportant to mehtion that all the calibration
tests in soil were-run for one cell. Prior to installation
all cells were tested against an all-round water pressure to
check their response. All gave 100% response to the applied

pressure.

Installation

The Gloetzl cells were installed in two clusters of
five cells each. The first group was placed close.to the
concrete structure, and the seﬁond one as'far as possible .
from the rigid boundary (limited by\the opposite abutment).

The érrangement of the cells is shown in Figure 3.15
for both groups ("A"- close to wall, and "B" remote from the
wall). In this figure their location with respect to the
nearest access tube of a magnetic extensometer is given. Thg
orientation of the celis were chosen in order to allow the
principal stresses to be determined.

The installation procedaore followed the routine used
dur%ng the célibration, departing only in the size of the
trench dug to embed the cells, To facilitate the
installation one large trench was dug to accomodate all five

cells of one cluster. To prevent mutual interference between

the cells, they were placed as far as possible from each
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other, as shown in Figure 3.15.

The nylon tubes were placed inside a second trench 0.5
m deep to avoid disrupting tﬂe traffic of heavy loads. The
tubes wére connected to the read-out statigﬁ( placed behind
thé wall, through plastic pipes embedded in the concrete |
wall during construction. After positioning all the cells,
0oil was circulated to ensure full saturation of the system.

The cells were then coveréd with sand to inhibit large
particles from applying an uneven pressure on the cell,
followed by finé grained soil, lightly compacted.

At the end of the inst@llation,rinitial readings were
obtained. |

®

3.3.2 Wall Instrumentation

In order to develop a constitutive relaéionship for the
behaviour of the Soil—concrete‘interface, simultaneous
measurements of shear stress, normal stress’and shear
(contact) displacements are necessary.

Equipment suitable to measyure shear stresses and normal

stresses in laboratory, have been extensively reported (e.gq.

~ Arthur and Roscoe, 1§@1; Bauer et al, 1979; Dboohan, 1975 ).

However, the equipmept referred in these publications do not

~ seem suitable for field applicatipn,'wheré sturdier

instruments are required. Only recently the first cell to
measure shear stress in the field has been presented in the
literature (Askegaard, 1984).'Furthermore; no account of the

-

measurements of direct relative displacement between a

"3
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-concrete structure and a soil mass could be found.

Consequently, two new devices Had to be desxgned to
obtain the desired data. They are called Shear Stress Device
(S.S.D.) and Shear Displacement Device (S.D.D.). .

They were 1nstalled in three rows as shown in F{gure
3.16 and Plate 3.2 together with contact pressure ceils
Each of these rows contalned one contact pressure cell/ one
shear stress device and two shear dxsplacement devices. Rows
were located at 1.5 m, 3.0 m and 4.5 m from the top of the
wall. |

Each of these dinstruments will be dlscussed in the
‘followlng sections. Plasticp pipes were also prov1ded to

A

conduct the wires and tubes of these instruments to the

a

read-out station. .

3.3.}.1 Contact Pressure Cells

Contact pressure cells were used to measure normal
itresses acting on the wall. Sevfral Ccase histories
1nvolv1ng the use of thls 1nstrumeﬁ% h%ye been -published
(Kaufman and Sherman, 1964 Vaughan and Kennard 1972;
Jones and Sims, 1975; Carder et al 1977),

For this test emhankment Irad Gage pressure cells
were chosen. It is a circular, oil filled'cell 22.9 cm

(9") in diameter, contalnlng a v1brat1ng wire pressure 5

transducer. A recess in both sides of the cell prot~'

infreasing the sensitivity of the'dlaphragm and causing
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,oiher, as‘*shown in Figure 3,15,
The nylon tubes were placed inside a second trench 0.5
m deep to avoid disrupting the traffic of heavy loads. The
tubes were connected to the reéd;out station, placed behid®
the wall, through blastic pipes embedded in the concrete
wall during construction. After positioning all the cells,
01l was c1rculated to ensure full saturation of the system.
‘The cells were then covered with sand to 1nh1b1t large
particles from applying an uneven pressure on the cell,
fbllowed by fine gralned soil, lightly compacted.

At the end of the installation, initial readings were

" obtained.

3.3.2 wWall Instrumenté%%on

In order to develép a conétitutive relationship for the
behaviour of.the soil-concrete interface, simul{aneous-
measurements of. shear stress, normal stress and shear
(contact) displacemehts afe neCeséary.

Equipment suitable to measure shear stresses and normal
stresses in laboratory, have been extensively reported (e.q.
Arthur and Roscoe, 1961; Bauer et al, 1979; Doohan, 1975 ).
.However, the equipment referred in these publications do not
.seem suitable for field application, where sturdier
instruments_are required. Only recently the first cell to
“measure shear stress ih'the&field have been presented in the

liﬁefature (Askegaard, 1984). Furthermore, no account of the

f . . '
measurements of direct relative displacement between a

»



64
¢

concrete structure and a soil mass could be found.
Consequeﬁtly, two new devices had to be designed to
" obtain the desired data. They are called Shear Stress Device
(S.S;d.) and Shear bisplacement Device (S.D.D.).
| They were installed in three rows as shown in Figure
3.16 and Plate 3.2 together with contact pressure cells.
Each of these rows contained one contact pressure cell, one
shear stress device and two shear.displgcement devices. Rows
were located at 1.5 m, 3.0 m and 4.5 m from the top of the
wall, | " " ; '
%Bach of these instruments will be(diScus%ed in the oo
foliowing sectigns. Plastic pipes were also provided to

conduct the wires and tubes of these instruments to the

read-out station. -

3.3.2.1.‘Con.tagt‘ pressure Cells : |
- Contact pressure cells were useé\to measuré normal
stresses acting on the wall. Several case hiétéries
involving the use of»fhis instrument hayé been published
(Kaufman and Sherman, 1964; Vaughan -and Kgnnard, J97é;
Jones add‘sims, 1975;}Cardef”et al; 1977). :
For this test'embankﬁéht Irad Gage pressure cells
were chosen. It is a Circular;‘oil,fillgdﬁcellr:22.9 cm
(9")viﬁ,diameter, confaining a vibratidé wire p}essute
:tréhsducér._A recess in bothrsides of Ehe cell provide
fléxibilityﬁto’yhe‘central diaphrhgm._This reces;
significantly improvéd fhevperﬁorﬁange'of thévcell by
;increasing‘the sensitivity qf’the.éiéph;agb aﬁd“éausing

-

> aE

L
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Plate 3.2 View of Wall Instruments
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e 3.3.2.2 Shear Displacement Device (S.D.D.)

67

no disturbance to the overall stiffness.

Due to the large amount of pastwexperience and
available literature regarding contact-and earth
pressure cells (Peattie and Sparrow, 1954; Hamilton,
1960; Tory and Sparrow} 1967: Thomas and Ward, 1969;
Felio, 1980) no further details of these inétruments

will be presented:
E

Installation

It is well known that the presence of a stiffer body
withins,a soil m?ss, such as an instrument, can cause a
concentration of stresses and hence misleading the
measurements. To avoid this undesirable effect, the contart
cells were installed flush against the wall. During the
construction of the concrete structure_an %lluminum disc was
placed in the formbwork wirh exactly the shape of the
gauges. The cells were then glued 1nsxde thlS recess using
qu1ck dry groutjing. A similar technique %gs reported by
Coyle et al, (1974). o —

The initial readings were obtained after the grout had

dried. -

Design Detail

The basi¢ éomponents of this equipment, as shown

schematlcally in Flgure 3 17 are-

iF

- a rectangular ‘steel plate, 0 635 cm (1/4") thick

°

(Plate "A")
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- a T-shaped steel plate, 0.635 cm (1/4") thick
(Plate "B")

- a Linear Variable Differential Transformer (LVDT)

»

(not shown in Figure 3.17)

The relative movement between\the soil and the
structure 1s obtained by recording the rel%giveAmovement of
the two plates. |

In this sense, Plate "A" is firmly fixed to the
concrete wall using four 1.27 cm (1/2") bolts, and has two
steel blocks to M81d the LVDT (Figure, 3.17). The second
plate is placed in the soil with the widest section of'tne

"T" towards the wall. To minimize lateral movements @f this .

€,

plate 'two anchors were'installed .as shown in Flgure 3.17. Twed

The inner core of the LVDT is attadhed to this plate.
A
In order to reduce friction between the structure and

A3

plate "B" a teflon sheet 0.318 cm (1/8"). ‘thick is placed in -w

. :
the contact area and a teflon head prov1ded to Plate "B", as
shown in detail "A" of Figure 3.17. Wlth this arrangement

‘the contact between the concretf and the steel is replaced

'

by a contact between two layers of ‘teflon.
The LVDT chosen for this project was manufactured by
Schaevitz This transducer is of a special type for

appllcatlon in agressive env1ronments hermetlcally sealed,

o~

belng water and humld?ty proof. The: electrlcal cables were

also water and humldlty proof. The coﬁnections were, sealed-

Ie

e e s e -

'For detalls\of Linear Variable Differential Transforher
refer to Herceg, (1976). | L

«t
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a2

Installation Procedure - '

The installation is carried out in two phases. Before
. - ¢
the fill reaches the desired elevation of the instrument,
- . G :
plate "A" 1s bolted to the concrete wall.

After the fill has coyered at least half of this plate,

-
LR

and good compaction is ensured in the region where the
&

second plate yill be placed, a small trench 1s dug and plate
"B"‘positioned. E%tremé caution is necessary in this phase
to avoid excessive disturbance in the soil hqusing the
plate. It 1s also important to ensﬁre full contact beﬁween
the plate %nd the soill.

. "With p;ate'"B} in position, the LVDT 1Is attached to
plate "A" by means of two nylon screws and the 1nnerqcore 1s
screﬁed to plate "B".

It is impoftant to notice that although plate’"B" is a .

heavy plate, it prévents erroneous measuremeénts by

‘minimizing possibility of tilting of the pla?e which,

N »

turn, would bend the inner core of- the LVDT.j ~ /

As é;precaution, a protective device is suggested to

1

‘The trench is then carefully backflpwéa;’and th uSe of

a hand held compactlon dev1ce perm1tted only after the LVDT
, P
is completely coverea e
- A sequence of Plates (Plates 3.3a. and 3,3b) illustrates

fhéflnstallatlon prqcedure.
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»hInterfaces are artxflczally made types of Joxnts. They occur

“in most’ c1v11 engxneerang pronects.ﬂ7~3 _'}f - -”;ff”i’b’

Several authors have called attentxon to the 1mportance
eof 1nterfaces in the behavxour of these pronects and to the

gpotentlal r19k that these areas represent.

K}

Durxng the 1ast two decadea, the study of 501l concrete

ﬁxnterfaces has rece1ved the consiant attent1on of

7.researchers. However, the great majorlty of the, studxes were .

: concentrated 1n the area of analytxcal modelllng

A*standard procedure was f%equently used 1n connectxon

.”-dw1th the f1n1te element method to model 1nterfaces. However,

N

.»no d:scusszons of the va11d1ty of the procedures adopted

x4

could be found Thls thesxs, therefore, concentrates on the

physxcal 1nterpretatzon o@~501l—concrete ;nterfacev )

| ;behaviour. "j')i R S } .j‘.:/

¢

Due to the large number of cases 1nvolved 1n th1s area

of study, only planar concrete structures in contact thh a.

i compacted sxlty clay 5011 are consxdered

":_hembankment constrf

T?e "macro" behav1our was modelled 1n an. exper1menta1

1ted 1n the area of Dxckson Dam. The -

L ‘

5results ‘of thls fleld teat led to a serles of laboratory

Iﬂtests, xncludxng a reduced scale model Based upOn somev:"?

o

"o

f;obaerved feétures of the large test.'a phenomenologxcalhglhl

fﬁtechnxques of analytxcal modell1ng.5 |

*fhmodel was proposed and used to analyse the conventionalf;;"

Sovi
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behaviour of sozl concrete mtgrfaces. . ,f.
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1. INTRODUCTION

B ’ v
1.1 GENERAL
( o
‘The objective of this thesis is ‘to study the behaviour

of SOll structure 1nterfaces Desplte the frequency df thelr":

voccurrence in most large c1v1l eng1neer1ng prOJects,gfcant
-‘attent1on has been g1ven to the subject 1n partlcular to
'the fundamental phy51ca1 phenomena and thelr ﬁnterpretatlon
as well as to the 1nfluence on the behav1our of . ﬂhe 3011
-mass.. Sl S - \‘f |
- For the purposes of thlS research the structure 1s

’7,repreSented by a planar concrete wall and the 5011 mass by a
[

compacted so1l Therefore, most: of the d1scu551ons presented

‘}fdurlng th1s the51s are related to problems such as 301nts
‘between earth and concrete dams,lreta1n1ng walls or w1ng

hwalls of br1dges. When appl1cable, reference Wlll be made - to

)

other examples.

1. z anzr x:swony oF THE TREATMENT or SOIL CONCRETE "
e P \
' Axnrznrnczs ;.Vi'?;_; S : ]k*"”“ e

The stab1l1ty of so11 concrete 1nterfaces Was of great

'fconcern befoge/the beg1nn1ng of the last century In 1776

.

T_QCoulomb-developed a Fethod of determ1n1ng the 11m1t1ng earth‘

nﬂpressure acthng on reta1n1ng structures, consxder;ng the pl;h:f

-

F”fjeffect of the fr1ct1on between 5011 and structure.‘Later,'ln”p

'91857 Ranklne presented a 51m11ar theory not cons1der1ng the*"

-

7effect of the frlctlon. These two 1ndependent W rks comprlsefg;

b
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the Cla551cal Theory of Limit Equalibrium and their ..

fappllcab111ty is w1despread and s itable for most,pract1cal

Ve

C s N

":problems.
However, “in. %bme cases, not omly thev;actOriof safety

agalnst collapse is de51red but algo the‘development of
ystresses and stralns both at the in erface and in the
adjacent so1l mass 1s of 1nterest: Analyses using 11m1t
equ111br1um fail to furn1sh thlS 1nformatxon.

| W1th the advent of numerlcal techn1Ques,‘such as the
'f1n1te dlfference method the boundary element method and
‘the f1n1te-element.method the»calculatlon Qf stresses.and
straing in 5011 masses became p0551ble, even in . o
i c1rcumstances where exact solutlons (closed form solutlons"i‘7}
”based on the theory of elast1c1ty) were not avallable. N
Among the methods mentloned the flnlte element method
vlS of partlcUlar 1nterest for 1ts flex1b1l1ty in modell1ng
complex problems, 1nclud1ng anlsotropy, nonhomogene1ty, e
;complex geometry and d15cont1nu1t1es. The last p01nt 15 a
very’common feature of rock.masses (301nts or fractures) and
efforts have been devoted durlng the last two decades to
: lamprove the methods oﬁ mddelllng. As a result of thxs l1ne f‘

°

‘of analytlcal research a spec1al type of element has beenlly¢'

3 .
R
P P

”hderlved termed Jo1nt element._,ypfv,-v.. j o ii;e

wu-

Due to the 91m11ar1t1es between the representatlon of

P
SN e,

fd1scont1nu1t1es 1n rock m ses and so1l concrete 1nterfaces,

RS eac

‘ %Jﬁu51ng the f1n1te element method the ]olnt element pecame




-~ o

the 1970's, the study of this type of interface has been
reinitiated, witﬁ special attention éo the area of numerical
modelling (the first reported joinf element is dated 1968).
However, irrespective of the differehce; inherent in these
two classes of problems (jointed rocks and soil-concrete
interfaces) advances in finite elementltechniéues for
interfaces, based primarily oﬁ ﬁo{nted rock concepts, have
been developed in an uneven propo}tion to the understanding
of the physical processes involved in the soil-concrete
interface. Furthermpre; theﬂemphasis in numerical modelling
seems to havg overshadoweé fundamental physical concepts,fas

well as the urge for field observations, of the interface !
behayiaur.,The for@er is of’gtmogt importance 1in avoidiﬁb
misinterpretation of the basié'mecganical processes
influencing the interface behaviour. The latter is the only.
possible method of ensufing that the advances in ‘analytical
modelling lead to a more realistic representation of the
problem, since exact solutions based on the theory of
elasficity (closed form solutions),'are not readly
availablei h .

Therefore, a brief review of‘!?ﬁ% mechanical‘conéepts
of elastic bodies in contact will be presented in .the |

following section, aiming to revive. the fundamental theory.

L]



1.3 MECHANISTIC vxswpejnr

An 1mportant mechanlcal concept governing the behaviour
of interfaces between elastlc bodies can be found not in
aévanced engineering baokd, but in cla551cal physics and
'statics books. As,Will be smown during the bresentation of'
this research, this bas{clconcebt seems to have Been1

A

neglected and replaced by more complex theories, not always

~
. i,\

more approprlate, to represent the phy51ca1 process
involved.
For the sake of this introdectory preseﬁtation, a
simple example wi}l'be_discgssed,~ss-shown in-F}gure 1.1,
« This figure depjets an elastic'eody;zkw'restimg on a

inclined plane. This‘plane has.variable‘angie of ‘
imclination' 9.-First iet.the angle 6 assume a null value.
In this conflguratlon equ1l1br1um of the system 1s ensured
by a Vertlcal reaction equal and opposite to the body force
that is, only the vertical component exists,

If the angle 6 is increased, a component of the tody

L

forces, acting iarallel to the inclinétion 6 of the plane

i

will be generate To satisfy equ111br1um in this new
conflguratlon a reaction -(equal and mn opposite d1rect10n)
appears, acting at the interface. As long as the value of
this reaction, T, is not overcome, the system satlsfles
equ111brium and no movement can be observed

» For continuous increases in the angle 6f inclination

there will exist an angle § for which the value of the

reaction 7 will assume its maximum value. This angle is

K



W - weight of elastic body

- T— shear stress

Figure 1.1 ‘The Concept of Two Elastic Bodies in Contact

&



calied the "crictical angle". Any further increase in 6 will
cause block "A" to slide on the inclined -plane. At this
moment, equilibrium is no longer satisfied, tle value of 7
is constant and is equél to its maximum possibieivalue. It
is said that, for this angle 6 L block "A" has overcome
the "staiic gf&t;ion" and the i;;;ent of 6.' ~ is called
the coefficient of static friction (u). Thecséiue'of u is a
property'of the‘interface and, as such, is unique. It will
change only if one of the elastic bollies involved in the A
experimgpt described above is replaced. |

The value defined in the above discussion is of
fundamenfal importénée because it seems to be the only
existing fundamental quan;ity.that can be measured for an
interface.-As a fu;damental quantity, this concept holds fofu
any type of interféce under any circumstance. This concept,
however, does not cbnsider‘strains and'displaéements." <

_Furthermofe, the recoéﬁition that.tangentiai stresses
(reaction T) are‘déVeloped to maintain equilibrium‘is also

y .

of great interest for the discuSsion-that'follows;

_All these points wil} be furtherJexplored in later

- chapters.

]

L

%ff4 OBJECTIVES AiD SCOPE OF THIS RESEARCH ' )
‘ . This research aims to discuss three major issues
related'to'the behaviour of interfacesfsoil-concfete.
"First, the anajysis of the interface iﬂw%%rmsgéf

- stresses and displatement.will’be considered. -

\_/ | *
. C . A
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In this part it is intended to create an overall
unde;standing_of.the behaviour® of interfaces and‘théir
infl@ehﬁ; on the behaviour of the soil mass‘pléced adjacent
to the structure; For this purpose, a program-of fiéld
ingfrumentétion was planned and carried éut in an
experimental embankment; This part can be regarded as é view
of the macro behaviour of the interface.

The analysis of this first part lga.to a’tentativé
description of the physiéal behaviour of this type of
interface, in-ordér to explain certain observed features.

Finally, ﬁhe use of thg fﬁnite.element method as a tool
fo£ analysis of interfaces is addre;sedl«As will be seen in
subse&uent chapters, sgveral methods of analyses have been
proposed in the past. However, in mosﬁ‘cases, only one type
of teét is'génerélly'used'to deﬁérmine the parametefs for
thevanaiyses, naﬁély the direct shear box test. The
suiﬁability of this test ;6~}epreseht the behaviouf of

interfaces is discussed based on the physical,interpreta;ién

of .the interface behaviour.

'1,5 CONTENTS OF THIS THESIS

- The first étep-of this.research~inc12§ed é‘detailed

- study of the available iiﬁeratd%e‘on sofl-éoncrete

interfaces.: This is reviewed in Chaptet,é; and demonstrates

ithe ﬁécessity f6t fie1d"ob$erva£ions of‘interfa;e_béhaviour.‘

U This-subjeét is éb&ered in Chapt%f g»whiéh désc;ibes a |

program of field insttumentation carfied.oué in a test fili;
, [ o . AR

|
N



built in the area of D1ckson Dam, Durxng the design of the

field 1nstrumentatxon, the need to develop new field

1nstruments was facer Therefore, two new devzces ‘have been
& e

created and are descr1bed

A1m1ng to reproduce part of the fleld 1nstrumentat10n,

Chapter 4 describes a reduced scale prototype bu11t in the

1aboratory. Under these more controlled cond1t1ogs several
features could. e observed and as a result a ‘ ’v\
phenomenologxcal model" was der1ved.’This model.is
:described in.Chapter 5. Apart from its presentation)
rexamples are deSCtlbed to prove its rel1ab111ty and

approprlateness in descr1b1ng the 1nterface behaviour.

F1nally in Chapter 6, a-F1n1te Element'analyses-of thet

test embankment 1s presented The features of the program .

L3

used are descr1bed and examples prov1ded to assess the
’rel1ab111ty of the program. ( |
In Chapter 7 the main concluszons are summarlzed and

recommendatlons for further reseach are presented. -

COAd
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" \ 2. ANALYTI CAL' ‘ VERSUS EXPER IMENTAL MODELLING
‘ - ) 4]
2.1 fnmnonucmxon :
’ | In this chapter a llterature review is presented
-emphas1z1ng the most pertlnent art1cles for this research
The review is subd1V1ded 1ntovtwo parts. In the £1rst part_
some o@ the Joxnt elements used xn connectlon with the
f1n1te element method are“descr1bed The objective 1s to-
£am111ar1ze the reader with some of the Tost used
‘technlques. _
In the_second.part*some applications.of:these methods
in problems involuing soil-concrete lnterfaéeslare described‘
w1th spec1al attent1on glven to the reports presentlng
' const1tut1ve models. This is followed by a summary of ~some
: pract1cal experlences related to actual eng1neer1ng
_.pr03ects. Th1s second part 1ntended to draw attentlon toathe f
lack of_exper1mental observatlons of Pnterface'behav1our.
< .
2.2 LITERATURE REVIEW
2.2.1 The Concept of Joxnt Element A
The f1n1te element method 1s a very powerful numer1ca1
V method able, at least in theory, to solve the most complex
| problems encountered 1n c1v11 eng1neer1ng. Its ab111ty ‘to
1ncorporate complex1t1es has made the method one of the most

- used numer1cal techn;ques now avazlable.

A
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Among the available formplations used in the method,
the most important of which, widely used in the solution of

practical problems, is the displacement-based finite element
¥

formulation. The major reasen'for its wide_ﬁse is its
v simpliciﬁy; generality‘apa'good'ngmericai propertieé‘(Bathe
and wilson, 1976) Other formulations, not used as often. are
the equlllbrxum formulat1on, hybr1d and mixed methods.
, ~ Whenever the finite element method is referred ‘to in
this thesis it is the dlsplacemenégpased formylatxon unless_
stated otherwise. . 3" e 18] | |
In the dlsplacement formulatlon, the selutlon of a
part1cu1ar problem can be summar1zed as the solution of a

'set of l1near equat1ons of the type°

'KU=R
'wherer:
1:R - load vector 1nclud1ng all the forces
actlng in the body. |
U -'d1sp1acement vector and the unknowns
of the problem.v_
K - stiffness-of the body.
T . o o
The matr1x K can be determ1ned as follow (Z1enk1ew1cz,f

1971).

K = I [B)i[ Cly [B], av,

-



N }\k
P

‘spec1a1 formulat1ons have been derlved based on technlques'

11

[B], - geometric matrix for the element
[C]i - constitutive matrix of the element
dv, - integral over the volume

The integral over the volume applies.for three

dimensional problems. For most oivil‘engineering

applications, plane analyses can be performed (plane Stress o

or plenewstrain) and then the integral is evaluated over the

_area of &he element.:

‘Under certain circumstances the formulation of the
st1ffness matrix, as presented above, becomes mean1ngless
51nce ne1ther geometry (area) nor- elastlc propertles can be

ass1gned to a part1cular region of the contlnuum, such are

: the cases involving fractures~1n.rock masses,'or

'soil-concrete interfaces. For these. particular'apolications g

'such as Lagrange mult1p11ers or the constra1nt methods

_(Zrenk1ew1cz, 1971; among others)

i Oon thehother haﬁd{ if}thevjoi:t can be aésumed.to have
some thickhess, such as‘when rock joints are filled with
soil, the defihition of the.stiffness matrix; as presented

above., holds and the representat1on can follow the

conventxonal der1vat1on.

In the followlng sect1on some of these formulatxons are

brxefly revzewed | |

I't 1s worth ment1on1ng that models der1ved to represent
Vol
flUld flow through d15cont1nu1t1es CSUCh as Noorlshad (1971)

or Gale et al (1974)) are not 1nc1uded in thlS rev1ew.



- 2.2.2 Review of Analytﬂcal formulations
In this'séction 15 different joint elements are
\ g;ésented fincluding a brief destfiption of eachlilh
Fxgures 2. 1 and 2. 2 thelr geometry is shown and the notatlon
-used in the text is expla1ned 1n these figures. |
It is of interest to notice that most of the'joint
“elements found 1ﬁ the literature*foilow either thquoodmah
et al (1968) proposition for_zero EhickneSS'éiements‘or
Ziénkiewicz:et’ai (1970) for finite thickness elements.

The element prépbsed by Goodman et al (op.¢it;) has
been impfovéd twice by the same}author (1972 and 1976) to
account for d1latance and rotation respect1vely |

The element has four nodes and eight

,degrees-of-freedom. The "strain vector” {e;}ﬂfor the joint
element is défihed by the.relative diéplacéments and
rotations of the two sides»(toé’and bpttme measured at the

centre of the element, as shown in Figure 2.1, or:

]

T _
{e; 7 = [Auo Av, Awe]

where,
Uo, vo and Wo are shear,vnormal and

vrotatlonal "straxns" respect1vellya

This "joint sﬁrain*AiS felatea't°.theh"°dél
displacement using the relationship: |
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 'Figure 2.1 Details of Some Joint Element Formulations
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{e;} = [T){u)

and thd stresses can'be found usin§ the constitutive matrix

. a8 ’ ' s .A ]
{0} =.[C|:.He:]} . |
where, 4
C.= |0 r[: Ozl 0 |
- K
l. . wJ

in which,
-R, - shear stiffnese\(simflar to K;)
o Kn}-~nerma1vstiffness :
: | p

l K - rotational stiffness

w

fast'term can be expressed as a function oflthe

uwfffneSS‘and equals: . : ‘. o

K =(Ky x 1°)/4
wooo

1= length of Jo1nt element

;. Y sgguld be notlced that ‘the constltutlve matr1x [C ] -

" has six Zexo. terms, suggest1ng that dllatancy it not

p

e . ¥ : . - : e
cons1dered R : R o oy

ThlS element has been used exten51vely 1n the past and

-

several mod;flcatxons have been proposed to accompllsh
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specific needs. In 1972, Rouvray and'Goodman pfesented a.

"modified formulation a1m1ng to account for 1n1t1al stress
dependency on the joint parameter§ d11atancy and a crlterla
for crack initiation in rock blocks.

e

R Although the basic formulatlon remalned unaltered the

s

‘-Jconst1tut1ve matrix was reformulated u51ng the

"Perturbat1onal Method"r(Heuze, 1971) to derlve the
stiffness parameters. D11atancy was con51dered u51ng a
51m11ar approach (Perturbatlonal Method - Goodman and
_Dub01s, 1972) since the evaluatlon of oﬁf d1agonal terms K.,

'and'Knj in the matrix:

v

is rather diff&cult S -
These two terms represent the effect of the shear

7

stress on the normal dlsplacement ‘and vice- versa,.or-'

Kin = [GT/SV]- .
SRREY
eando ,
C Ka. = [8o/801
SR ) V. - ¥
'where;}'

r ~ shear .stress

¢ - normal stress

e



u,.v - shear and normal dlsplacements.

“The, element propoSed by ZleﬂkleWICZ et al (1970) has

. been mod1f1ed by. Sharma et al (1976) and applled in several

ldlfferentApractlcal cases.," | .

Zlenklew1cz drew attentlon to the dlff1cult1es arlslng
1n the use of solld elements to represent 1nterface‘

behav1our, prlmarlly caused by*the elongated geometryA

Ry

~
(narrow and thln) of thls reg1on.(Therefore, zlenkxew1cz

»

‘der1ved a pew ]Olnt element capable of assumlng such a
conflguratlon. 3 S .
) . i . ’ .
Although thlckness is con51dered when computlng the

element propertles, the nodes represent physzcally the same

\

point (same coordlnate) In other words, in ,the general

.descrlptlon of the problem the element w1ll be represented
by the,two m1d 51de pomnts A and B in Flgure 2 1.
The dxsplacements are descrlbed uslng llnear shape

o

.functlons of the type'

LS

W '

2x‘/L':
and ) .‘ X ! v. | . . ) ' 5 | l’/' ' ,- )
2y /- U

%r‘-.

=
n

where
£ and'n.- local'normalizedTCOordinates

>

X' and y' - 10Cal coordinatés E o

. L - length of ]01nt element

#

g - thlckness.oﬁ Jo}pt elementf

rd
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Thereafter, the element'is derived as a conventienal
isoparameteric solid element.

Sharma (1976) used a similar formulation to derive a
new model to study the behaviour of a 260.5 m high rockfill
dam with vertical and inclined eores (Tehri dam). This ‘
formulation assumes a nondilatant joint with zeroA
of f-diagonal terms in the constitutitive mattlx.

Another two types of elements were presented by
Ghaboussi et al(1976) and Desai et>al (1984). Both assume
that the element has a finite th;ckness. The fotmer defires
the relative displacement between the two continuous masses

1 ip

as 1ndependent degrees-of-freedom for the element

‘Ghaboussi's joint element has only two nodes as shown in

Figure 2.1. , h ‘ . A
The displacements degree-of-freedom of one side of the
sllpplng surface is transformed into relative displacement

v a

of the element as follows. o

[} ‘;’

t .b - N
Ui = Uib +' AU] N
where superscrlps b and t refer to "bottom” an§ "top" solid

elements respect1vely Similar expressions canébe obtained .-
for the second direction and-for the other nodes (see
Figure 2.1)

Since the element has thickness, joint strain can be
defined as:

{6} = 1/t {AH} . y, . &

wnere:“ ' j



e - shear and normal strains
t - thickness
Au - i1ncremental shear and normal

@

displacements, in local coordinates

The general formulation for the stiffness matrix in

local coordinates 1is:

. T
(k] j [B] [c] (B] aa

n

where:

f

(B]

(C] - constitutive matrix

strain-displacement relationship matrix

*

This element was used as the basis for the detivation

-

proposed by Saha (1982) for a new element.

The element described by Desai et al (1984) is a
conventional isoparamétric element applicable to a large
range of aspect rat?gs (raftio between sides of the
elements), but it %iffegs/trom the Zienkiewicz et al(1970)
element in its definition of the constitutive matrix [C.,j.

Experiences repofted by Desai et al (1954)h§uggested
that aspect ratios up to 0.01 can be applfed with no risk of
numerical problems. Furthermoré, such a ratio should- be
satisfactory for simuiating‘most interface behaviour.
Details of thié‘element'are also presented in Figure 2.2.

Finally, a similar approach was used on a Separate

occasion to derive the last two joint elements presented.



Figure 2.2 Details of Some Joint Element Formulations -
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b - average dimension
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e - I\

Herrmann (j978) and Katona (1981) proposed joint
eleme;ts using the "constraint method". The first element
uses springs (Lagrange multipliers) to represent a
particular constraint applied to a pair of nodes, initially
in contact (same coordinates). The springé‘can be nonlinear
and the bond thaf they represent can sustain a maximum load
equivalent to a maximum shear stress determined by Coulomb's
equation. Only after the attainable stress is fully
mobilized, relative displacement (&) occurs as slippage (if
in the tahgential direction) or separation (if in the normal
directioh). The method is both incremental and iter;tive_in
order to allow nonlinearity to be included andtto permit fﬁe
desired mode of deformation to be assumed (e.g. linkagé;
separation or slippage).

On the other hand, Katona (op.cit) used both the
constraint meth&d and the directional stiffness formulation
(the later is the conventional method uséd, for example, by
Gooéman) to derive his elemgnt. However, instead of using
Lagrangian multipliers to represent a particular constraint,
the aufhor applied a constraiﬁt equation directly in the
basic. equation of'the Prinéiple of Virtual Work. Thus, a

v

constraint ‘equation of the type:

Cu-a=20
where,

Cc - constrainx‘coefficient matrix
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'a - specified constant (e.g. displacement gaps)
u - incremental displacement vector.

_'and the consequent virtual work done by the force causing
this particular cohstraint, thet assumes the form:

- T T
h constraint wvirtual work= 6u C A

)
where,
du - variation in the displacement vector
A - constraidt fofce ‘ )
can be inserted in the general equation of the principle of
virtual work, to get the final general equation including a

~

constraint. ,

In this formulation, three modes of deformation can be
imposed in the tangential direction (fix, free or slip) by
selecting appropriate constraint matrix and load vectors,

Using this method the author simulated an idealized

4

buried pipe and compared the normal stresses and shear
tractions with exact closed form solutlon for extreme cases
of friction (bonded and frictionless condltlons) The
results show very close agreement and a‘third example, using
an intermediete condition {frictional slip) falls between |
the two extreme cases, as expected..

A summary of the elements discussed in th1s section is
listed in Table 2.1, In this table the most 1mportant
.character1st1cs of each element are presented

It is worth mentioning that, although the formulations

described in this section are not identical, a commom

-
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feature can be observed in the majority ot the joint
-elements, viz, the parameters for the anaiyses are obtained
from conventional dlrect'shear‘box,tests. The only exception
found in the literature was the publication by Desai and his
co-authors (1984), where.the patameters for the element are
derived:fibm aISpecial apparatus calledwthe

"CyClie-Mhlti Degree-of—Freedom Device" (Desai, 1980).

- §ome of these elemente have been implemented into
finite element programs such_as; "Finite element
Isoparamettic;‘Nonlinear with Interface interaction and
Non-tension (FINLIN)" developed at Purdue University,;or g
'"Culvert ANdlyses and'DEsign program (CA%DE)" developed at
the U.S. Navy Civil Engiheering-Labdratory. Another two
programs have been d;veloped at the Unlver51ty of California
- at Berkeley by Duncan and his co- workers. A very
comprehensive discussion of some of these programs;is
reported by WU,(1980). |

In the next section, a review of some reported . -
experiences where these numerical models wereusSq,{s'
presented. This feview was carried oﬁt‘to demonstrate that
the ava11ab1e l1terature is 1nsuff1c1ent to supply the |

necessary 1n£ormatlon for more detalled research work in the

subject.

2.2.3 Revxew of Soil Hechanlcs Experlence 0
‘The f1rst Jo1nt element was neported in the llterature

in 1968. In the eatly 1970 s the first model that could

L3
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account for partlal‘sllp (or partial bgnd) between the
kst:ucture and the ‘adjacent soil was proposed (Clough and
!Duncan, 1870). Following a similar approach used by Duncan
and Chang (1969) for nonlinear stress-strain relatdonships
for soils, Ciough'and Duncan (op.cit.) fit a hyberbola to a
series of standard shear box test results, The sample was
composed of concrete iﬁ the lower half of the box and sand
in the upper'half. The gap between the twoAha1Ves.was kept
as small as poSsible and the relative movement between the
two haives of the box was assumed to be entirely due to
interface movement. In other'words, it wae assumec that ';
fa@lure occured at the interface. | . |

- An . empirical equation Qas derived based on a normalized
plot accofdind\fjgure 2.3. With this approach the value of
the "tangentialfstiftnessﬁ (K.), cculd‘be‘obtained. This
value varies with normal stress and the reiative
displacement. According to this study, the value of the
~normal stlffness (K ) should. be kept very high to avoid the
elemenga representlng the 5011 overlapp1ng w1th those
elements simulating the concrete. h

.These two valueS-(tangential Stiffneee -VK‘ or C,,, and
normal'atiffnesa -R, or C,n) were assigned to""joint
elementsf {Goodman's type).

Q‘Using the proposed formulation, an analysis of a
retaining~Wa11 waé sinniated and'the results of the‘passiee
and actlve earth pressures show good agreement for '

_‘condltlons not near the 11m1t equ1l1br1um, for both rotat1ng
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3 N
and translating walls,

The formulat®on was also used to analyse the earth
pressure caused byvé sand backfill during the construction
stages of the Port-Allen Lock (Duncan and Clough, 1970) with
some degfee of success.

The interest in the subject increased during the
1970's, speciglly in the area of earth dams. It seems that
thié\suddén motivation was primArily promoted by the
reéognition of the "potential zone of cracking andi
consequent hydraulic féacturing" (during first impounding)
that "such éype of interface can represent,

This risk was first ‘recognized by Vaughan and Kennard
(1972). For the case of Cow Green Dam, instrumented with
cohtact pfessure cells at the interface befween the concrete
and the earth d;m, no risk of ﬁydrauliq fracturing was
detq?ted; Measurements showed that the normal stress in the.’
concrete wall 3?5 consistently equal to 70% of t?@. |
overburden pressure for four instrumented elevations.
H?wever, it is importaq; to ?3£icé;that the measurepen; ofl
normal stress by itself.does not provide sufficient |
information to define the "state’cf stréss" at the gall.
Therefore it is -inconclufive whethe: or not the observ;d
valueé were a conseguence of derbutden‘pressures solely or
due to some loéé transfer mechanism that could have
happened.‘This point is further discussed in Chapter 3.

A simélar point pf vieﬁywaé di5cussed by de Mello

(1977) in the 17th Rankine Lécture, undér the heading
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.

"Design Considerations at the Critical Wrap-Around Details”.
According to de Mello, discontinuities are the most critical
poihts of design in embankment‘dams. He quotes the contact
core-concrete as a problem,of great responsibility with
respect to cracking and piping.\

Probably spurred by these two very important papers,
the International Commission on Large Dams devoted an entire
eession, during the 13th International Congress on Large
Dam; (New Delhi, 1979)( to debate the subject. Due to the
practical nature of this Congress no major advances towards
the phy51ca1 or mechanical understand1gg of the behav1our of -
interfaces were reached, but it was a valuable opportunity
to evaluate and call attention to several "unexpected’

R .
behaviours.of this type.of junction.
i& :
Empiricism and engineering judgement are the criteria

‘most used in designing this iméortant zone of a dam. Often

past experience degenerated into a "rule of thumb". The
placement of clayey material, wetter than the optimum °
moisture content; compacted against a. sloped concrete
structure (this angle can vary from 70°-85° almost at
ranéom) igs today assumed as a design criteribn.

B ‘Subsequently, in the International Konference of Soil
Mechanics and Foundation Engineering held in Stockhelm in
1981, another ségglon was dedicated to the subject. Dur1ng
this conference an 1mportant contr1butxon was del1vered

(Roa, 1981) Roa used a ‘linear- elast1c perfectly plastic

\)

" best-fitting approach to represent the behaviour of shear
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box tests in jointed rocks, as depicted in Figure 2.4. The

Mot his proposition is its simplicity and the

llude‘loss of strength with increasing
?tivalent to strain softening, not
iFigure 2.4). .
iwdoring the Fourteenth International Congress on
%j held in Rio de Janeiro, another 1mportant case
f;s presented It reports the behaviour of Roxo Dam
f;e Mello and Teixeira Direito,A1982). .
f dam was built in Portugal between 1964 and 1968,
ihfter-completion, signs of a defective behaviour in
the ea‘ ‘;dam, near the interface with the concrete

- UWP, was detected in the form of exce551ve

.settlements. - : | RN

1

cal geology comprised schist‘and porphyry. In the
left ab “/hlthe quality of the foundation did not raise.
importa%jzprohlems. In the right abutment, on the other
hand, the quallty of the rock (ma1nly porphyry) became
clearly worse and the formation showed faults and .veins of
schist and. wlde vezns of heavily fractured quartz.

‘The defectlve behav1our was monltored with no major

concerns regarding the causes of the problem until 1973

.Since 1ncreaS1ng settlement per51sted it was deczded to act

L3

in order to normalize the 51tuat10n. At that time two k1nds
of act1on were suggested and discussed. One advocated very
drastlc measures such as ‘the removal of the whole affected

fill and 1ts subst1tut1on by another one or two concrete .
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‘sections., Such a solutionhwas strongly contested due to the
costs involved, Ihstead, a series-of-conSecut&ve measures
were adopted,. hoping that some relatively simple and
inexpensive remedial work would be the solution. Hencer
between 1973 and 1976, more than one hundredvboreholes‘were
drilled for -cement injection, instrumentation of high -
accuracy, sampling and so on. . .A : S

Since no success was obtained atter all these measures
were trled,.the solution of remowing the earthfill affected
by the_excessive settlement and its'replacement by another
four blocks of concrete was undertaken.

In their conclusion, the authors' comment:

'"Unfortunately, the matter is not completely cleared

up, although certaan facts can be pointed out, eadg‘

of them, though, insufficient to justify the \

behaviour-of the dam." '

In the writer's opinion, this case.history jUstifies'by'
1tself the need for a more detalled study of 1nterfaces, |
although it is not even completely clear whether or not the
1nterface was the prlmary cause oflthe defect1ve behavxour
observed. Even with todayos level of knd%ledge it was not
,p0551ble to phy51cally understand the reasgns for the
excessive settlement close t0'the‘501l-concret?afnterface;

It is trUevthat the number of dams;Successfully

:constructed using today 'S state of the art of 1nterface

des1gn 1s much larger than the number of dams that showed

defect}ve behaviour.

N . N .
AN o o

-~
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o

However, as mentioned by De Mello (1977), despite the
importance of this region of the design of dams, only scant

attention has been given in the past to an understanding of

+

soll-concrete interfaces‘behaviour. Surprisingly, as was
me@tioned before, numerical modelling, using the finite
el;ment apb}oach,'is far ahead of the development of the
phy;ical understaﬁding of soil-concrete interface behaviour.
(e.g. Desai et al, 1980; Desai et alj}984). In the writer's

opinion, this seems inappropriate,AsiQE% modelling should

follow a»complete understanding of the "physical behaviour”

N

and not vice-versa.

Furthermore, none of the reports found in the

literature and described in this section, have attempted to
measure shear stresses and shear displacements at the
interface. At most, measurements of normal stresses have
been reported. However, to understand the behavjour of
interfaces and the influence of the structure in the

behaviour of the adjacent soil it seems of utmost importance

to observe the shear stresses acting at the concrete wall,
- <
TR

‘'since these are the governing stre§ A%;for the behaviour of
£a

the adjacent soil, as will be discusséd in later chapters.
Therefore, the study presented in the following
chapters will focus on the shear stresses devéloped at the

interface rather than normal stresses.



32

2.3 CONCLUSIONS
The literature review presented in this chapter showed
a lack of information on the measured behaviour of soil
concrete interfaces. Furthermore, most of the
instrumentation programs discussed failed to determine some
of the most impoftant parameters for the analysis of such an
interface, viz:
- measurements of shear stress, and shear
displacement (relative displacement between the
soil and the structure at the interface). These
are the minimum requirements necessary to fully
understand and model the behaviour of an
interface.
- measurement of stress and displacements in the
fill, including its trend towardg the rigid
boundary.
In order to accomplish these tasks, a test embankment
was built in the area of Dickson Dam, at that timé (1982)
under construction in Alberta. This test fill is fully

described in Chapter 3.



3. TEST EMBANKMENT

3.1 GENERAL

| The major purpose of the Test Embankment was to cover
the gap between "analytical modelling” and "real behaviour”
of the prototype.

As in any field instrumentation project, the:
instruments have to provide the maximum possible
information, with a minimum number of instruments. In the
particular case of interfaces, the cost of the concrete
structure governs the size of the test area (it represents
approximately 20% of the total cost) and and the size
dictates the number of instruments that can be }nstalled in
the test fi1ll.

In this chapter a detailed description of the Test
Embénkment will be presented, including the geological
features of the area, construction procedures, design
details, quality control and instrumentation used.

It is worth mentioning that the state of the art of
interfage instrumentation in the early stages Qf this
research induced the conception of two new instruments. They

will be fully discussed in following sections,

3.2 DESCRIPTION OF THE TEST EMBANKMENT
The Test Embankment facilities included a 6 m high, 6 m
wide reiriforced concrete wall built prior to the fill

placement. The area available for its construction lies §

33
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9

within the reservoir of Dickson Dam, at that time (1982)
under constfﬁction. The location of the dam sit;fis
presented in Fiqure 3.1. The nearest city i1s.Innisfail,
which is located approximately 250 km south of Edmonton,
Alberta, ‘and the dam site is about 25 km west of Innisfail<®

The choice of locating the test area at Diékson Dam,
and in particular inside the reservoir of the dam, was -
adopted for three main reasons:

- to avoid interference with the dam construction.
- proximity of material for backfilling.
- availability of contractors on the site.

At the same ti;e this location imbosed restrictions,
the most important being the méximum elevationdallowed at
any point inside the reservoir. Since the site which was
chosen was already at the maximum elevation permitted, the
embankment had to»be built inside an excavation which was
opened up before the concrete wali was built.

The site lies in the Western Alberta Plains, just east
of the Foothills of the Rocky Mountains. The area has a flat
to gently undulating surface, except where glaciation and
river erosion have formed broad, "U" shaped valleys. Thus,
the stratigraphy generally consists of a thin cover of
alluvially and glacially derived sediments overlying
Tertiary sedimentary rocks of the Paskapoo Formation. The
latter'comprises layers of sandstone, siltstone, claystones
apd shales with minor layers of carbonaceous shales and

~

aréillaceous limestones. (Alberta Environment, 13980,
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Figure 3.1.Location of Dickson Dam Site
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Report#8-31-0044). Several discontinuities can be identified
in this material, most of them vertical and sub-horizontal.

Morgenstern and Eigenbrod (i974) tested several
argillaceous materials including some samples of the
Paskapoo Formation. They have shown that ;ost of the clayey‘
formations lose their strength rapidly, especially when
immersed in water. According to their study, a loss of up to
90% of the original undraingd shear strength can take place
in few days.

In order to avoid the'effect of the weathering process
indicated abov;, the excavation for the test fill proceeded
in two phases: During Phase I a small wedge of the material
was rémoved, leaving én abutment inclined 1H:4V and enough
Space for the construction of the concfete wall which rests
on that slope, as depicteé/;n Figure 3.2.

As soon as the concrete wall was completed, Phase II of
excavakion proceeded, the f{nal dimensions of the excavaﬁion,
being 100 m‘long (parallel to the wall) 25 m wide .
(perpendiculér to the wall) and 5.5 m deep. Plate 3.1
provides a general view of the excavation s;ages;

It is important to notice that the excavatioﬁ was made
100 m long to facilitate trafficability during excavation
and backfilling. The "Test Embankment" was considered as
only the center region, comprising thevcenﬁer 18 m with
respect to the center of the wéll'(9 m each'side), Quality

control was carried out only in this area.

13
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a. Beginning of Phase''| of Excavation

b. Final Ex&avqtfon and CoﬁCre;e‘Wall

Plate 3.1 Excavation Stages
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Immediately after the excaQation was completed the
backfilling began. The fill was placed iﬁﬁ15 cm (6") thick
layers after compaction.
The construction sequence used is described below:
- Approximately eight loads of loose material were
placed on each side of the embankment area, using a -
scraper.
ﬁ\
- A caterpillar D6 bulldozer spread the fill forming
a uniform layer,
- When necessary a water truck was used to bring the
material to the optimum moisture content.
- A sheepsfbot roller compécted the material. A
tentative method shoﬁed that 8 passes would produce
,the,desired degreé of~compactiqn. )
It is generally known that compaction using a hand held
compaction machines induces a rather different structure in
coméacted fills, as opposed to compaction using sheepsfoot
rollef. In order to reduce to a minimum the amount of fill
manualiy compadted, the following sequence of compactidn was
used: _
| -8 pagses Onveagh side dﬁ the fiil with respect to
the centre line iline contain}ng the instrumentati&ﬁ
" as willlbe discussed in the next section),
ﬁéfpendicuiar to the wall;
" - 8 passes on each side of the fill with respect to

the center line, parallel to the wall and as close

as pbssible to the wall. After this phase was

o
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completed only a few centimeters of the fill had to
be cémpacted using a hand held compact@r:

- Finally, 8 passes between the instruments, where
there was room for the shéepsfoot roller to travel.
The remaining zone around fhe instruments was
compacted using a hand held compaction machine. L

With this proéedure an average rate of construction of
0.33 m/day (aproximately two layers per day) was reached; as
shown in Figure 3.3. The same figure shows the time when the
initial reading for all the instruments was obtained.

The material used as back fill was obtained in part
from the excavation and the remainder from a nearby borrow
area. Similar materiai was used to build the aikes
(aproximately 8 km) attached to the main dam of Dickson Dam.

A summary of the properties;of this material is shown
}in Table 3.1, and Figure 3.4 presents the result of some 25
grain size analyses carried out during baékfilling. Standard
_Proctor tests, performed brior to the fill placement,
suggested that the average maximum dry density was
17.65 kN/m? (112 lb/ft?) and the optimum moisture content
was around 13.5%.

Compaction control was maintained using a Nuclear
Densometer. In each laye;,‘four tests locéted ét randon,
were performed, and after placement of every four layers a
sample was collected to update the maximum dry density‘and

optimum moisture content. The results of the compaction

control is shown in Figure 3.5, Figure 3.5a presents the
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Table 3.1 Properties of Test Embankment Soil
§
s
)
r
PARAMETER UNITS . NUMBER TYPE OF TEST vaLue -
Of TESTS
Classification - 25 Complete grain size Sang St
;{'\
Av ~m2/kN S Qeadmetr ic 2.5 x |O’4
My ma/kN S ‘Qedometr fc 2.2 x 104
C «Pa q Trtaxtiat 30.0
¢ degrees 4 Triaxial 33.7
Y KN/m3 25 Standard Proctor 17.65
Optimum MOoi1Sture /7'. 25 Stanqafé Proctor 13 5
Content :
S Liquid Limit: 28.9
Atterberg Limits % S Plastic Limit 17.0
5 Plastic Index 11.9

41



Fill (m)

Height of

7
24

-

ie of Construction -.Test Embankment

24
. 42
INITIAL  READINGS A - EARTH PRESSURE CELLS 8 MP's-|
B - MP's-2
C - MPs-3 ‘
D - MP's-4 8LOWER LINE OF:WALL INSTRUMENTS
. E - MP's-5 BCENTER . . .
F UPPER LINE OF wapL INSTRUMENTS
G - MP's-g
H - MP'g-7
[ - END OF CONSTRUCTION
September / 82 October / 82
22 24 26 28 30)] 2 4 6 8 10 12 14 16 18 20 22
' . '
5 H { 425
: AN
i F 405
€ -
E
2
. 0 4-15¢
]
>
¢ o
- g 4-35
1 ~ f “f)(
B 3 1 L 1 4 : 1 1 1 58
o] 4 8 12 16 20 24 28 32
i Days After Beginning of Backfill



43

(SHILINITWN) SIZIS  NIVYO

o -

[+X} Ot yoo.
. T T ™ T g L i ; T o A T 1 ; Ml
_ | ! Lo . ! ~ :
| . : L )
‘ -+ |MIF..#L.¢4 - SO I Ivtrlv.nuellwl.l_*_ﬁ
| i i | P i S
— - PR G I S -+ b— -— 4
,/l A [ i ‘ i . 1L_ [ ,.,H . M
T | L il Sy
. o PR S R —
NNEHIRY T R
[/ ’ ! : ot P “ W__ n | _
\ / J SR Y SO 'Y SN S S 51 S L :
Z1 . : » ~ : ) % URT. P } _ b
_ _,, , b ooy
P / J 4 : . : | L ‘ ! it
+ { e L R 2 S B et S b - - + 4
N ﬁ b i i f ﬂt Lllw;._
Nl L1 ! % S RS RO Iv%r.Ln-l-H w @i M
~ ' ' / d ' ! i : ‘ #__ . ‘_ __ ' :
y | o - | S R
, M ! % _ S e T |‘_4iT.,.~ hid
. /7 | R R
L L ; SN VD SIS U SE N I 15 W — M% -
,.. _ | ) } s ; _ o Q.A B ¢ " ’ w # .
P . i R ' H 0 { [
Co M , ‘ o R
” F~ _ + ¢ b_ — - ‘_rlnrl.«n;vl&;oo [N U ISP OR S RS S |.|!&|I+|+I+ .
R | . Pl r #/ ' 3 , .
! ' ) . ot ! o , S
P B ?:; H Mi:qh A I qqlq.%:_: —— il
. ‘ 002y OO\, OBy Ow 'e & .MJ 2z 5 33 2 mr2
. SIS IANS  OMYONVLS sn .
S3Z2IS AV $3ZI1S 1S b n Aum..«ou I H S sS¥34N08
2 . $321S  ONVS 3218 “3AvED | 4
BOLLYRNATIY YD O RN (LiON TTEMINO

NVHL ¥d3NId LIN3343d

Figure 3.4 Grain Size - Test Embankment’Matérial

LIN

¥
P



44

( W /NY). Kisuag - Aug o (%) tuajuo) msﬁ_oz
02 8l - T 9| : g 2l ol
R T T 09- T T T T T 09-

aboiany — —
poinsoay & a L

QN3937

. . A

b~

uios  JayD (=)

-

—’

|

_
- Mﬁ {0t - " - - % Jop-
- T A L | — A . A -1

. _ (%) | (%) )
- m - -
- ]

L | - }

| s 1 |
L e E : . {o=

i . | § i . )

| |
- _ .4 = A n J
. ﬁ , - - - A _ L
- | {00 - | Hoo.

A
1 A 1 | { 1 A _ | 1 1

(W) uoKDA3| 3

Figure 3.5 Compaction Control - Test Embankment



45

values of dry density and Figure 3.5b the optimum moisture
content, as measured during construction.

It is worth mentioning that if in any circumstance the
specifications of optimum moisture content (% 1%), and
degree of compaction between 95% and 105% of the Standard
Proctor were not met; a further two passes of the sheepsfoot
roller would be necessary. If a low degree'of compaction’
persisted, another two passes would be réquired. )

I1f after this additional compactibn the specifications
were not satisfied, the layer would be removed and placemenp
re-started with fresh material. |

For the sake of completeness, Appendix "A" provides a
brief description of Nuclear Gages with particular attention

to the equipment used in the Test Embankment.

3.3 INSTRUMENTATION
Two different aspects were observed during the

construction of the Test Embankment:

- the ¥nfluence of the presence of the concrete

“a
wall on the behaviour of the soil mass.

- the behaviour of the interface.

In the first case, measurements of total stress and
‘ .

displacement fields, including its trend towards the wall,

were performed.
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In the latter, stresses and displacements were observed
1n order to determine a stress-displacement pattern for the
interface. Whenever it was possible, the instruments were
installed at the center line of the fill to avoid end
effects and to permit plain-strain analyses to be performed.

A general view of all the instruments in their final

location is shown in Figure 3.6. Table 3.2 presents a

‘ ¥ N

summary of quantities and different types &nstruments used.

In the next sections the instruments will be described °

in full.

3.3.1 F11l Instrumentation
In order to obtain the desired information, two
different types of instruments were used in the fill:
~ multipoint extensometers.

- earth pressure cells.

3.3.1.{ Multipoint Extensometers

To facilitate the installation procedure, a new shape
was idealized for the multipoint'extensometefs. In this
modified version a wooden plate, 30 cm X 30 cm X 2.5 cm
thick (12" X 12" X 1"),'regiaéed the original 30 cm (12")
long PVC pipe containing fdﬁr springs to hold the sensor in
position inside a borehble (Burland et al, 1972). Figure 3.7
presents a detail of the plate used. The magnetic sensor is
the same as in the original design. As a precaution, the
.wodd was treated to avoid deterioration éaused by the

o

adverse environment.

¢



TABLE 1
TYPE OF INSTRUMENT LOCATIONS TOTAL NUMBER OF INSTRUMENTS
fMultipoint extensometer 7 45
Earth Pressure Cell 2 10
Settlement Hubs 3 3
Slope Indicator 1 1
Bench Mark 2 2
Shear Displac. Device 3 6 -
Shear Stress Device 3 3
Contact Pressure Cell 3 3
Piezometer 2 2

—_—
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Figure 3.6 General View of Instrumentation
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Installation .

The plates were instélled'at the center line of the.
fill, distributed in Seven crossections. Their relative
locations with respect to the top gf the wall are presented{
in Figure 3.8. As can be seenlin this figure, the verticals
ME-2 through ME-7 had their first sensor at the
fill-foundation intérface, while the sensors installed at
ME-1 began half way in the fill, having their ‘access tube
resting on the wall.

The plates Wwere installed, at the desired elevation, by
simply placing the plétes around the access tube and pouring
loose soii over it. To avoid daﬁage to t@e plates,
compaction around the access tube was permitted only'éfter

one full layer covered the plate.

.3.3.1.2 Earth Pressure Cells

The earth pressure gauges were manufactured.by
Gloetzl and each cell consisted of a flét,retangular
steel chamber 20 cm X 30 cm X 1 cm thick filled with
oiitFThe cell contains in its top a diaphragm which
remains closgd due to an in-built pressure left insiée_
the chamber during manufacture. Earth pressure acting on
the flat sides of the chamber increases the internal
pressure,

Each cell is connected to a read-out station by
means of two nylon tubes. The read—out consists of a

smgll hand pump, a precise pressure gauge, an oil

reservoir and a manifold with valves, so it can be



o S1933wosuaixgd IutodiITNW 3o uotriITSsod g°¢ @anbry
(W) 11om jo doy wouy 8duDysIq '
ee 0oc 8i 91 t 2| Ol 8 9 14 [4 0
T T T T .‘ T T T T T T T T T L T T T w»
- (S, dW) saiD|d « -
- nwl
" ~
[HOM
- 7 44 -
/ } v
, .
= ...N..
- 10
N * UOONISUOD 4O pu3g
uot{d3j04d sS04
| S 1433} 18044 z 2 42
w m m
g & z z 2 Moy
| m m ) & N -
~ | '
, o )] b
I\ 1 i A 1 1 | 1 i 1 | | i 1 1 1 Il 1 ¢

(wj' uonDA3l)3



52

connected to several cells. 0Oil can be sent to the
sensing uﬁit through .one’ of the nylon tubes. When the
pressure on the diaphragm exceeds that of the oil
éh;mber, the diaphragm opens, allowing 0il to circulate
through the chamber and\return to the reservoir using
the second tube. If pumping at constant rate is
maiﬁtained, oil wili flow from the reservoir té the cell
and back, without further increase in the pressure
readings. This procedure will permit the pressure in the
chamber to be registered.
The accuracy of the readings is sensitive to the
" amount of air in the system. It 1s advisable to
, circulate oil in all sensing units before each reading.
It is important to notice that, due to reading
procedures described above,.the pressure registered is.
always slightly higher than the pfessure acting in the
chamber. It is, theréfore, important to calibrate'thé.

cells against a known earth pressure. -

Calibration

The calibration was_run in an apparatgg?s1m11ar to that
described by Plantemma (1953) and shown in Figure 3.9, |

It consisted of a steel cylinder 70 cm (28") in
diameter, 25 cm (10") high and 1/2" thick wall, containing a
fixed bottom 1/2" th?ck, and a removable lid. The lid was
some 20 cm (8") larger in diameter to allow six anchors 5/8"

in diémeter,_to pass througp'the lid and hold it in

4
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position.;

i The soil sample, in which the cell was embedded, was
only 65 cm (26") in diameter, and was placed inside a rubber
membrane. A collapsable metal shield shaped the membrane
~during the.sample preparation.

After the sample was prepared, the gap ﬁ%tweeﬁ the
rubber membrane and the cylindrical chamber was filled with
water. With this set up the lateral friction was completely
eliminated.

The vertical preésure was applied by a rubber balloon
63.75 cm (25.5") in diameter, that fitted 1inside ghe rubber
membrane. A steel ring was left inside the balloon to permit
the membfané to be sealed against the rubber balloon;musing
pipe clamps.

With the 1id - in position, the balloon was inflated to
come into contact wi;h the 1lid. .

A steam valve connected to the side of the chamber
allowed the vertical pressure to be applied. Almokt
simultaneously the lateral pressufe was increased, and tests
performed at different ratios, Kso,/0;. By-calibrating the
cells at several K ratios, a study of the cross sensitivity
ofvthé cells was procured, as defined by Brown and Pell"
(1967). ‘ | ‘ -

The total height of the sample was 17.5 cm. (7") and
tests were run with tl@ sensor unit at several elevations to

A4

. .
‘account for this effect. No influence was detected.
€ o
@.
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Some results of the calibration are shown in Figures
3.10 through 3.14. , y

In Figure 3.10 a dense sand was used and the ratio
K=0,/0, was kept equal to 1. The next two tests, shown inw
Figures 3.11 and 3.12, the ratio was'1/é and 4/3
respectively. Based on these figures it was concluded that,
for the range of pressure expected, the applied pressure was
only 'slightly different from the heasured pressure ahd no
cross sensitivity was observed.

Subsequently, a test using a material Similar to that
used in the test embankment (labelled "Till" in the figure)
was performed. The sample was compacted at about 20 kN/m’,
and moisture content Qﬁ 12.5%. Since the ratio 0,/ o, showed
no effect in the cell response, this ratio was maintained
equal to 1 for the subsequent calibration. The result is
shown in Figure 3.13. Again, thé results are similar to
those of the previous calibration.

Finally, th? installation procedure‘was tested. Thus, a
sample was coméagked inside the membrane and a.trench cut,
to embed the cell. The trench was then filled with sand and
the remaining height of the chamber filled with compacted
Asdil. The result is.almost iden;ical to the previous
results, as can be seen in Figure 3. 14.

| Based ‘upon these results, it was concluded that thé\
cellsbmgﬂufactured by Gléetz{ are of high quality for the

range of stress for which they were tested.
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Calibration of similar cells are presented by Penman et al
(1975), using a large oedometer. Those authors noticed a
higher dépdrture from the applied pressure, for higher
pressure range.

It is 1mportant to mehtion that all the calibration
tests in soil were-run for one cell. Prior to installation
all cells were tested against an all-round water pressure to
check their response. All gave 100% response to the applied

pressure.

Installation

The Gloetzl cells were installed in two clusters of
five cells each. The first group was placed close.to the
concrete structure, and the seﬁond one as'far as possible .
from the rigid boundary (limited by\the opposite abutment).

The érrangement of the cells is shown in Figure 3.15
for both groups ("A"- close to wall, and "B" remote from the
wall). In this figure their location with respect to the
nearest access tube of a magnetic extensometer is given. Thg
orientation of the celis were chosen in order to allow the
principal stresses to be determined.

The installation procedaore followed the routine used
dur%ng the célibration, departing only in the size of the
trench dug to embed the cells, To facilitate the
installation one large trench was dug to accomodate all five

cells of one cluster. To prevent mutual interference between

the cells, they were placed as far as possible from each
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other, as shown in Figure 3.15.

The nylon tubes were placed inside a second trench 0.5
m deep to avoid disrupting tﬂe traffic of heavy loads. The
tubes wére connected to the read-out statigﬁ( placed behind
thé wall, through plastic pipes embedded in the concrete
wall during construction. After positioning all the cells,
0oil was circulated to ensure full saturation of the system.

The cells were then coveréd with sand to inhibit large
particles from applying an uneven pressure on the cell,
followed by finé grained soil, lightly compacted.

At the end of the inst@llation,rinitial readings were
obtained. |

®

3.3.2 Wall Instrumentation

In order to develop a constitutive relaéionship for the
behaviour of the Soil—concrete‘interface, simultaneous
measurements of shear stress, normal stress’and shear
(contact) displacements are necessary.

Equipment suitable to measyure shear stresses and normal

stresses in laboratory, have been extensively reported (e.gq.

~ Arthur and Roscoe, 1§@1; Bauer et al, 1979; Dboohan, 1975 ).

However, the equipmght referred in these publications do not

~ seem suitable for field applicatipn,'wheré sturdier

instruments are required. Only recently the first cell to
measure shear stress in the field has been presented in the
literature (Askegaard, 1984).'Furthermore; no account of the

-

measurements of direct relative displacement between a

"3
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-concrete structure and a soil mass could be found.

Consequently, two new devices Had to be desxgned to
obtain the desired data. They are called Shear Stress Device
(S.S.D.) and Shear Displacement Device (S.D.D.). .

They were 1nstalled in three rows as shown 1n F{gure
3.16 and Plate 3.2 together with contact pressure ceils
Each of these rows contalned one contact pressure cell/ one
shear stress device and two shear dxsplacement devices. Rows
were located at 1.5 m, 3.0 m and 4.5 m from the top of the
wall. |

Each of these dinstruments will be dlscussed in the
‘followlng sections. Plasticp pipes were also prov1ded to

A

conduct the wires and tubes of these instruments to the

a

read-out station. .

3.3.}.1 Contact Pressure Cells

Contact pressure cells were Used to measure normal
itresses acting on the wall. Sevfral Ccase histories
1nvolv1ng the use of thls 1nstrumeﬁ% h%ye been -published
(Kaufman and Sherman, 1964 Vaughan and Kennard 1972;
Jones and Sims, 1975; Carder et al 1977),

For this test emhankment Irad Gage pressure cells
were chosen. It is a circular, oil filled cell, 22.9 cm
(9") in diameter, containing a vibratingXWire pressure

transducer. A recess in both sides of the cell profwsr“




63

,oiher, as‘*shown in Figure 3,15,
The nylon tubes were placed inside a second trench 0.5
m deep to avoid disrupting the traffic of heavy loads. The
tubes were connected to the reéd;out station, placed behid®
the wall, through blastic pipes embedded in the concrete
wall during construction. After positioning all the cells,,
01l was c1rculated to ensure full saturation of the system.
‘The cells were then covered with sand to 1nh1b1t large
particles from applying an uneven pressure on the cell,
fbllowed by fine gralned soil, lightly compacted.

At the end of the installation, initial readings were

" obtained.

3.3.2 wWall Instrumenté%%on

In order to develép a conétitutive relationship for the
behaviour of.the soil-concrete interface, simul{aneous-
measurements of. shear stress, normal stress and shear
(contact) displacemehts afe neCeséary.

Equipment suitable to measure shear stresses and normal
stresses in laboratory, have been extensively reported (e.q.
Arthur and Roscoe, 1961; Bauer et al, 1979; Doohan, 1975 ).
.However, the equipment referred in these publications do not
.seem suitable for field application, where sturdier
instruments_are required. Only recently the first cell to
“measure shear stress ih'the&field have been presented in the

liﬁefature (Askegaard, 1984). Furthermore, no account of the

ks . .
measurements of direct relative displacement between a

»
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concrete structure and a soil mass could be found.
Consequeﬁtly, two new devices had to be designed to
" obtain the desired data. They are called Shear Stress Device
(S.S;d.) and Shear bisplacement Device (S.D.D.).
| They were installed in three rows as shown in Figure
3.16 and Plate 3.2 together with contact pressure cells.
Each of these rows contained one contact pressure cell, one
shear stress device and two shear.displgcement devices. Rows
were located at 1.5 m, 3.0 m and 4.5 m from the top of the
wall, | " " ; '
%Bach of these instruments will be(diScus%ed in the oo
foliowing sectigns. Plastic pipes were also provided to

conduct the wires and tubes of these instruments to the

read-out station. -

3.3.2.1.‘Con.tagt‘ pressure Cells : |
- Contact pressure cells were useé\to measuré normal
stresses acting on the wall. Several case hiétéries
involving the use of»fhis instrument hayé been published
(Kaufman and Sherman, 1964; Vaughan -and Kgnnard, J97é;
Jones add‘sims, 1975;}Cardef”et al; 1977). :
For this testvembankﬁéht Irad Gage pressure cells
were chosen. It is a Circular;‘oil,fillgdﬁcellr:22.9 cm
(9")viﬁ,diameter, confaining a vibratidé wire p}essute
:tréhsducér._A recess in bothrsides of Ehe cell provide
fléxibilityﬁto’yhe‘central diaphrhgm._This reces;
significantly improvéd fhevperﬁorﬁange'of thévcell by
;increasing‘the sensitivity qf’the.éiéph;agb aﬁd“éausing

-

> ) : - :
- - . . RV
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Plate 3.2 View of Wall Instruments
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no disturbance to the overall stiffness.

Due to the large amount of pastwexperience and
available literature regarding contact-and earth
pressure cells (Peattie and Sparrow, 1954; Hamilton,
1960; Tory and Sparrow} 1967: Thomas and Ward, 1969;
Felio, 1980) no further details of these inétruments

will be presented:
E

Installation

It is well known that the presence of a stiffer body
withins,a soil m?ss, such as an instrument, can cause a
concentration of stresses and hence misleading the
measurements. To avoid this undesirable effect, the contart
cells were installed flush against the wall. During the
construction of the concrete structure_an %lluminum disc was
placed in the formbwork wirh exactly the shape of the
gauges. The cells were then glued 1nsxde thlS recess using
qu1ck dry groutjing. A similar technique %gs reported by

. Coyle et al, (1974). o —

The initial readings were obtained after the grout had

dried. -

e 3.3.2.2 Shear Displacement Device (S.D.D.)

Design Detail

The basi¢ éomponents of this equipment, as shown

schematlcally in Flgure 3 17 are-

iF

v

- a rectangular ‘steel plate, 0 635 cm (1/4") thick

°

(Plate "A")
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- a T-shaped steel plate, 0.635 cm (1/4") thick
(Plate "B")

- a Linear Variable Differential Transformer (LVDT)

»

(not shown in Figure 3.17)

The relative movement between\the soil and the
structure 1s obtained by recording the rel%giveAmovement of
the two plates. |

In this sense, Plate "A" is firmly fixed to the
concrete wall using four 1.27 cm (1/2") bolts, and has two
steel blocks to M81d the LVDT (Figure, 3.17). The second
plate is placed in the soil with the widest section of'tne

"T" towards the wall. To minimize lateral movements @f this .

€,

plate 'two anchors were'installed .as shown in Flgure 3.17. Twed

The inner core of the LVDT is attadhed to this plate.
A
In order to reduce friction between the structure and

A3

plate "B" a teflon sheet 0.318 cm (1/8"). ‘thick is placed in -w

. :
the contact area and a teflon head prov1ded to Plate "B", as
shown in detail "A" of Figure 3.17. Wlth this arrangement

‘the contact between the concretf and the steel is replaced

'

by a contact between two layers of ‘teflon.
The LVDT chosen for this project was manufactured by
Schaevitz This transducer is of a special type for

appllcatlon in agressive env1ronments hermetlcally sealed,

o~

being water and humid?ty proof. The\electrical\cables were

also water and humidity proof. The corinections were, sealed-

Ie

e e s e -

'For detalls\of Linear Variable Differential Transforher
refer to Herceg, (1976). | L

«t
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Installation Procedure - '

The installation is carried out in two phases. Before
. - ¢
the fill reaches the desired elevation of the instrument,
. G :
plate "A" 1s bolted to the concrete wall.

After the fill has coyered at least half of this plate,

-
LS N

and good compaction is ensured in ghé region where the

second plate yill be placed, a small trench 1s dug afé plate

"B"‘positioned. E%tremé caution is necessary in this phase

to avoid excessive disturbance in the soil hqusing the

plate. It 1s also important to ensﬁre full contact beﬁween
the plate %nd the soill.

. ‘With p;ate'"B} in position, the LVDT is attached to

late "A" by means of two nylon screws and the 1nner~core is
p Yy Y &

screwed to plate "B".

It is impoftant to notice that although plate’"B" is a .

#o

heavy plate, it prévents erroneous measuremeénts by

‘minimizing possibility of tilting of the pla?e which,

N »

turn, would bend the inner core of- the LVDT.j ~ /

As é;precaution, a protective device is suggested to

1

a hand held compactlon dev1ce perm1tted only after the LVDT
, P /
is completely coverea o

- A sequence of Plates (Plates 3.3a. and 3,3b) illustrates

fhéflnstallatlon prqcedure.

s



Plate 3.3

Devices

Sequence of Instalafion - Shear Displacement

Y
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o . R 4 ~ :
: : Initial readings are taken\after the trench is

backfilled.

3.3,2.3 Shear Stress Device (S.5.D.)

DeSign Detall
&1‘«

.- The Shear Stress Device consxsts of a concrete block

(invth1s part1cular case, ﬁ% cm X 30 cm X 7. 5 cm thick)
dplaced 1ns1de a knock out pr 1odsly molded 1n ‘the concrete )
structure. The knock-out is ébme 10 cm hxgher than the
cohcrete block in grder to accomqdate. two load ¢ells, as
shown in F1gure 3. 18 The concrete block is placed?1nto

p051txon, rest1ng dn the load cells.- | |

As in the prev1ous 1nstrument, friction is reduced by'
layers of teflon placed along any contact between the
concrete, block and the structure. |
| With the load cells and teflon sheets in place, the
concrete block must fit- snugly in the knock out. This W1ll-
prevent possxble rotat;on of the conctete block, and
consequent nonunxform d13tr1but1on oflloads to the load
- cells., Any gaps existing after the 1nstallatxon are fxlled |
v?thfprease to prevent entIY’df‘SOIl dinto them. A wooden
p;otection“is.used to avoid soil’pressurenacting laterally

on the load cells. - s | | R

‘ , The load cells to be used a;e a functxon of the
L. ant;c1pated load to be regxstered For the test embankment,
' special alummxnun load cells vere built due to the small
‘-\loadixexpected to be measured srnce the embankment was

1\re1at vely low (6 m hxgh)

Il
V
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The value of shear stress is obtaxned by addlng the
loads in the two load cells and d1v1d1ng the result by the

area of the concrete block

Cal1brat1ons

Two 1mportant ca11brat10ns have. to be performed forr.f"
1each 1nstrument, namely the calzbrat1on of the load cells,

1nd1v1dua11y, and ca11bratxon of losses " by frlctxon 1n the
k] o e A
layers of teflon. o

The frrst 1s a rout;ne calrbrat1on, that can be

performed exthes aga1nst a provzng r1ng or dead we1ghts and.
: SN,

;WIll not be discussed. here.
RV#&t up, simxlar to that used 1n the fleld vaék
reproduced xn the laboratory to permxt the second

calxbratxon to be perfdrmed To make 1t feasxble two

I

- mod1f1catxons were 1ntroduoed"

¥

- nhe whole 1nstrument was placed hor1zonta11y

“f- the concrete block was made thxcker than the .
knock out to. permxt thé shear lqu to be applxed

Th1s set up ig shown 1n Figure 3. 49.y.;ﬂ;" e

The calibratxon was carrxed out by a§p1y1ng normal
loads, us1ng we19hts, and push1ng the concrete block at ,
bvery hxgh rate of load appllcatxon. The loads were :'i;f »
:»reg1stered by an exterhal load cell placed et the posxt1on gfrrf
:-Qiof load applicatxon and readxngs were obtazned at 15 second

:1ntervals.i‘[;_?’
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f~For each normal load shearlng was malntaxned Untll constaﬁt

‘l?-'teflon, as wxll be dxscussed 1n h subsequent chapter."-

. ":,'.i - _‘.1_;4~ :'f"‘}.‘ | :d S .;T.,iﬂ . ~76? )
U R o IR e | =
_ _ _ *i.-
Lreadxngs of - sheer stresses were obtained and the block was
;translstxng freely.-An exanple of a force-dxsplacement curve
: is shown in Flgure 3 20 After tests were performed for'
several normsl loads the results were plotted in a streSs |
J”space, as Shown 1n the same fxgure. A value of 8°‘was found 'ij
}rfor the angle of statzc frxd%xon. The scatter obsg;ved in
mthe results suggests a non consxstent behavzour oflthe p’.~»
.raf’teflon eheets._ ‘_f;f:f_f%s_frgjpf.vf? »d,y g'itlepi: R
| ; | Based on these results a major 1mprovement 1n th1s . |
.»ﬁequlpment Vas suggeshed 1n order to el;mlnate the use of

_ ﬂw : o

o Y.

i - Installation Pl‘Ocedure “;g;w o i . O

The 1nsta11stzon procedure begxns by moldxng a B Sy e

?knock out 1n the concrete‘!tructure durlng its constructxon. L
f;The dxmensxons of thzs knock out had to be carefully SRR

’sf‘measured in- order to produce the smsllest gaps poss:ble on o

B Eeither side of the block as dxscussed earlier. ,,Ftdﬁfigxf'p”:_‘ﬂ;l

fo T

Before the fxll reaches the deslred elevstxon, the'gl,fn-'

1f;°°“°r°t° bl°¢k is POSitiOned but not‘?llowed to come into

d”*?]contact with the loed cells until they hsve bee" Pe‘f’Ctly

_jf,yalxgneda and the verticelxty ot the losd Lells ensured The. ,f{?rﬁ

"‘{ficoncrete'ﬁlock 1s then releesed and sllowed to rest on the

"Tfjdlosd cells which sre lster protected.;lnrtrsl reedxngs are " _;if&;

'f!

~”‘fthen tsken.
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"Plate 3.4 shows the_instruﬁent after installation,

3.3. 3 Addxt1onel Supportxng Instnuments

79

s

In add1txon to the basic 1n§trumentat1on ‘presehted 1n

the last sect1ons, four other 1nstruments pnoylded

support1ng me55urements for the test . embankment. They were:

- slope 1nd1cator cas1ng (1nstalled 1n51de the

0 v -~

concrete wall)

> A

- settlement points

-.bench marks
- Piezometers _ 3 .
TR 8 o o . o

-

3 3 3. 1 Slope Ind1cator Ca51ng

: In order to monztor p0551b1e\deflect1ons expected

Vo ‘
of the concrete wall, ap@lope 1nd1cator ca51ng was

ﬁstalled msxde the concrete ﬁall Th1s casmg was

attached to the re1nforcement durxng the wall i ':'.A

bt\ ] N
construct1on and f1xed in - the bedrock.,j
o .

EES
Readxngs were obtaxned after every three 1ayers“of
CEiLL ‘were placed and three sets ot initial reed1ngs'were
- performed before backf1111ng started.; ' ‘.,

o Some results of deflectxons perallel to the
centerlxne of the 6111 are shown 1n Figure 3 21 Thxs
etresults suggest t;at the structure first moved towerds
'rf‘the fill (pessive movement) After most of the £111 was

"fplaced (1n October 6 see Fzgure 3 3) the movements

'f}f reversed end epprox1mate11y 0. 3 cm of actxve movement

J“tjwes observed.
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3.3.3.2 Settlement P01nt;i> v Ty o c.

Three settlement po1nts were 1nstalled on the- crest
‘%

:of the wall in order to monltor any poss1ble settlemknt

ccurlng dur1ng placement of the f111 They were made of

B | LY

B steel, wlth a concave recess to" £1t the ball bearing

oo

-'welded to«the bottom of the survey1ng rod

-4 ~

' The observed settlements wege w1th1n the accuracy
n .’" : AY

' ‘4
~of the Survey1ng eq ment used to monltor settlements

’\

(+ 1. mm) and therefore 1t is assumed that the

~

settlements were neglxglble.

3. 3 3. 3 Bench Marks s _
Two bench marks vere 1nstalled grouted into the

rock foundat1on at a safe dlstance beh1nd the wall, They

“j'wete used/as references for 1evel1ng the settlement

2

‘fp01nts and the top of the access tube of the mult1p01nt

'1'ext nsometers.y~'

/A 5 cm (2") hole was drllled 2 m 1nto the bedrock
\ /- .
f d sectxons of steel p1pe 2 5 cd‘(1 )-in dxameter

f-placed 1nsxde.;Grout was poured to f1x the steel rods f=
7>1nto the rock A 3 8 cm (1 1/2') plastxc pipe was used
7y as’ ca51ng for the steel p1pe, and the area between the

f; orxgxnal ground and the borehole, agg‘e the bedrock S

A

level f111ed u1th sand

f;;}; Thd steel rods were headed bi a cap conta1n1ng a

-

cancave recess to f1t the ball bear1ng welded 1n the

81
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3.4 PRESENTATION AND DISCUSSION OF RESULTS .~ ~

.‘:r 3 4, 1 1 Settlemgpt Measurement

-.-placemenb of fill. ‘v‘, IR e

o~
3. 3 3 4 Plezometers v' _ '; N //
T"° plezometers, able to mon1tor both p051t1ve and "

(sl1ghtly) negatxve pore pressures (suctzon) were .

1

1nstalled near the center and upper levels of thé wall-

1nstruments and 1n contacbsw1th the concrete structure.

\
\

They were 1ntended to measure poss1ble pore - m,f
~x ‘ "

‘ pressure generatxon, 1n dhe v1c1n1ty of the wall during -

. -
- 7

The 1nst§8ment used was manufactured by Petur

'Instruments. It conslsts of a plastlc d1aphragm placed

- 1n51§e a 2. 5 cm (1 ) long probe conta1n1ng a "hlgh a1r

entry value porous stone at one end ThlS probe was

'connected to the readout through a nylon p1pe, embedded

o |
1n the concrete wall y‘ C,

.

l

. Read1ngs were taken after every new layer was

'vplaced and for the rate of construct1on 1m505ed on. the .

- test embankment,\no excess pore pressure was observed 1n

oA

e1ther 1nstrument. It ‘was therefore assumed that a
.dra1ned condxtlon occurred at least in- the reg1on of

‘5the‘1nterface,

WL T e e T

Two d1£ferent types Qf plots are ésed to presentf




mdltipoint'ektenSometetsr‘during‘the fill platement. The

fltst is a sﬂttlement w1th tlme, as, shown in F1gure -

;3.22, for vertlcal ME- 3..1In the same. flgure the 1ncrease

b *

“in the helght of f1ll w1th t1me 1s presented .
In the second plot the settlement prof1le at a
< .

’certaln elevatlon is plotted as-a functlon of the

TN

"v,dlstance to tﬁe wall. Th1s 15 presented *for all plates

. MP 4, in Flgure 3.23 for two d1fferent tlmes of ‘the, o

-

B

,embankment contructlon ?.., )

w83l

‘Three 1mmed1ate observat1ons ar1se~from these two N ‘.

3

| -f1gures" R L }‘,:* N h r_.~' "

v . . 0 »

- The fill showed no 51pn1f1cant t1me dependent
'h'settlement durlng the perlod of study It.can'be=‘
'ifobserved in Flgure 3. 22 that as. SOOnaas the flll mas

Tcompleted most of the settlement stopped for all o

.'plates. | o f TN . f % SER “ q'

T The shape of the settlement prof:les obtalned

.U; (F1gure 3 23) 1s not as. ant1c1pated They show 1n"

‘VjaLI cases, a maxlmum settlement somewhere between_ﬂ

h

fhvertlcals of mu1t1p01nt extensometers ME 2”and ME- 3,

ey

'»fThe settlement was expected to curve monoton1cally

'-‘————'——-—-————a———

<

Y

. 41‘11"
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anticipated. As can be seen 1n Figure 3.23, the
ms;lmum settlement is about 0.12m, corresp ding to
2% ot the helght of the f111._S1m11arA¢?§¢s
reported, such as for Ilha Solteira (Ceiestino and
Marechal, 1975) showed some_O.S%'uf the meight of
‘the fill, or Mica Dam (Eisenstein and Law, 1979)
with similar percentage as in the previous example.
Since the foundation of the test empenkment can be
considered of poor guality (very fraCQUred),Amost likely,
this material is responsitle for the shape anu_magnitude of
| the settlement profiles. It is probable tuet the excavatien
process caused excessive disturbance in the fotndation
material and promoted an increase in its compressibility.
This increased tompressibility occurred as a
consequence of the reduction in the.uertical stresses caused
by the removal qf the excavated meterial. Sinte the
horizontal stresses are net reduced in the same proportion,
the foundation was subjested to a mertical’"extension". This
~ phenomena seems to be accentuated‘pear the toe of the slope
created by the'excévétion and, as shown by Dunlop and Duncan
{1968), this region is the potential zone for yielding |
initiation. | |
Furthermore, the form of the settlement profiles
(non-monetonic with a maximum settlement mear ME-?) suggests
that the. cénstruction of the concrete structure promoted a

further 1ncrease in the compre551b111ty as a result of

1ncreases in the horlzontal stresses with no component in

"
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the vértical stresgee ?En the foundgtion adjacent to the

wall base). | ' ' | ~
_Moreover it can be'expedEEthHEt, eQen though all

precautions were taken, some weatherxng (as dlscussed by

Morgenstern and E1genbrod 1974) probably took . }ace in the:

N

S >4
area covered by phase I of excavation (bounded by the ¥\\

vertical of multipoint extensometer ME-3). ‘

As a confirmation of the above diSCQSSidn, settlement
profiles wege recalculated using the magnetic plates
installed at the interface fill-foundation ae feference‘ﬁor
~ the settlement of the subsequent sensors. The results for
ME-4 are presented in Figure 3.24. It can be noticed that
although ndt totally eiimihated, tﬁe shape of the settlement
curves are closer to the anticipated and the maximum |
displacement, as a percentage of the total £il1l height was
reduced to 0.3%, suggesting that most of the‘setﬁlement
indeed oecurfed in the foundation. : ) o

It can also be noticed that a similar effect

(increasing settlement) was observed near the slope opposite

to the concrete wall (see Figure 3.23). For this region the
effect yés not as accentuated, and after the foundation

settlement was removed, the cﬁrvés ?ecame elmost,horizontal.

/.

/

/
/

Another important point to be observed in Figures 3. 22/

* and 3. 23 is the high degree of straining developed 1n the
soil near the wall, Note. that although the,settlement\

measurements closest to the wall were obtained in the

&

/

vertical of multipoint extehsometers.ﬁEfj, it will be shown
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y S I
in subsequent sectxons that the relatlve movements between ‘

¢ 801l and structure were of very ‘small magnxtude, and 1n the

scale of theSe two flgures it’ would be shown as almost null

movement, as dep1cted‘ Thls d1fference hn settlement is-

v translated as - stra1n1ng of the soil placed 1mmed1ately

adjacent to the wall and consequently very hxgh shear stress
should develop in this reglon. | | |

' As a consequence, 1t is- expected that a load transfer

‘mechan1sm could haveibeen formed as proposed by Kulhawy and

A

Gurtowsk1, (1976).

o » . - ‘

_ ...the phenomenon of load transfer occurs.. (in
zoned dams).. because of the different stiffnesses
of adjacent zones. Consider, for example, a zoned’
dam with a -soft core (low modulus) and a stiff shell-
- (high modulus). During the construction of .this -dam,
: ‘the zone of low modulus will settle with respect’ to .
~y ~the zone of high modulus ‘and if no ‘separation occurs
g along the zone boundarxes, the core will tend to
. "hang" on 'the shell. The placement of sucess1ve
o layers of f111 accentuates thlS process...

In general load transfer would bccur towards the

,

concrete ‘wall (stxffer materzal) caused by the accentuated |

' angular dlStOtthﬂ observed 1n the soxl near the structure.t,

1]

'yIn part1cu1ar 1n the test embankment at 1s belleved that a

@
second mechan1sm occurred due to the hlgher settlement

-measured xn the f111 near the wall. In th1s second mechanrsm

'

.1oads were transfered from the wedge of so1l bounded by the

S

-yvertxcal of mu1t1po1nt extensometers ME 3 towards the

'firemalnlng soil Thzs poxnt wxll be further d1scussed in the

L

,l1ght of the pressure cell results, presented in the next
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3.4.1, 2 Earth Pressure Cells.

| H

. monztor the magn1tude of. th1s stress.~
'prlnC1pa1 stresses (with assumed unknown d1rect1ons)
. three cells are suftlcxent to determxne both their
‘id1rections and magnltudes A fourth cell is generally
.used a5°a che@k of these values. Therefore, a cluster of,
‘f1ve cells is necessary and suff1c1ent to- determ1ne the N
N :d:rect1ons and magnltude of the three pr1nc1pal stresses
"(1f one dxrectlon is known) |

L

Accordxng to. E1senste1n and Law (1979) the ”, N

"fpr1nc1pal stress ratlo, K-v,/o,, based on F1n1te Element ,l

[

.i_'Analyses, should present a 11near correlatlon for po1nts*.

w1th1n a compacted 3011 mass. Th1s ratxo, for the centereoj'f

'“:;plxne of a dam, 'should be around 0. 53. "

Charles, (1976) -who presented fxeld eV1dence

o ,obtaxned for W1nscar Dam durxng constructxon, measured,

‘us1ng a cluster of £1ve cells,,ratlos between a, and a,
Vllof the order of 0. 39 to 0 47 5“7,_ ”ff.t”k“_l' }f o

Although some scatter can be found 1n the data o

' *.b:provxded by the Gloetzl cells, ‘the rat10(K for the cells.

tﬁ:}1nstalled remote trom the wall tas found equal to 0 32

i a nd o 21 for the other group, as can be seen 1h
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and Law (1979), an almost linear relationship was found.

Poulos and Dav1s, (1974) presented a parametr1c
13
- study for the ratio of vertical stress to overburden

(o /vh). For the case of an embankment slop1ng at 30°
B
‘and for a Pozsson Ratio of>0.3,they:£ound‘the ratio

o /rh to be 0.8 for the centerline and near the”
v
foundatxon of an embankment. F1gure 3.26 presents the

l

' plot of vert1cal stress versus overburden (vh) for both

groups -of pressure cells. The ratio o /7h was measured
’ v
to be equal to 0.82 for the group not influenced- by the

structure (group "B ). For group "A" the ratio was found

to be equal to 0.91;
_Since”the‘values;for group "B" are in perfect

.agreement with the theoretical solution proposed by

: Poulos»and Davis (op'cit ), it is assumed that the'éE11 .

b
measur1ng the vertxcal stress was not affected by‘the

boundarxes of the test embankment (concrete wall from
one’ S1de and opposite slope of . excavatlon at the other
a end - see F1gure 3 15) Therefore, the hxgher~ratxo

o /7h observed for group "A" can be - attrxbuted to a
v |

usecond load transfer mechan1sm. In thxs mechanlsm, load _'A~

_‘transfer occurs from wedge I towards the rema1n1ng so1l ;

7imass (as measured by the earth pressure cell) The fznal'p
_’iload transfer mechan1sm is shown schemat1ca11y in F1gure;
;:j-3 27 Unfortunately the stress tueld at the wall can not'
'lljbe fully def1ned usxng contact pressure cells only,

’pleav1ng the quest1on of whether or’ not the load transferfjf

92
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‘really occurred towards the wall.

- On the other hand the results of the Gloetzl cells
suggest that the hypothe51s of plane stra1n for the
center line of the test~embankment does not hold and the
f1ll cannot be con51dered "infinite" in»the directiOn |
parallel to the wall. Neverthless, the hypothe51s of
plane straln cond;t1onsw1ll be ma1nta1ned for the
analyses presented 1n subsequeﬁt chapters.

v.,The load tranfer mechan1sm is further: dxscussed in
'Chapter 6 1n the nght of the results ‘of the f1n1te |
 element analyses.® | '
3. 4.2 Wall Instrumentatxon
- In th1s sectxon the wall measurements are presented AS
' mentxoned before, each 11ne of 1nstruments is referred to as |
lower 1nstrument, center 1nstrument and upper 1nstrument
depend1ng on’ the elevat1on of 1nsta11atzon (4. 5m,_3 Om, andk

1. Sm, from the top of - the wall respectxvely)

3 4 2. 1 Contact PressureJCells L
Several art1cles have been pub11shed descr1b1ng
| jexperlences thh the use of d1£ferent types of contact
‘:;pressure cell such as, Vaughan and Kennard 1972 Coyle-';
' et al 1974, Felxo, 1980. o '_ _
| The normal stressesgmeasured 1n the test f111
"plotted versus the he1ght of the wall, are presented 1n,;“r

. By .
GF;gpre.3.28, for the last three days of/measurements. ‘

: .
- AR B Lot S v



_Height of Wall (m)

. Normal Stress (kPa)
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" Figure 3.28 Normal Stress versus Height of Wall
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'f_fr;helght of f111) in. F1gure 3. 29

97
, It is of interest to observe that the readings obtalned
are not consistent w1th the type of wall deflections ¥
measured. According to-the slope indicator passive‘
movements occurred until-Qctober 6th.(near the‘end of
backfiliing - see Figure 3.3) when theyvreversed/to -
active. movements along the entlre height of the wall
Neverthless, the measurements for the upper . and lower
1nstruments show an almost "at rest" condltlon whereas
the center 1nstrument measured a near actlve condltlon,
as shown (Figure 3 28). | |
Although explanat1ons for thrs.results-are not
vapparent' 1t rs worth mentlonlng that, due to problems“a
‘"durlng the constructlon of the concrete structure, the
wrecess for the center contact pressure cell was made too
deep At the. end of 1nstallat1on it was observed that ”
“the cell was seatlng approx1mately 1 cm inside the
recess. This 1nappropr1ate 1nstallat10n could have
caused poor contact between Jthe 5011 and the cell
"“leadlng to reduced read1ngs durlng early stages of f111

;fconstructlon (low normal loads)

’*3 4 2 2 Shear D1splacement Dev1ces '
The average readlng obtalned by the two shear
'“f‘dlsplacement dev1ces 1nstalled in the same row. of wall

"]instruments 1s plotted versus the t1me (or 1ncrea51ng

It 1s of 1nterest to notlce the magn;tude of the

75zfd1splacement reg1stered They represent approx1mately
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S

10% of thé displacement measured in the fill, suggesting
a very high adhesion between the soil and the concrete
§tructure.

Figure 3.30 presents the develoémen£ of relafiVe
displacement -with hefghp of the wall. Although
measurements of shear displaﬁement have not been
reported in the'litérature, Cook and Price,:(19735,
testing a horizontal inclinometer found a similar trend
for thelshear displacemeht measured duging an axial

loading test of a pile.

3.4.2.3 Shear Stress Device

As depicted in Figure 3.31 the shear stress—showed
an increase with time and no significant time—dependent
behaviour waé registered. Furthermore, an immediate
response to an increase in the rate of construction was
detected, contributing to a measure of the gquality of
the equipment.

By plotting the values of Figure 3.31 versus the'
height of the wall, Figure 3.32 was obtained.

Once again, only in foundation’eﬁgineering some
effort has been reported to obtain similar measurements.
Vesic,_(197p) presents results for shear stress obtained
by back analysis of axial loading test of piles.
'Although in a réther different problem, similar

qualitative results were obtained for skin friction of

the pile. - » o
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Figure 3.30 Shear Displacement versus Height of Wall &
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o
Based oanigures 3.28, 3.30‘and.3.32,‘Figure 3.33 :anfbe.
.produced}'In'this figure, the. measured shear stress,
. ‘normalized‘w'th respect to the measured normal stress;‘
.‘1s plotted versus the" shear d1splacement As can be
seen, dlsregardlng the scatter jthe 1nterface behav1our
seems. to be well represented by a 11near functlon
1f1ntercept1ng the f/O axis at a f1n1te value (denoted by
J(f/a) ) Th1s tendency suggests a‘h1gh adhesxon~between
“the: concrete structure and the 5011 for early stages. of

‘ loading. Th1s trend is further dlscu55ed in follow1ng

chapters.f

3.5 CONCLUSIONS
The behav1our of a f111 compacted aga1nst a concrete,
wall presents some 1nterest1ng features, most of them 11kely
occurrxng in actual engineering pronects. These are-:
- excavation for constructlon of concrete structures .
:can 1ncrease the foundat1on compre551b111ty. Thss
phenomena is more pronounced 1f the hor1zonta1
.'stresses are: very h1gh or 1ncreased such as for a
deep excavat1on or 1£ a massxve structure 15 bu11t
,near the slope created by the excavatlon. As a
consequence, settlements hlgher than expected can be o
observed. _v R "
"‘,: 1n the most general case, load transfer mechanxsm
‘ 1s expected to: occur at 5011 concrete 1nterfaces.
- Th1s load tranfer 15 a consequence of the f-d

.V_ ‘v . B o 1'. » :
’ ) Sl \‘. [
‘ ' :

~
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o Conf1rmat10n of these results remaxns.

105

differential settlement observed between the
Structure and the adjacent soil. Th1s load tranfer

can cause formatlon of cracks in the soil near the

‘ structure accentuatzng water 1nf11trat1on (if any).

ThlS unde51rab1e effect is of special concern in
junctzons between earth and concrete dams.»

- in particular for the-test.f1ll reported in.this

" chapter a second mechan1sm was detected, as a

consequence of the excegslve settlement measured in -

the . f111 near the concrgte wall In thfs/second

mechan1sm loads were tranfered towards the soil

| adjacent to a hypothetlcal wedge bounded by the

vertical of mu1t1po1nt extensometers ME-3 (see

'Figure 3. 27). ‘This second medﬂan1sm can accentuate

the crack. generatxon descrlbed above.

5)

- the wall 1nstrumentat10n helped to define the

V"macro" behavxour of 5011 concrete 1nterfaces. :

It was concluded, based upon. these results that

hzgh adhesxon between the 5011 and the wall is

vexpected to occur, at least for 1n1t1a1 stages of

load1ng. Th1s high adhes1on is’ translated by a very

_h1gh (in certain cases,'1nf1n1te) tangentzal

stxffness (K. deftned in. Chapter

‘Yhis may'be done

':,w1th the aid of numer1cal technxques, such as the’ f1n1te

'_{’element method However, 1n order to obtaxn parameters for a

';-these analyses, laboratory tests have to be performed.

rpp;,*,m:vf ___l ofi'X,fl‘
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<«

Ideally, the most representative test for the behav1our
vof soil- concrete interfaces should follow a 51m11ar
stress path as that measured in the field and shown in’

F1gure 3.34. The curves presented in thls figure do not

| 'resemble the stress- path for a direct shear box test.

-However, one of-the objectxve5~of-th1s research is to

h~d15cuss the use of these tests as input parameters for

1nterface modelling. Therefore dlrect shear box tests were

performed in the laboratory and are discussed .in the next

&

chapter.

R
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4. LABORATORY TESTS

4.1 INTRODUCTION -
The primary aim of the labdratory’test.progran
presented in this chapter is twofold:
1.'Obtaln further evidence of the behaviour
of soil-concrete interfaces.
2. Access the methods’ ‘obtain‘parameters for e
FlniteyElement analyses.

Since the materials chosen for this research can be
, -

reproduced in the lahoratory and no undistprbed samples-are
necessary, seyeral tests‘were‘performed including a‘large
shearyboxstest in a newly develgped apparatus.‘ln this
chapter, this large shear box test will be f01ly described
,and discussed. \ - | | |
. Apart from the results prov1ded by these 1arge tests,
Aother two routine tests\yere performed and will also be
discussed.’ They were: | |
| - Convent1onal compre551ve tr1ax1al tests.
- D1rect shear box tests (us1ng comb1ned samples)
The first type of test is used as the mater1a1 model
- for the elements representlng the so1l mass: 1n the F1n1te ;
Element analyses. Its necess1ty is dlscussed in Chapter 6
and the rout1ne adopted and the results are reported in.
OAppendlx "C" - | | | | | |
_ The shear box tests vere run in order to analyse their ‘*:i'

3

| appl1cab1l1ty in. deS1gn1ng 1nterfaces as proposed by Clough

- 108



and Duncan (1971) and later by Roa (1981). The routine
followed and the results obtained are presented in the

« “following section.
4.2 CONVENTIONAL -DIRECT SHEAR BOX [TESTS

4;2.1‘E§uipment andtProcedures
The tests were performed in a Wykeham Farrance Direct
Shear Apparatus. A square box 6 cﬁ X 6 cm was used, haV1ng
the lower half f111ed<;1th concrete.
| Two sertee of tests were run in order to evaluate the
influence of the sample pteparatton;}
In the first series kseries;100) ten tests were
performed using five diffetent normal loade._The samples
vere compacted inside a StanQafd Proctot Mold’etfoptimum

mgjstycaseontent. During the extraction operation, a square

fusedlto trim the’sample toibe used‘in the test.
;S were obtalned from the center of the cyllnder
fone sample per compacted cyllnder.

gfer both ends had been trimmed to the de51red helght
| 1 ;) the sample was pushed 1n51de the upper half of thehl
gﬂﬁa fbéig ;;axnst the concrete) and the normal 1oad applled

| ;Qhear1ng statted 24 hours later, allowxng enough t1me
he vert1ca1 movements to v1rtuaIIy stop. The rate of
e%f 090045 mm/m1n was chosen 1n ord to match the

requlrement of full dra1nage, 2s suggested b Lambe'(lssl); 3

.



concrete roughness and soil gradation. Based on the

experience of Kulhawy and Peterson (1979) it was decided to

‘use 2 mm spacing in both serias of tests reported in this
thesis. A visual inspection of the samples after shear
showed that, using thislgapg failure was occurring at the

interface.

'4.2.2 Presentation and Discussion of Resuits

- The stress displacement curVes for four of the tegs of

series 100 are shown in Figure 4.1. Figure 4.2 presents
similar CUrvespfor the 200 test series. Table 4.1 summarjzes
all 22 direct ehear box tests performed. .

It is of intereet to notice the difference in behaviour
presented by both series of test While the cUrves for the
first group present a stra1n hardenlng behaviour (shear
stress increases monotonlcally), the §econd group\shows a
strain?softening pattern (shear stress anows a peak value).

1r—gince both series ot teets were'performed nsing the
same concrete block and tpe same sozl placed under similar
condltlons (Optlmum m01sture content and maxlmum dry o
;den51ty) differlng qnly 1n~the method of sample
‘-preparatlon, two maJor factors are con51dered to explaln, .

_these dlfferences.‘ | o
- dlsturbance caused by the sampllng procedure
adopted in the flrst case, f

- hlgher "degree of bondlng (adhe51on) developed in

the second method.

o
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In the second series of tests (series 200) the soil was
compacted inside the upper box, avoiding extracting and”
trimming procedures. For this series e‘higher upper box was
chosen allowing enough loose soil to he placed during sample
preparation and still.obtainla.soil sample with the same |
height as in the previous series.

The sample preparation consisted of.placing
approximately 75 gm of loose soil in the upper half of the
box (and in\Bontact with the concrete) and applying 4hblows
against a.compaction head,‘using a Standard Proctor Hammer:
Subsequently, another 75 gmn of loose soil was compacted in a
seCOnd layer, by applying 5 bloys.'This procedure-ensured.
that a uniform°sample was obtained at the maximum dr?
density. In‘thls series, 12 tests were performedhuslng the
same.normal'loads as'in series 100. |

All 22 tests‘were performed'using material collectedA
during the construction of the Test Emhankment‘and;the
'concrete’block7used'in both series was the'same The
concrete . block was molded 1nS1de the lower half of the box :
and agalnst a plywood form, thus reproduc1ng‘es close as
p0551b1e the roughness of the concrete wall

| Kulhawy and Peterson (1979) p01nted out the 1nfluence
Tof spac1ng between the two halves of the shear box, 1n testsl',
1nvolv1ng SOll concrete 1nterfaces. They empha51zed the
i1mportance of ensur1ng that the 1nterface was. actually belng
tested by selectlng the proper spac1ng These authors

concluded that the spac1ng must be varled dependlng on’ the

.t;l"



Table 4.1 Summary of Direct Shear Box Tests

] r —
Ser F lest On T Wi wf Tp TR
~ (xPa) (kN/mS) () (4D (Pa) («Pa)
|— S -
‘ 1 15 00 20 7 13 0 12 8 12 1
[ —
2 15 00 20 9 12 8 12 3 70
F —
3 30 O 22 O 12 9 12 9 20 3
1 4 30 O 20 0 13 5 132 26 O
(o] S 60 O 20 8 14 3 14 0O 47 2 R
.___.__V__{’__’____’____‘ .|
O © 60 O 20.9 14 1 14 1 13 6 -
- B
7 90 O 20 S 139 12 9 74 O
8 30 0 21 1 13 6 13 0 66 .0
9 120 © 21 3 12:9 12 9 100 3
- - —_—— —
10 120 O 20.9 13 3 12 9 97 7
S S
1 30 00 205 13 2 13 2 21 6 18 5
2 30 00 2t 2 14 S 14 O 32 2 22 2
3 30 0 19 S 12 0 12 O 16 6 16 6
-
a 30 O 21 S 13 2 13 0 39 .7 34 S
2 ) 20 9 22 O 13 7 13 7 56 6 35 8
0] 6 60 O 19 S 13 8 13 5 a9 a 43 2
—
o) 7 60 0 20 0 13.5 13 .2 54 4 39 O
8 90 .0 20 7 13 7 t3 6 69.0 64 O
9 90 O 20.3 12.8 125 83 3 70.0
—. —
10 220 0 200 13.5 13.2 103 3 90 1
R 120.0 21.5 14 0 13 8 . 113 103 5
12 120.0 20 9 13 8 13.7 75 9{3 75 7
L -
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“ i
As explainea previously, in the sample pfeparation»for
series 100 the soil was compacted in a Standard Proctor mold
and ther subjected to a "sampling procedure” . All sampling
procedures cause disturbanée that, in most cases, can play
an impOEiant.role in the stress-strain‘behaviour of soiis.
The effect of sampling has been extensively studied in the
past. Broms, (1980) pointed out that the effect of sampling
~disturbance has a large effect on stress-strain cufvés of
bnittlefmaterial. This author has shown evidence that this
type of materi§l can present a\ductile behaviour as a .
consequence of disturbance. Similar expefiences have been
reported by Milovic, (1971) and La Rochelle and Lefebvfe,
(1971) for different types of soil.
The second method was developed to minimize distugbanée
- and consequently to obtain a "more intact" sample.
The higher degree of bonding can be estéblished in two
different ways:
- First the type of contact between Soil and
'concréte developed by compacting the soil\directly'
against the concrete is different from that
_udevelopéd in the first case. In the second method it
is expected that all recesses e#isting in the
concrete will be filled with soil. Cohseduently, for
‘this case, failure will occur partly across the soil

»

ahd‘partly across the interface. This difference is

v
-

shown schematically in Figure 4.3.
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- Second, if the tests are plotted ina 7 - ¢
stress space, as shown in Figure 4.4, it can be seen
that while the results for group 200 show:some
intercept ip the r axis, the first group shows ne
intercept. This intercept suggests a higher degree
of adhesion.
Furthermore, it rs believed that samsleS‘cut from the
compaction mold (as in series 100) develop different soil
fabric (arrangement of grains) at the'interface;when
compared to the streeture developed by the second method.

Seea and Chan, (1959) have studied the effect of fabric
on the behaviour of compacr@d soil. The authors have shown
that materials cempacted drier than the optimum moisture_
content develop a more floccﬁlated fabrigq and the |
stress-strain curves, in a triaxial apparaﬁus, show a
srmaiﬁ-softening Behaviour. This type of behavieur is
characteristic of "unstable"” fabrics. On the other extreme;
samples compacted wetrer than tbe oprimum moisture content.
present a more diséerse arrangement ena show |
Straln hardening stress%stra1n curves.,

Based on the above d1scu551on and since the
stress-dlsplacement curves for the shear‘box tests performed
in samples of series 200 showed a strain- softenxng o
behav1our, 1t can be expected that th1s method of sample
preparatlon 1nduced a more flocculated structure (unstable
"stucture). However this conclus;on is not suppqrted by_the

" analysis presented by Seed and Chan (1959) since the energy

°



- CONCRETE'

TYPICAL INTERFACE FOR SERIES 100

CONCRETE

~ TYPICAL INTERFACE FOR' SERIES 200

. FigUre'4.3 Expected Contact Surface Soil;Congreté
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‘lmposed'on-the samples of series 260 is higher than that
used in series 100. Therefore; for the same moisture content,
and un1t dry dens1ty used in series 100 the increased
compactive energy should. impose a higher degree ,of
dispersion and a more stable structure should be expected
and not the opposite. |

" These factors\contributed, in‘dlfferent proportions, to
create a more brittle material, that showed slightly higher
shear stress and very low displacement tor'failure, when the
second method was used '

It 1s of 1nterest to mentlon ‘that the

stress- dlsplacement curves for the second group of samples
“haVe demonstrated a "sensitivity" to distuyrbance created by
mishandliné\or any.small variations in the,moisture content
(+ 0. 5%) - Since, in the field the moisture content is .
\seldOm controlled within this range,l1t is d1ff1cu1t to rely
on ‘the peak strength fOr de51gn purposes. Moreover, it 1is
difficult . to ant1c1pate the dlsplacement path followed by a
grain of soil during compactlon, and consequently it is.
| dif}icult to anticipate which method of sample,preparation_
better represents the field behaviour. One possible path
used here as an example to expla1n what was mentloned ‘above,
is: shown 1n F1gure 4. 5. In this fxgure AB represents the
dxsplacement caused by compactlon, br1ng1ng the" gra1n of
‘so11 .closer to the structure. This is followed by removal of
the load (BC) Subsequent passes of the compactlon machlne

Wlll cause the graln of soil to came into, contact w1th the
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Figqu'A;s Suggested Displacement Path for Grain of Soil
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structure'(éD, DE,...,etc), and eventually to-displace
parallel to it. During this process, it is believed that the
soil will suffer displacements relatiQe to the concrete .
wall, sufficientlyfhigh to disturb any possible adhesion.
This discussidn; although hypothetical, provides an
idea of what type of contact should be expected in a soil
placed near a cénérete structure. l
Theréfore, in practic?, before any‘measuremént can be "
obtained, the fill will have already been subjected to
"loading cycleﬁ" due to compaction and superimposéa layers
and it is probable that the field béhaviou; will not be
similar to that observed in series 200. On the other hand,
some adhesion will probably develop due toﬁincfeases in
normal sifesseé caused by the newly placed layer, and
_consequentl} series 100 wi{l’also mis;epresént the actual
behaviour. This discussion will be extended in Chapter E:

based on tK& results of the finite element analyses.

AN <

Wz

4.3 LARGE SHEAR BOX TEST

4.3.1 General
B ~_Thé‘eqpipment was‘idealiZed‘to reprodUCé é»sqction of
'the‘concréte wél;, containing a row of instruments,fas
described in the p;evious chapter. -

In this section the_appératus will be presented in
‘detail, foliowéd by a discussion of thé’equipment TR

performance, tests performed and conclusions drawn,
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&»
4.3.2 Design of the Laboratory Apparatus
The,large shear bOX’apparatusvis composed of three
basic components \
- A reinforced concrete base- and sample conta1ner
- A vertical loadlng\system

- A horizontal loading system

4.3.2.1 Concrete Base and Sample Container

The reinforced concrete base was molded inside a
plywood form which had dimensions 1.0 m x 1.0 m and
0.25 m deep.

Attached to the relnforcement 12 threaded rods were
placed, each driven through the form and extend1ng 20 cm.'
outside the form. These rods were used to hold an
vin;erted U-frame that served'as reaction for both

vertliﬁl and hor1zontal loads. |
At the center of the base, a knock-out was molded
~ to accomodate a Shear Stress Device (as discussed in
Chapter 3), hav1ng dimensions 0.29 m x 0.29 m x 0.075 m
deep._ | | | |
0 Three modificatiohs were‘iutroduced in the Shear
Stress Device for laboratory use: | |
- the knock out was molded by a steel box left in
position before concrete‘pour1ng
-~ = the c%gfrete block (used in the shear stress

@

~ - device) was also molded 1n51de a steel box

- - ——— . - = -

‘Detailed drawings and plates show1ng the’ apparatus are
presented in Appendix "D". .
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- roller systems were used between these two steel

boxes, reducing the friction between the two parts

e
-

.o‘v1rtua11y zero.

D5 this modified version of ége Shear Stress

Devicef Mhteq in Appendix "D". Although it was
;Gratory application it;is perfectlylsuitable
'{snsions'of the Shear Stress Device used in ‘the

) were choosen based upon a simple finite element
;5ran to simulate a crossfsectionbof hhe proposed
;é; A mesh was drawn, assuming the nodal points at
h%face soil concrete to be the same (in other words,
ias allo&ed at'the interface). The'reSults’hf this
.éave shown- that, for a soil sample 1 0 m long, ‘the
center thtee quart;rs of the sample would have almost c

'unlfo:m sﬁ”ar stress d15tr1but1on. Based on this analysis it

a_. use a 0.29 m long dev1ce, correspondlns to

‘ei& the center Soxfof ths 65 cm of the soil
sample. T -

The soil was'éiéced inside a steel mold 0.7 m sQuare
and 0.25 m deep. The mold was'maée‘of 25 cm (10")7chénne1
sessions and.placeé over stéel rollers to yinimise‘fridtion
at their-cbntact‘with the concrete. It is[imhorﬁsnt_to«nots
that although the mold was 0.25 m high, the soil samplé was
only 7.5 cm th1ck The remaining. he1ght was used to prov1de'
.safety against p0551b1e fa1lure of " the vert1cal loadlng

~ -~

system. .
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\

The soil container was constrained from rotating
horizontally by means of two pairs of castors welded to a
7.5 cm (3") steel angle section, bolted to the concrete

base.

)

Frlctlon between the container and the soil sample was
-
reduced by US1ng two layers of s11k at the contact. Although

-not commonly used for this application, silk seems to be ;Qf//’\\
most efficient in reducing friction under these | |
circumstances. ; |

In order to evaluate the performance~of the‘silk'to
| reduce friction, Figure 4.6 presents the results of direct
shear box tests between two'blocks of wood containing two‘
layers of silk at their contact. In the same,plot} resultsf
of similar tests for layers of teflon and for a ‘uniform E
round sand are shown. As may- be ‘seen, the two layers of. sxlk -
showed the smallest angle of frlctlon, about 8% of the value
for sand, whereas two - layers of teflon amount some 20% of |
" the- angle of friction for sands. - |
Pt is worthwhlle ment1on1ng that the gap between the .,
steel mold and the concrete base-was fllled with foam. This
foam helped to ma1nta1n the mo1stu§e content durlng the)test
. as well as - av01d1ng flow of loose 5011 under the box before
compaction of the first layer. . S
“ A vieyloflthe whole assemhly is sketched_in Figure 4.7
,and Plates_4.la and 4.1b.“Eurtheg;oetailsfarelin Appendia |
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&
Plate 4.1 General View of Large Shear Apparatus
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4.3.2.2 Horizontal Loading System

All tests were performed in a strain-controlled
mode. The strain rate was imposed Sy a pigton attached
to a gear box by means of a drive chain. This system
enables different rates of shearing to be used.

The whole system was mounted in a frame welded to
' the reaction frame. An overview of the loading system

connected to the concrete base is shown in Appendix "D".

4.3.2.3 Vertical Loading System

In order to allow for differential settlement (due
to nonhomogeneities in the soil sample) and to ensure a
uniform distribution of normal stress, a rather complex
loading system was designed.

After several unsuccessful trials, the final system

imposed the following measures:

1. Reducing the area of the soil sample but
maint;ining the loaded area.
2. Reducing the height of the sample
’ 3, Application of the load through a series
of prismatic elements forming a pyramid
shaped loading head.
4. Load applied by two symmetrical lever

-

systems ‘and weights.

The first measure was accomplished by welding a

steel mgmbér near the base of the molde with dimehsions
7 :
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b

'2.5 cm wide x 5 c¢m high (1"x 2"). A 5 cm x 2.5 cm (2"x
1") angle section was bolted against the first member
and served as a collar to hold the loose soil before
compaction. After the sample was compacied, the angles
werg(removed and the final sample was approximately
7.5 cm deep (refer to Appendix "D" for details).

The pyramid shape is a well;known efficient method
for distributing concentrated loads. This shape is
frequently used in shallow foundation design as the most
appropriate configuration for transfering ioads from
pillars to soil masses. A second common application can
be found in the laboratoky, where pyramid shaped loading
heads are used in most conventiohal‘sheag\box apparatus
to transform the vertical pbint load into a uniform
stress. In particular at the University of Alberta a
similar problem was faced du;iné the development of a
model test for tunnels (Kaiser, 1980). Here also; the
lateral loads, applied by hydraulic jacks, were
tranformed into uniform stresses by means of.a series of
prismatic elements with triangular cross-section,
forming a pyramid. ﬂ

Following the experiencé of Kaiser (op.cit.), rows
of prismatic elements made'from steel were used to form
the pyramid. In the first row (bottomvrow) 64 prismatis

- elements were used to cover the whole area of the mode.
Fér the second row, 32 elements were used, each

transfering their loads to two of the previous row,
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Subsequently, another 16 prisms were placed, again each
resting on two of the previous row. The'last row wa§
headed by 8 steel flat bars (dimensions 5 cm x 2.5 cm or
2(_X 1") located at the ceﬁter of the pyramid element
apex. These 8 bars received their load from another 4»
steel bars (again 2" x 1") fhat were headed by 2 bars
(2"x 2") and finaliy 1 bar (2 '/," x 2 '/,") received
the point load from the lever system, Figure 4.8 and
Plate 4.2 illustrate the loading system.

It is important to note that the contacts between
the flat bérs were made through ball bearings, thus
ensuring tranfer of normal loads only. Friction between
the loading head and the cdntaingr was reduced by using
two layers of teflon..

Another important detail concerns the difference
between the dimensions of the baée of the loading system

(0.7 m x 0.7 m) and the soil sample (0.65 m x 0.65 m).\
\

i
|

This procedure was adopted based\on the results of

sucessive calibrations, using different arrangments. | \

Sghce this configuration resulted in a more uniform loaa\\

distribution, it was adobted. | |
Vertical'loadéaWere applied using'two symmetrié

lever systems and weiéhts. The'lgvers were composea of

two 10 cm (4™) I-beams reacting againét the reaction

frame. The ratio of thé levers were 8:i and the they

were 2.5 m long, alloﬁfng for application of 58 kN

(12000 1bs) of total load ( 29 kN or 6000»ibs per
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Plate 4.2 Loading Head for Vertical Stresses
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lever). , _ o

In ordar to correct the level of tha levers during.
test, their reaction points were mounted on screws. -(see
Plates 4.1)

The-reaétion frame was built using extended web
steel "H" sections, 10 cm (4") hlgh and 10 cm (4") wide,
forming an 1nverted "U" frame, and attached to the
concrete block by means of 12 threaded rods, as
explained before. |

>4.3.3 Instrumentation : ' -

Each sample tested was instrumented to allow a
comparison between internal and external measuremenﬁs. By
intarnal measurementa it is understood that they are similar
to measurements obtained in the field, i.e., shear stress at
the interface (using the Shear Stress Device in both cases)

~and relative displacement. The external measurements are
" those compatible with the conventional shear bai test i.e.,
applled external force and dlsplacement of the box.

The external shear stresses vere obtalned by a
calibrated load cell at the p01nt of appl1cat10n of the
load This laad divided by the total area of the so1l sample

equals the. "external shear stress”. The displacements were’
maasured'usingaa calibrated LVﬁT in contact with the steel

box, and on the opposite wall to the load applitation (see

Figure 4.7).
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Fornthe "internal.measurement” of displacements, a
modified "Shear Dlsplacement Device" was dggigned. It was
composed of a 1/16" stainless steel rod having a s%all 5 mm
x 25 mm plate welded to one end and threaded at the other
end to couple to a LVDT. ;wo of these devices were installed
inside each sample, after the first layer of the sample had
been cémpacted (refer to section 4.3.4).

The igstallation procedure began by opengng a groove
2 cm wide and‘approximatély 26 cm long. The roas, protected
by a 3/16"’aluminum casing, were placed in position,
extending to the outside of the box through the gap between
the box and the concrete base. The small plates were then
pushed into the*soil‘ih order to ensure full embedment in
the Sbilkmass (full contact between the plate 9nd the soil).
Finally, the grooves were covered and a small hammer was .
used té compact the soil inside the trench.

051ng the procedure descrlbéd above it was possible to
ensure that the Shear Dlsplacement Devices were installed in
similar positions in all the tests. On average, the
instruments were laid approximately 5 cm from the base of
the Shear Sfpéés Dé#ide‘(see Figure 4.10) and 2 to 3 mm from
the concrete. base. -

The average'measureménts obtained bj these two deviceé
wefe plotted versus the shear stress readings of the shear

stress devices to comprise the ."internal®” curve, discussed

in the presentation of results.

,
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Vertical movements were also monitored for each test,
both externally and internally. In both cases kwo a
measurements weré obtained, using four calibrated LVDT's.E

For the external measureménts the LVDT's were in
contact with the steel member receiving the vertical 1load.

The intefnal displacements were measured approximately
0.5 cm from the concrete. Again for this instrument a 1/16" €0
stainless steel rod with a 2.5 ém x 2.5 cm aluminum plate
was built. They were installed inside small trenches opened
after the second layer was compacted. After positioning, the
rods were profeCted by 3/16" stainless steel casing and the
trenches réfilled using compacted material. The opposite
extremity of these rods were coupled to the ipner core of
the LVDT. This LVDT had to Se mounted on a roller system in
order to displace with the sample and avbid bending the .
inner core of the LVDT, whieh\wouid lead to erroneous
measurements., Details.of tﬂg;e rollers are presented ink
Figure 4.9 and Plates 4.3a and 4.3b. These measurements
allowed the observation of vertical displacements during
shearing. | ‘

Figufe 3.10 shows a sketch of a sample with the

instruments in position.

4.3.4 Sample Preparation
As mentioned previously, each sample was composed of
two compacted layers. A trial and error method had

demonstrated that, to obtain the max imum dry density, 400
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blows per layer had to be applied using a modified Proctor
hammer.

.

P To facilitaté the compaction procedure, a 30 cm x 30 cm
C (12" 12"). steel compaction foot was attached. to the hémmer;
increasing the contact area between the hammer and the soil.
The‘sample‘preparation included the following steps:
a. Positioning of the steel mold including cleaning
the equipment from the previous test and replacement
of the foam in the gap between the steel box and the
concrete base. .
b. Placement of approximately 5 cm uniform layer of
loose soil. - i
c. Compactién of the first 'layer by applying the
blows in four series of one hundred-blows in
altetnate sides with respect to the reaction frame.
d. Installation of the two Shear Displqcement o
Devices. - ‘
e. Placement of loose ‘soil up to the top of the

" removable angle (discussed previously).

f. Compactibn°folloWing similar procedure as

n_.n

'descrlbed in "c".

g. Installatlon of the two éensors for vertical
dlsplacement measurements. |

h. Remov1ng angles'and placement ofithe vertical
léading sfstem, without lever. -

1, Ad]ustment of all LVDT S.

. Placement of levers and subsequent appllcatlon of
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load.
The zero readings for the two load cells measuring the
internal shear stress were obtained before the vertical

loading system was positioned.

4.3.5 Testing Procedure and Tests Performed

A total of-47 tests were performed, 37 of them
considered preliminary tests, carried during the developmeqt
of the apparatus. The remainihg 10 tests were performed -
using the final version of the equipment. A summary of the
final tests is presented in Table 4.2.

All 10 final tests were conducted with four different
normal loads and followed the procedure described below.

For all tests, the normal load was kept constant for 48
hours, to ensure that vertical displacements had been
reduced to negligible amounts. After this period of time,
shearing commenced at a rate of 0.0045 mm/min and maintained
until failure had occured. Failure was considered to be an
increase of less than 0.5% of the total external load over a
period of 30 minutes. On average this condition was reached
after 24 hours of shearing!

With the procedure described above, each test had a
duration varying from four to five days, including sample -
preparation and cleaning from the previous test.

One additional test was performed primarily to study
effect of rate of shearing on the strength parameters: Since

the same special instrumentation was installed in this



Table 4.2 Summary of Tests - Large Shear Box Test

Test On Y wi wf [} 7
” (kPa) (KN/m (%) (%) (kPa) (kPa)
1 29 25 17.6 13 12.5 34 .0 20.0
2 29 25 19.8 13 t3.1 36 .0 16 O
3 59 4 18 7 14, 13 8 63 O 29 O
B 4 59 '4 19 O 12 121 6470 27 .0
P%S 85 8 18 9 13 12.5 81.0 3%9.0
[ 85 8 17 6 13. 12.9 8t.0 42 0O
“7 106 .8 18.0 13. 12.5 1210 59 O
8 106 8 16 S 14 . 13.9 122.0 54.0
9 29 .3 17 8 13 12.6 37 5 17 6
10 54 9 19 O 13 13.2 74 0O 23 .0
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sample, several other features could be observed. This test,

hereafter referred as Testgl1, will be extensively discussed

\
N

1n subsequent chapters.

4.3.6 Presentation of Results

As mentioned, each test provided two
stress-displacement curves, viz, "external measurements"
(total applied shear stress versus total displacement of the
steel box) and "internal measurements”. The 1atter.were
obtained by averaging the displacements measured by two
Shear Displacement Device, and plotting against the shear
stress registered by of the Shear Stress Device. These

curves are shown in Figure 4.11 through 4.14, for four of

the tests performed.

4

Several important immediate observations arise from
these figures:

1. The shear stfesses for failure are;not the same
for internal ‘and external measurements,

2. The shear displacements for failure afe
consfderably smaller on the internal curve.

3. The internal plot shows a strain-softehing
behaviour whereas the external plot presents a
strain-hardening pattern.

4. The tﬁngential stiffness ( K, or k,,, as
discussed in Chapter 2 and defined as the 510pe‘of
the stréss—displacement curve) is not the same for

internal and external curves, Jfor a given horizontal
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displacement. A detail of the initial portion of the
, stress-displacement curve for Test#3 (o, = 58 kPa )

is shown in Figure 4’.15. As can be seen, there is a

significant differencé in the shape of both curves.

Some of these features do not offer an‘immediate
explanation but will be considered 1n subsequent chapters.
Nevefthless, some of these features can be discussed with
the analyses of the test results. |

The results of vertical displacements are shown in
vFigure 4.16. These measurements were obtained in test#8
(0, = 106‘kPa). Some of the remaining curves are shown in
Appendix "E". It is important to mention that the internal
Avertical monitoring displacement devices, in most cases,

. measured displacements within the accuracy of the LVDT used.
This fact made difficult a precise analyses of the vertical
displacements within the sample.‘Neverthlese, the.trends
measured are as expected and tests petformed at lower normal
stresses show some upward movement. This treﬁd reversed for
samples tested under higher normal stresses.’A transition
from one type of behavxour to another can be observed for
1ntermed1ate normal stress levels.

Flgure 4.17 shows the tests plotted gg?a T - 0 Sstress
space. In this figure the solid lines present a band of
possible peak envelopes for the 1nternal measurements and
the dashed lines bound the external meaéerements.

I't is important to notice that, although -the

- 3
inklination of these straight lines are different, their



148

L L L ¥ 1 T T 1
4 8t .
40t .
P V4 o 4
’6 " -
a
x 24 4
0,=58 kPa
@
° Legend ]
|6 s——a |nternal .
5 o——eo External
[
P = -
n
08 S
00 ; 1 1 L 1 1 1 s il
00 o 0I5 .030 - 045

Displacement (mm)

..

Figure 4.15 Detail of Stress Displacement Curve - Test#3



g#isal - J1eays buring juawsoeldstg Te2131I9A 9y aanbty

|0UJ3IX I

od% 901:="D
.8 ou §S31L

0

*7
([ PETT

-

190

+c0

-

4

-+

4
g

l S S t €

-~
-

~+

1091} 1A

&

) wawdo|dsig

E-2



150

$1s83], ieays abieq7 103 wmon>cm yabuaiig iy 2anbty

(D) U D SS3NS (DWION

02| . 001 08 09 oy 02 0
- : Loz
" 0UJIXT . @ g ~T.uu R
Sudwaunsodw ousul O gl PRAR A
......................... e ../
................................ v w&M\ L ot
.................................. o
........................................... ey
.................................................................. .fow
AR S roe
............................. =
\ .......... n.-.... .\.
PARRRARARA P2
Ay {001
Ao r
.................... /
PPN \\
AN
\ ......... ... ... . .\
v PR 8..'/ J
....................... ..\
................... m&
............. e d
..... Ve
L/
/

(od%) L ssaiS JiDayS

&y



intercepts are almost the same. The écatter presented in the
results can be attributed to heterogeneity introduced in the
sample, during 'its preparation.

Figure 4.18 presents the results of Test #3 and Test
#11 plotted together, grom these two tests, Test#3 was
considered one of the final tests (and was presented earlier
in this chapter) and Test#11 was performed to study the
effect of rate of shearing. As can be seen from this fighre,
the rate effect .is significant ahd for a rate approximatefy
7 times faster, the shear strength increased by 32%.
Moreover, if the faster rate 1s used; the maximum shear

-

stress is reached for negligible values of the shear
displacement (approximately 0.001 mm).-In any case, the rate
of shearing was chosen to allow complete érainage during

shear, as measured by the two piezometers installed at the
¢

soil-structure contact in the test embankment.

4.4 PERFORMANCE OF APPARATUS AND DISCUSSION OF RESULTS

¥

4.4.1 Difficulties in Designing the Ap

agatus
During the preparation of the equi?&e;%§described in

this chapter, several di&ficuities had to be overcome, most
of them due to lack df background in designing large scale
test épparatus. Therefore most of the problems were solved
by trial and error. _

" In the next few péragréphs, a brief discussion of theseﬁ
problems and the solutions adoptgd will be presented, hoping

)
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that tﬁe experience gained here can be of some help for
~future researchers tacing siﬁ}lar situations.
Certainly the large dimensions of the soil 'sample were
'responsible for most of the problems faced. Even in order to
apply a relatively small normal stress (up to 120 kPa) the
magnitude of the total loads had to be reiatively high (up
to 58 kN or 12000 1lbs). In other words, the vertical loading
system had to be able to apply high total_lpads but be
SUfficieﬁtly sensitive to keep the pressure constant (with
an acceptable variation of + 2% of the total load).
Unfortunately the hydraulic equipments avallable were
capable of fulfilling only one of thegrequirements. After
several trials it was finaliy decided to use a lever system;
since it preved to be the only)way to fulfill both
requirements. o |

Another protlem that hga to be faced concerns tﬁe\\
distribution of normal stress. The task of'transformingja
concentrated load into e u?iform stress is rather difficult.

1 . . .
Several methods have been ﬁ%ied varying from a rigid,

2.5 cm (17) thlck 51ngle plate covering the entire areasof
@ .

f»

\
the sample to a more flexible g%stem capable of accomodatlng

?“dlfferQS ial settlements, as described Mfore. It was )
'flnally concluded that none of the methods were totally
' ‘effectlve. Reasonable’'results were obtalned using the
configuration presented in sectlon 4,3.2,3, It seems thet

the ideal conflguratlon should have followed with prismatic

elements (instead of flat"bars) up to the point of
; , B -

L2l
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aplication of the concentrated load. This would have
required another 4 rows of these elemegts, wiﬁh‘a total of
another 16 elements. Moreover thetreaction frame would have
had to be twice as high (2 m high), and consequentely
requiring a different steel beam section, hence considerably
more expensive.

The application of horizontal loads presented similar
problems. The ideal test should be performed under
stress-controlled conditions, to better simulate the field
conditions. To actomplish this, the loading system would
have to be able to apply forces up to 98 kN (10 tons) but
sensitive enough to apply small inijitial incre@ents to allow
a detailed examination of the initial portion of the
stress~aisplacement curves. Several diffefent hydraulic
systems were tried, but none were completely satisfactory,
Some of the hydraullic pumps tried were very SOphistic${ed.
They are provided with "servo-systems”. These servo-systems
are able to apply a large range of loads and maintain the
load constant within small variations. For each system a
prestablished range of,load? is\set, according to" the
expectéd loads. Unfortunately, the mechanism that provides
these characteristics also ihplies in an unavoidable
"in-built" load in the pump. This load is activateﬁ, and
transfered to the ram‘as soon as the hydraulic pump is
switched on. The higher the‘fange of the prestablished
'.loads, the higher is the inrguilt load. To accomplish the
"range reguired for the large shear tests, this load was too

-
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high, excessively disturbing the initial portion of the
stress-displacement curve.

It was then decided to perform strain-controlled tests.
Although less representétive;’the stress-displacement curves
are far more accurate and detailed when compared to the
tests conducted under the stress-controlled mode.

In order to overcome friction in various regions of the
apparatus, several systems of rollers had to be provided.
These roller systems were designed after layers of teflon
had been tf?ed and proven to be inadequate for these

circumstances. Rollers had to be designed for:

a. shear stress device (base and sides)
b. under the steel box in the contact with
the concrete block.
These rollers reduced the friction to negligible
values. ‘ |
in conclusion three important lesééns were learnt from
the design of this equipment:
a. Whenever friction is to be reduced to negligible
values, the use of teflon is inaéequaﬁe. It presents
a "slip-stick” behaviour and ré;atively-high static
friction. The-use‘of‘rollers (stéel?balls or steel
yllnder) is suggested

b. Although the hydrauylic systems avallable wvere

very sophisticated they were still not adequate to
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apply loads over a large range and still accurate
for small increments. Mechanical systems are
strongly suggested.
c. The task of transforming a point-load into a
uniform stress is very difficult. A reliable system
should have a pyramid shape and be sufficiently
flexible to allow_differential movements (due to
heterogeneities). The pyramid éhould receive the
point load at 1ts apex.
4.4.2 Normai Stress Distribution .

As mentioned before the sys£em for applying normal
loads was designed on-a tria}—and—error.basis. The
evaluation of whether or not one particular 5y§tem was
adequate, was based on a simple calibration.

The calibration consisted of replacing the Shear Stress
Device by an earth pressure cell composed of an aluminum
block resting on three load cells. The load cells were made
of aluminum pipe each having four strain gauges. All twelve
gauges were wired formigg one full Wheatsténe bridge
producing an amplified output. The aluminum block had a
recess where concrete was placed to reproduce a roughness
gimilar to that of the Shear Stress Device. The earth
.pressure cell was calibrated separately using wéights.

wWith this earth pressure cell replacing the shear
stress device, a sample was compacted in a similar fashion

as for the tests. After compacting the sample, the load head
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was placed and loads ‘applied. Each load was maintained until
constant readings in the pressure cell were obtalned.

N

Figure 4.19 presents the results of the calibrations,
using two different loading heads. In the first case, a v
2.54 cm (1") rigid plate was used. The second curve was
obtained for the loading system proposed earlier. In both
cases the sample size was already reduced with respect to
the 1oading.area. In this figure it can be seen that,
although not ideal, the pyramid shape represented an
improvement compared to the single rigid plate.

Ideally the relationship between applied and measured
stresses should follow a 45° line. Departures from this line
means that the load is not being uniformly distributed
(assuming no losses by friction bétween soil and mold).

According to this calibration (Figure 4.19) load
transfer was observed from the center of the sample
(location of the measuring device) towards the remaining
sample. This reflects a nonuniforq;normal stress

\

distribution. This effect is accentuated for higher normal

loads and the maximum difference between measured ang

applied stresses was 13% for the highest normai strgss. This

load transfer can be caused by nonhomoggneities in the

sample (the central portion of the sample was the most

difficult to compact because of the position of the reaction

frame) or by some flexibility of the measuring system
: s

(deformability of the load cells used in the calibration)

that creates conditions for the mechanism to*occur. In any
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case, it is believed that both conditions contribute to this
mechanism not only during the calibration but also during

the actual test, and lower stresses in the center of the

<

samples were expected.

A

For the analysis of the test results it was‘®assumed
4 A
that the normal stresses remained constant during the

application of the shear forces.

4.4.3 Shear Stress Distribution

The distribution of shear stresses in the plane of
failure of a sample is recognized as being complex aqd so
far these stresses have never been fully detefmined.

' ) :
In particular for direct shear box tests, Morgenstern

1

and Tchalenko, (1967) have demonstrated that failure occurs
in a complex mode. Furthermore, Hvorslev, (1960) pointed out
that, in a shear box test, failure is progressive.and the

stkfss tonditions are not known to a,high degree of

accuracy. 0 ‘ g

o

l . ~ S w4 .
Regardless of the preceding co&ge%}s,-some speculative

analysis of the stress distribution wiIl be presented, with

»

the view of presenting a better understanding of the test

results.

*

Assume, for the sake of simplicity, a uniform shear

I

stress distribution across the sample (simulating full

development of shear strength thmoughout the interf“ ;i

shown in Figure 4.20. | -
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The'}ntegtal of the vpiume under the total area of the
sample results in the total force being applied in order t'o
shear the sample! while the integral of the volume over the
region of the internal sensor represents the total force |
measuted by two load cells of the Sﬂear Stress Device.

Evaluating these integrals, 1t is concluded that:

V, = L'y
and 4
vV, = lfy
where:
V, - Total volume (or total force) = .,
V, - Internal volume (or int;rnal force) .
| _ _
y - shear stress . " b
.5 L - semi length of.the concrete base

lb- semi ‘length of the concrete block
| V,/V, = L*/1? | o
Substituting the vélues~of L and 1 (froﬁithe équipment
geometry and shown in Fiéhre 4.20) in this expression, the
theoretical ratio between tﬁe.forces is:

v

. V‘/V| = F‘/F'l = 5.376

on the other hand,‘Tablé 4.3 presénts.the ratio between
i measured inté:nal‘and external forces. ih'this table the
average.ratio between méasureq'tota1 forces (F7) and
measured internal forces (ET) wasAféuna to.be 11.35. In

L 8
* 4



Test On i 7&/ Ti fFe 1 F 2 Fe/F
] («Pa) (vPa) (kPa) (kN) (kN)
1 29 25 310 20 0 14.3 1-6 8 8%
2 29 25 36 0O 16 O 15 2 13 11 A7
3 59 4 63 0 49 .0 26 6 24 11 25
- —
a 59 4 64 0O 27 O 27.0 2 2 12 32
5 85.8 a1 0 39 0 38 4 32 12 10
6 85 8 Bt O a2 © 344 3 a °¢ 10 00
7 106 .8 121 O 59 O 51 .0 4.8 10 65
;8.
8 . 106 8 122.0 54.0 51.4 a a 171
9 29 3 37 5 17.6 15 8 24 11,05
10 . 54.9 740 - 23.0 31 2 19 16 68°
average 1t 35
1 - area = 0.42146 m2
2 - area = 0.00 25 m2

unused for average

gnd Interqal Forces

162
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other_words, the theoretical ratio is only 48% of the
measured ratio for the assumed distribution of shear
stresses.

Depending upon the assumed function representing the
shear stress-distribution and the values of shear stresses
at the boundqries,'the theoretical ratio V,/V, (or F./F,)
can be increased or decreased. However, it can be shown
that, regardlgss the function uséd for -the shear stress
distribution, the theoretical ratio will never approach the
measured ratio, if reasonable assumptions are spebified.
Reasonable assumptions aré considered to be hypothesis.sUch
as: - > |

1.- At any pointqof the sample,'the shear stress can
overcomeathe maximum shear strength,

2 - The function representing the distribution of
shear stress is monotonic, .

3 - The shear stress at x=0 is larger or equal to
the shear stress at x=L (see Flgure 4, 20)

‘Based on this discussion, it can 3? concluded'that the
measurements of the internal shear stresses weréL

consistently smaller than expected.

This conclu51onfls ;n close agreement w1th the

discussion pr concernlng the normal stress,

(s"

d15tr1but1on. Slncé Ehe outgr reglon of the sample was

sub]ected to h1gher ﬁormal pressures and aparently to higher

densities due to dlfflcultles.durlng,compact1on, it will

"attract" more shear stress. . " %

Y J
, - .
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Hence, the two curves obtained for one sample (internal
and external) are not comparable. They can, however, be
interpreted separately, among similar curves for different
normal stresses. In fact, 1t seems that these twé curves
represent two différent tests and that the internal is ﬁore -
a "interface test” since it seems to be least 1influenced by
the test device.

Furthermdre, these two measurements hqye another basic
difference. While. the external curve 1s éssentially a
conventional shear box test, using a large sample, the
internal curves were obtained by meésuring shear stresses
and shear disp%?cements remote from the boundaries. This
featuri assumes considerabie importantance if é comment
presented by Kisiel (1964) and emphaSized by Morgenstern and
Tchalenko (1967) is recalled. These authors call attention
to the high stress cohtentratioh and degree of straining
caused by the léading sides in the shear b6¥ test. This N
concentrated stress is averaged in the shear stress
c%lculation. On the other hand, with the me&surements

1 0 . :
obtained remote from the boundaries, thi® concentration of

stress is attenuated, and a more uniform shear stress

distribution, near the center of the sample, should be

expected.

Finally;'another two characteristics of the appara:us

should be pointed, out:

a. The pressufes in the central area of the sample

L)
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(internal sensor) are applied by a flexible boundary
as oppose to rigid boundary (steel box) apglying the
external pressure.‘ ‘

Rigid boundaries impose, in a nonhomogeneous
soil sample, even aisplacements from point to point
and nonuniform stresses. On the other hand, flexible
’boundaries create nonuniform displaeements but
uhiform stress distribution. Since nonhomogeneities
are expected in the samples used in the large shear

test, the flexible boundary improvesithe shear

. stress distribution in the area of the sensor.

b. Despite the fact that flexible boundaries improve
the distribution of shear stresses.in the large

~

shedr box, this "loading system" seems to be more f
.representatiee of the field coﬁdition.ﬂln the fielQA'
. " the Shear Stress Devices were loaded by layers of |
soil (flexible boundary) rather than by a rigid . |
boundary.
Based upon the summary of characteristics presented
above and regardless of the d1551m11ar1t1es in the-
stress- path followed in the fleld and in the laborabory
tests, it can be boncluded that the internal shear
stress shear dlsplacement curves, obtained ‘in the large

shear box tests are the most\representatlve ‘of the field

behav1our (at least among the curves presented in thls

chapter). Therefofe‘these curves should be used to obtain

.[‘
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the parameters for the numerical analyses.

However, the "type of behaviour” observed in these
curves (strain-softening) make their .use rather complex.
Modelling of strain-softening has motivated extensive
research and is still under active consideratioﬁ (e.g. Chan,
1985). Consequéntly, only limited application will be given .

‘to the internal measurements bbﬁained hnﬁﬁns geries éf

tests, and mainly in Chapter 5, where a theoretical model 1s

introduéed,

4.5 CONSTITUTIVE LAW — DISCUSSION

Constitutive relatiphships are tquation or groups of

(mutually exclusive) equations relating strains and

‘stresses. S 1

b - ’ S uf:

The most widespread constitutive law is Hook's law foﬁﬁg*
4 o )

linear elastic materials. In geomechanics, the hyperbolic

L

model (Duncan and Chang, 1969) is~oné of the cqnstitutivé

.relationships most used in practice*gwhenever materjal %
nonlinearity is to be considered.
Restricting this discussion to the elastic behaviour of

soils or joints, and not including the effect of fabric or '~
. '4'- AV

arrangement of grains, these relationships should account

*

for the influence of some important factors, such as:

effect of normal stress

effect oféropghness

V

effect of sample dimensions.

-t
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The effect of normal stress is shown in éigurg"4.21
where the stress-displacement curves for four tests are
Jplotted. 1t can be seen that the influence.of the no}mal
stress is remarkable.. '

The roughness should'include not only the asperities of
the concrete structure but the relative size of:the concrete
asperities with respect Qo the gradatlon of the soil.: Rt
should also consider the relativé density or degr%§ of
compaction of the sample. These effects were studied by
Kulhawy and Peterson (1979) based upon a series of dlrect
shear box tests conducted on combined samples sand’ and-
concrete The objective of the laboratory program was to‘
compare the results of these tests (tests along 1nterfaces)
with those performed u51ng soil alone. The authors present
results of tests u51ng four different roughness off concrete,
ranging from a very smooth precast concrLte to a very rough
surface. The sand used in the upper half of the’ box had also
different gradatlons, varylng from a unlform round sand to a
well graded angular material. o | _ L

o

JAlthough the author's major concern was the.shear

strength of. the' 1nterface, most Of thelr conc1u51o s can |

probably be used to understand the general 1nflu

roughness of the shear stress shear dlsplacemen curves. -

The results have shown that t.j/ 100 pngle (@)

uglncreases with decrea51ng v01d ratio’ an *15 lowest for the/
smooth 1nterface. The results also show 1nter£ace frlctlon/

" angles higher than those ohtained forvsoil‘alone for the

ce on the[.

1
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dense state, while in‘the loose sfnte the values were equal f\
orlsliéhtly‘lower than for pure soil samples.
In conclusion, it was shown that the strength ol the .
-interface is governed not only by the roughness of the face
of the structure, but al p depends on the "relative
roughness" between thé concrete and the soil. Furthzrmote,
the degree of compactxon (or relative density) should also
be considered, s?nce this. ca;‘thange the interface shear
stfength. | v -
Sinilnrly, it should also be expected that both factors
Krela;ive.roughn;ss and- degree of compaction or relative
dens@ty) would inf}uence the general shape'nf the
stress-displacement curves and.consequently the parameters
extracted from them (tangential stiffness, K,).
The mathematical dete;mination'of Fhe "relative
roughness” is not simple and the onix‘repeftea/effort
considering this efﬁect innthe Behavigur of soil-concrete
interfaces was presented’b§ Rulhéwi‘gnd"Peterson (1959). \\
‘;Grain size analee5~wére‘condugted on the soil.and on |

o

the aggregate used in the concrete.. The "roughness" .of each

of these materials was defined as:
. : ,

" R=(Deo x Dig) / Dyo
\iwhere,' - ;

b : "

R - roughness of structure,

o ®

Duo, Dso and Do ate respectxvelly

\ - | ‘ part1cle sizes at 60%,



+70

| 50% and 10% finer. B 'ﬂ

v .
-

3 Q

The relative roughness was defined as:

R'-'-Rh /R -
r - structure soil
o Although easy and conuenient among the results of 178
tests performed by Kulhawy and Peterson (1979) the .shear.
strength showed no relat1onsh1p with the relative roughnessf
as defined above One possxble reason for the poor
‘.relatzonshxp could be‘the.de£1n1t1on of the jstructure.
roughness”. ‘ ”
| S1nce all the tests performed for the present research '
~work made use df one roughness, representlng the texture of
Ghe concrete wall bu1lt for the £1eldq1nstrumentatlon, no
attempt w111 be. made to\determxne th1s parameter. |
. Neverthless,;1t is possrble that some of the methods
‘used in rock mechanxcs can be useful in this dlSCUSSlon.
- Parameters such as the JRC (Joxnt Roughness Coeffrcxent) "
defined by Barton and Choubey (1977) may be app11cab1e.
Furthermqre, the authors prfivide two very sxmple tests to
'”7\determ1ne the JRC. The.”Txltxng Test" ﬁor )oxnts thh small 3
fdegree of bond (such as rock jornts w1th no 5011 f1111ng) or
. the "Push ?est". Note that 1n both cases, theaparameter
obta1ned is a measure of the relat1ve roughness of the two

'sxdes of the go1nt or, tor the case of 1nter£aces, is a

‘measure of,the relatrve roughness' between the two

-
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1nterfac1ng mater1als. S “.’\e\ | ; .
4

(Anpther 1nterest1ng feature of these tests is that they‘

are, in someway, a measure of'the static’ frxctlon_of the, o

- '. ) . N o_.'A"‘.;c
joint,'as discussed in the .intrbduction of this thesxs'w\

(Sectlon 1.3). . S - e
‘ The effect of sample size also has to be consxdered
For the sake of organlzat1on of this thes1s, thls effect .

',w1ll be1d1scussed in €hapter 5.

~

F1nally and most d1§f1cult, a law to represent the

results sons1dered to be the most relxable in this' chapter,
. . \
namely the 1nternal measurements in the large shear' tests, .

'would have to consxder loss of strength after peak

, (strain- softenxng behav1our) This point has already beenA

discussed and the 1mp1ementat10n of complex laws 1s not part” S

'of the scope of thxs research.
Nevertheless, a sxmple lau is proposed based upon the

results obtaxned in the tests presented here1n.,Note that -

3

the 1nfluence of the roughness is. notocons1dered sxnce the _ o

concrete used 1n the laboratory tests represented the y'\

roughness oﬁ the prototype and perhaps typical of most -

pract1ca1 s1tuatxons and nothxng 1s sa1d about sample slze.j‘;

4 Figure 4 22 reproduces F1gure 3 33 thh a sl1ght f‘

jdxfference in 1nterpretatxon.'An analyses Lf F:gure 4 22

'.shows that the relationshxp between the normalized shear
§.stress wlth respect to normal stress versus shear_;k }
o~

‘:vd1sp1acement resembles two stra1ght lxnes._sf

[ R



sweuinijsuj semon o o o

. sean) ‘3ususoeIdsid-8sa13s IEIUS PIZITEWION, 2279 by

u«coE?:a:_ u g
n-co.:a.zac_ »2:00 0 L ST




Y O
" o . . ' oF . ‘\'_ T

: S1m11ar1y, the results of the leboratory tests can be

‘i;vplotted 1n thls £orm. These\cunves are shown in. Flgures 4 23

v

'j:through 4 26 £or convent10na1 shear tests serxee to0 and 200

'-:'and fpr large sheer tests (internel apd external

-7f5wherex Qhﬁﬂfi*fg?ifﬁ.@;pi7ﬁjlﬁﬁf: *%JT;'»%:

- meesurements) respectzvely.,ln these fxgures bhe range of ~/ r L
.test results ere plotted eid the fxeld measurements are 1

k.ﬁpresented ellowing for comparisoﬂ "' B _: ;\ Lt

‘  For practxcal purposes all the “bands of test resulte

'}:can be replaced by two average lxnes, represented byz"f'ﬁ"{ l:,-}f

0 E;f.- two 1nc1inetions ," ,f :  ‘ »' LA

-»‘fi‘- one po1nt of chenge in" 1nelinetxon

Hence, the Joint stxffn s can.be determxned by s1mply

’-fknowxng these perameters or' f%

(r/o) - 6 tpn Ql for 8 > 60 %;j fﬂgiﬁ;f;;7ffu*  ;%7i§::f;*
(f/a) - (r/a)o'* (6 8 ) ten 6. for b s 50 I;jij |

(e/a)av—ivalue of the retxoffor chengfng ffim‘7

inclination

ecurrent value tor the retiojf/a

'"ﬂ;xqjﬁ~jiéicurrent displecement of the interface{7ifjfﬂq?;37::55

s .,t ,;UG Of L5 for changinq xncninatxon
.¥”€ifvariation of r/a with reepect .:éfff;;
;&fto displacement tor 5 < 5° S
ithreapect

”ﬁlféevariation of f/”fi
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If the normal stress is known, the shear streSSycan be

. f

determ1ned and’ the ]01nt behav1our Can be completelyl

§Hescr1bed W ST P

- ThlS procedure was 1ntroduced 1n the: F1n1te Element :

Program descr1bed 1n Chapter F an& w111 ‘be further descrlbed

® . \

IS

Y . S . : e e

.there.'

4 6 concnusxous*_;-id- h-,;f'f_'J;jf,' o - L
| Based upon'the tests descr1bed in this chapter,_someh?r’
;¢an1u51onsbcan'be presenteq They are llsted below'_’ﬁ ’
: 'T.ilThe,method of sample preparatlon strongly
‘Haffects\the results of dlrect shear box tests.;Airrr

‘;brlttle materlal (unstable structure) 1s obta1ned 1f

, the 5011 1s cOmpacted d1rectly aga1nst the concrete."'

. 0.
2 - Analyses of the effect of compactxon procedure

cey

'hflnterfaee w111 probably present a behavzour that -

,u/

falls between the extremes represented by compacting

'{TQ‘*the 5011 d1rectly agaxnst the concrete or compactlng ’t

‘fiithe 5011 1n a compactlon mold and tr1mm1ng the

f,;-ﬁThe 1nternal“ behavxour (remote Trom the
"*.boundar1es) 1n the large shear box test dlffers ﬁrom

'iﬁithe 'external" behav1our 1n severay'p01nts;

)

"’3“;£or these d1551m11§¥1t1351

clOSe to the wall 1nd1cated that, 1n the fzeld the ,w-‘ o

R R P
'1r;sample for the dxrect shear box test.,{t;f_gfg g},;},g

e e

v -



'ficond1t1on.,

J‘4'- Us1ng the fesults of both convent1ona1 and large
N
sheaf‘tests, the mechan1ca1 behav1our of the

’soal concrete 1ntezfaces was assessed Furthermore,'
v these tes£s (1n partlcular Test#11) provlded enough
'”;nformatlon for the derlvatlon of a phenomenolog1ca1

fo_ model whlch 1s discussed in the next Chapter.,'

v' Furthermore, 1n thlS Chapter the dlSCUSSlOﬂ of the '

”_1nterfaces was 1ntroduced Further dxscusslon wxll be

e X% G :
;a”presented 1n Chapter 5 based upon the model Sl T



5. PHENOMENOLOGICAL MODEL

5.1 INTRODUCTION { N

Phenomenological, mechanical and rheological models are
1

simple tools used frequently in research. Models such as
those developed to explain he pore-pressure dlss1pat10n ‘*
.(Cralg, 1974), creep of soils (Bowles, 1979), progressive
failure in rock (Kovar1, 1977) or time-dependent strength of
rocks (Kéiser, 1980) are some examples of their use,

In most cases, the molels gre developed because some
complex mode of behaviour can Abt be fully understood or
explained based only on observatigns. Ther;fore, most
mechanical models make use of simple "units” with'well-known
d béhaviour and, after assémbly in a pre-established .pattern,
capable of reproducing qomplex-behaviou}. » .

In this chapter; a "Phenomenological Model" will Fe
introduced and»uséd to explain some features-obsérveﬁ in
previous chapters. Examples are provided to assess the
characterlstlcs of the model ;nd the ability to represent
‘the behaviour of a’ 5011 concrete interface. Finally the use
of direct shear box .test as input for joint elements in

numerical analyses, using the finite element method, is

discussed based on the model.

181
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5.2 PRESENTATION OF THE MODEL
h _

5.2.1 Required Properties’

The model was idealized from the results of Test#11
which was performed priﬁarily to\study the éffecf of the‘
rate of shearing. |

Apart from the study of the rate effect described
previoUsly,ifour internal sensors to measure shear
displacement were installed in this sample, instead?of two
as in the otherllo tests presented ;n Chapter 4. Each of
these sensors was installed at different positions with
respect fo the bouﬁdarY.where‘the load waé_appljed,.as shown
schematically in Figure 5.1 (face X-X in the insert).. Also
in this. figure the measured .shear displaqements are plotted
versus the time from the start of .the test.

Based in this fﬁgure, some observations.can be
obtained, viz: | |

a. Points located at different positions with
respect to the wail where the load was applied (such
o as lpoints A, B, C or b) started to diéplhce at
different moments of the test.
'5.vThe displacement-time curves are initially )
nonlinear. After some displacement had occuréd the
curves became linear and £ended to.be parallel. |

c. The final displacements are different'fo: all

four Sensors.,
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| Therfrrst comment‘implies a}nonhniform degree of
:mobilizatidn of the shear displacement and consequently a
‘nonuniform mobilizatibn of'the»shear stress. along a plane 3
parallel to the direction of the movement. From a mechan1cal
’poxnt of view, this phenomena is similar to a progressxve{;\
failure h:h;viour.(51mmons, 1981). Similar conditions have
been observed in the paSt +by Hvorslev (1960) for
conventional direct shear box test..Th1s behaviour 15J/
;respon51ble‘for the non11near1ty of the curves shown in-
Figure 5 1. |
 After the maximum shear strength is reached at all
| "points at the 1nterface, the soil sample translates as a
rigid body with no further increase in the shear stress (or
with some decrease if strain—softening eccurs); This
translation .is 2&§resented by the linear portion of the
curves, - | |
F1nally, the fact ‘that the curves show dlfferent total
. dxsplacement suggests that some compre551on had occurred
‘during the shear1ng.process, in the d1rect1on of the shear
_ forgesg This changejin length (for planar-1nterfaces)'due to
. the app;ied shear force will be called "longitudinal’ : | ///

~

compression". ) | E
In summary, three important effects were observed from/

the results of Test#lI and a model capable of reproduc1ng

'the behav1our of the large shean tests has to: accompllsh

these minimum requlrements.‘They are: “

‘a. A. progre551ve failure 11ke behaV1our.'

»



lbe'Lonqitndinal compression during shear. |
c. Rigid body motion‘afterrfnll faiTure has
occurred, | 4 .
Eurthermore, the effect of normal stress has to be
considered. This effect is similar to that d1s¢U55ed duﬁ1ng
the derivation of the const1tut1tve lav (see Chapter 4).

S m

5.2.2 Proposed Model and Its Elements ‘ L

In this sect1on a one d1mens1onal mech:F1Ca1 model is
descrlbed and the elements comp051ng 1t deflned

In order to fulf;ll the m1n1mum requirements spec1£1ed
in the 1ast_sect1on,'a model composed of a series of: |
"blocks" »15 proposed. Eachwhlock has‘fndependent properties"'
and consxsts of two elements, a sprxng and a frxctxonal 3
un:t, as shown in Flgure 5. 2(a) I | |

The."frxctxonal units" are 51m11ar ‘to the "St;.Venant":
model presented by Lombard1 (1979). As such, they are able ;_s
‘to represent the shear strength at the 1nterface._The sum of |

~

“the areas of these un;ts (in this case length, s1nce the T

~

model is one d1mens1onal) equals the total area of the.’
1nterface and the shear stress act1ng at the 1nterface is
the shear stress determ1ned by these un1ts and defzned as
dthe 1oad applied on: each frxct1onal un1t d1v1ded bxgthe aree
(1ength) of the 1nd1v1dual un1t.g \w“.‘,*i-fv S ii;fh ‘.
The spring elements have a well known behav1our and the

‘mechan1ca1 behav1our need ot be dxscussed further. As 1n

”several cases reported 1n the past (e 9 Kovarx, 1977) the
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\

'fsprlngs can be assumed to have p1ecew1se\l1near1ty to

' f‘1ncorporate a non11near behaV1our 1n the odel These

'sprxngs w1ll be regerred as even- sprxngs

'~‘. 5. 2(c)

'e the compressxb111ty of the system (longltudxnal

L compression) Th1s cen be eccomplxshed by 1ntroduc1ng a

f1nde they w111

recezve even 1nd1ces in the final assembla e._'

A

Depending upon the expecthd behavzour t the interfacer

dxfferent properties can be ass1gned to the Spr1ng elements
A szmple exemple is presented in Fxgure 5. 2(b) |

By asSembl;ng these two unzts to form a l"hlock"' the ",

f1nal behaviour 1s, for example, that shown 1n F1gure o

The fxnal assemblage of the model has to: account for e

N

second sprxng element between two consecutlve blocks. These nf

..\

;Vf* 5 3 2)

sprxngs w111 be referred es odd sprxngs 51nce they wxll be
a351gned odd 1ndices. The assembled confzguratzon of the '

model 1s shown 1n Fxgure 5 3. The phy81cal 1nterpretatlon of ‘

the spr1ng ekements 1s presented 1n later section (Sect1on .pr,

By ess\bnxng adequete propertxes to the elements
composing the model, 1t can- be shown that a seQUentxal }’d

feilure takes place. Faxlure will fxrst take place in the

. rf elements of lower 1ndex (R.) and progresses towards those of,;*

R
ur'hermore, forSeach 1ncrement o£ load

hxgher 1ndex (Rn

iiappl1ed (AF)' SPfi“Q Sa'Will contrect (see Figure 5 3) Part”p:if

| of the load reechxng node 2 wxll be absorbed by element R, rﬂf_¥7

(proportzonel to the sprxng constant) and part w111 be
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s r ;.
transfered:to the subsequent block. This‘process.will be
- repeated unt{l'a’residual forted(if any) is absorbed by the
last un1t R (R, ),:It is important to notice that the load
reachlng each block is always smaller than that applxed to
‘the prev1ous one. Consequently each unit "k" w1ll be subject
to dxfferent loads and will develop uneven shear stress. The
-mode of behav1our descrlbed above chagacterizes the
k.dxfferent degree of mob111zatlon dxscussed earlier (or the
fprogress;ve £axlure-lxke behav1our) o

C1f the dusplacement of the fxrst and second blocks are

,assumed to be represented by the d1splacements of po1nts 2 .

‘,»and 4 respectivelly (Flgure 5 .3), 1t can be shown that the

ff1nal assemblage is dlsplaczng and chang1ng length since

nthese nodes are subjected to dxfferent loads and .@

consequently w111 present dlfferentlal dlsplacement.
Th1s dlscusslon shows that all three minimum

: requzrements descrlbed before have been fulfilled

In order to resolve the model a computer program was

fwrltten wh1ch is the scope of the next sect1on.‘,v_»

‘ d5;2 3 Hathematlcel Solutxon

The model as presented 1n Fzgure 5 3, seems d1ff1cult h*'

'5to solve mathematxcally due to 1ts complex geometry Hence, :

‘*i:a sxmpler geometry hed to be 1deal1zed. preserv1ng all the

.,

(o N

'fpropertxes dxscussed above. Thxs new Qonf1guratzon 1s shown '3“.'

Lf;ln Fzgure 5 4 By comparxng F1gures 5 3 and 5 4. 1t can be‘

:.ﬁ cbncluded that they represent exactly the same model and the
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-

o conflguratlon shown in the latter f1gure can be treated

‘ mathemat1cally, since it represents spr1ngs assembled in
serxes and'1n'parallel'alternately. | o

To fac111tate ‘the solutlon, a computer program was

written and is presented in Appendlx "F"- It con51sts of a
subroutxne capable of determxnxng the equ1va1ent stxffness
for each node of the assembled model "

| The term equxvalent stxffness can be understood by
°-referr1ng to Flgufe 5.5. Assume that the conf1guratxon shown'
u1n Fxgure 5 54 is subjected to a force F. Due to: th1s force‘

'”node 1 w1ll dlsplace a certaxn amounc 6. -This dlsplacement 5

o :15 a functxon of the values ‘imposed. to the sprlngs constants

‘jto the r1ght of node 1 However, the ‘same dlsplacement F can
be obta1ned in. the assembly ‘shown - in Flgure 5.5b 1£ the
_;sprlng S assumes a constant equal to., f | o v’iy’

KE = F/§

Thls value of sprxng constant KE that produces the same

'dxsplacement (8) to an app11ed force (F) as the ent1re

' 'ﬁ'system is called equxvalent stxifness for node 1 The value

' ’17r'of the constant for each sprlng in the assembly is referred

nas 1nd1vxdual stxffness"l' » AR

o The calculat1on of the equ1valent styffness of each:d*l
7cnode 1n the model 1s performed startlng w1th thevlast |
) isprxng, hav1nq an equlvalent st1££ness equal to the

"1nd1v1dual stxffness, or.
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.
\ -

RE(2n+1)=Ksp.y .

KE(2n¥1) - eouivalenthstlffness for node (2n+1):
Kznes {‘stirfness of spring San.: B
, 5 T )
. For theloreceedxng node (node 2n) the sprzngidﬁ
assembled in ser1es wlth the rema1n1ng system or:'

P

1/KE(2n) - 1/K,n + 1/KE(2n+1) %.;..... (5 1)

Subsequently, the next spring. is in parallel w1th the';;.;f

'system and»the equivalent constant xs.
) KE(ZH:") v= Kzn-] +l KE'(zn) .‘ht:oo‘.loceo‘oo'»“’(so..z')

By us1ng equat1ons (5. 1) and (5. 2) alternately, the-
equlvalent st1ffnesses for all nodes can be determ1ned
| A ma1n program solves the system for stresses and
hdlsplacements. An 1terat1ve procedure ensures that the un1ts
J"R"'w1ll never be subJected to stresses hlgher than the

PR

”rmaxlmum shear strength S ‘”ﬂ'.fff' ' 3;.,ah
‘,«{zh '"'l'f'.’ftf3f. o
"5 2 4 Detaxls oF the Mathematxcal Solutlon ",,- 147 B

The reg;esentat1on of d1splacement of each un1t (before

'n‘faxlure of the un1t) and translatzon of the entlre systemwum:

szafter complete fallure has occurred made 1t 1mperat1ve that““flf
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_gsome*special features be used in the mathematical model.
 First, it is’important‘to notice'that the‘dﬁsplacément
of the'blocks'of lower lndiczs equals,'for continUTt;r'
reasons, the sum of the d1splacement of all the subsequent
blocks plus the tranglatlon of the system, 1f any. After a
partlcular block falls, 1t stops compre551ng, 51nce there is -
no 1ncrease in the shear stress,.(no 1ncreases in. the
react1on) and only translates due to the 1ncremental 1oad .
An extreme cond1t1on happens after all the blocks havevf | ‘y”
fa1led The model should be able to represent a—"r1g1d body j; 7

i)

mot1on . To accompl1sh that a "dummy block is-

.
“a

automat1cally 1ntroduced in the model Thls block does not
recelve any load unt1l the last block falls. Thereafter, all

the force 1s transm1ted to thls dummy block, and .

-~

'7:consequently 1t moves. This movement is transfered to all

the blocks to represent the translat1on ’

It is worth ment1on1ng that the dummy block 1s not

assembled 1n the model as all the other blocks This block’"

»”

is only present 1n the model after all the blocks actually

£

-comp051ng the model have falled.A

N

5.3 IDEALIZED INPUT PARAMETERS = - .
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section this assuﬁption will be discussed. .

Nevertheless, the results of these tests hgve to be
utilized with caution, to avoid misinterpretation. In other
words, the size of~the‘sample used in the tests has to be
considered when the paraméters are obtained.

In the éroposed model, this effect can be accounted for
by assﬁming that the parameters obtained from the direct
shear box tests represent the behaviour of one "block"
(pas&c unit). Hence, the dimensign of each block equals the

size of the sample tested. By making this assumption, and

knowing the geometry of the interface to be studied, the

."number'of\blocks" compoSing the model "is uniquely defined.

‘In practical terms, if the interface is 1.00 m long and the

L

parameters were obtained from a 5 cm (2") square sample, the

model to represeng this interface should have 20 blocks.

The input for the elements of the model can be obtained
b§ plotting the results of the direct shear box test on two
different plots: a plottfshear force versus shear

displacement” and a plot "shear stress versus shear
p Z

displacement”. These two curves a|'ﬁ§§gwn in Figure 5.6 for

&

'a generic test. It is worth mentioning that since the model
3 ' . : .
'is one dimensional, the forces to be plot;ed are, the forces

per unit of width of the box used in the test. The y

inclination of the first curve provides the "spring
constant"” K for the spring elements. The maximum and

residual values of the shear stress - shear displacement

_curve provide input for the "frictional element”. This

<
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interpretation is shown in Figure 5.6(b) for the
hypothetxcal test presented in Figure 5. 6(a)

In this fiqure the spring constants are assumed to be
constant within the linear region of the curve (up to.6,).
Thereafter, the constant decreases until the peak force is
reached (6,). After that the spring constant is assumed to
decrease to zero; Note that even though the ’
force-displacement curré shows a negativersloée after
failure; for~this model, the spring constant is maintained
equgl to zero; o

For the second curve, the shear Strength eqﬁals the
maximum shear strength untillthe shear stress in the units
”R"'réaqh this value (at & = &;). Thereafter this value.
drops ro the residual shear strength, in case the test shows
a str;inrsoftening behaviour, otherwise it is kept(equal the
maximum shear strength. |

Also of 1nterest is the fact that the value of the
shear strength can vary'frdm peak to residual in increments,
1nstead of in a sudden drop. For thlS simulation, a

relaxatlon factor is introduced and the elements "R" will

only reach the resrgual shear strength at shear-

d;splacementswbeyond é,.

5.3.2.0dd Spr1ngs
In order .to d1scuss the input parameters for th1s group

‘ of springs it'is 1mperat1ve to understand the1r phy51cal

meaning in the model. Therefore, two extreme cases are

I
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considered: ,

a. Consider that the constant assumed by the oddq
sprinés are very high values: in this case, as can be seen
from Figure 5;4, the even springs behave as'if they were
assembled in parallel, and connected by a~rigid member
(spring with a very high constant).

If a force is applded to node 1 (Figure 5.4), all the
nodes will displace the same amount and therefore all eVenq
springs (assumed to have identicai\COnstants) will receive
an equal portion of the'applied load. Consequently, all
blocks "R" will be subjected to equal shear stresses.

o This type of behaviOUr is similar toethat assumed to
occur 1n a conventjonal shear. box test: where the shear
stress is considered to be uniform throughout the sample and
the value is the‘appl1ed load divided by the total area.of
the sample (sum of the‘area\of the units "R" ?n the mbdel).
Furthermore the displacements are also assumed to be uniform
and equal the movement of the upper half of'the box.
Therefore, the even sprlngs represent a frxct1ona1
translation mode of deformation and the parameters should be
obtained from a test that does naot allow longitudinal

. o

Jhcompre551on. As ment1oned before and also obServed by
Hvorslev (1960), compre551on does occur in the convé%tlonal ;
shear box test although in the test 1nterpretahnon, this
_compre551on is neglected Neverthless, its wn{luence on the

‘parameters obtained from the shear stress- dlsplacement

‘v,curves can not befav01ded and consequently thesgltests seems

&
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not to be the most appropriate to derive this parameter.
This will beofurther discussed in I;ter sections.
| b. At the other extreme let the even spr1ngs have zero
- stiffness and the odd spr1ngs assume a f1n1te value; Agaxn,
by analysing this cond1t1on in Flgure 5.4 it can be seen
that this is equivalent to having all the odd’springs
assembled in ser1es. Thls assemblage can be regarded as
representlng a compre551on test (not con51der1ng t1me
dependence). |
- In ~analogy to an ideal oedometric test, if the height
of the sample is increased, the d1splacements of the 1oad1ng‘
head increases, and vice- versa. In the model, th1s is
represented by an. 1ncrea51ng number of blocks and
.conseqUently the dlsplacements of node 1 ("loading head")
will 1ncrease since the equivalent stlffness will decrease; '
- Hence, the input te\be’assigned to"the(odd\springs.has,
to represent‘a compressibility'parameter'of the soil placed
- in contact with the structure, Unfortunately, this parameteri
cannot be obta1ned from the same test from whlch the other
_two were der1ved ThlS is due to the nature of the shear box
test 1n wh1ch constant stress 1s assumed and no compre551on'
occurs in the d1rect1on of the shear stress. Furthermore,

among ‘the tests performed for th1s research and presented 1nj

‘Qhapter 4, none seems to be apprOprxate for«derlvatlon of

‘ the parameters for these unlts. Therefore, in the followlng o

-examples, these values are a?bltrarely set to match the }

A

results of the large shear box tests, and the values that

[
PN T
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provides the "best fit" will be used for the analySes\of the

experimental embankment. E

5.4 APPLICATIONS on\rﬂs MODEL

The va11d1ty of the model w1ll be dlscussed by
analysxng three dlfferent cases. In each case one add1tzonalv-
\ difficulty will be 1ntroduced., - o b |
5. 4 1 Analyses of Large Shear Test o |

“In the first example, the large shear tests w111 be
-s1mulated usxng the proposed model f |
» Sance the method of. sample preparatlon for the large
llilshear test and the convent1onal tests performed under ser1esf¢»

1200 is the same, (see Chapter 4) . these tests w1ll be used to

obtain the parameters for the eVen sprlngs and fr1ctlonal
.'blocks. C . ‘ " | 4
. he large tests selected for thls Slmulat1on were.
performed ‘at 59 kPa and 106 kPa (Tests #3 and #8 ‘e' ”fg_t '
' respect1vely) and the 1nput parameters obtalned 1n the.‘h
_ correspond1nq (same normal stress) conventlonal dxrect shear
:box test.-_' e : ‘ S | |
Due to the one d1mensxonal nature of the model, 1t 1s

. \4"

'not possxble to reproduce the two curves obta1ned

51multaneously 1n the same test (1nterna1 and external - seef w.f

| -’Chapter 4, sectlon 4. 3. 3) Therefore, thxs analysxs w1ll
ifocus only the 1nternal measurements,>51nce these are
“ufcon51dered to be more representatlve of ﬁhe<enterface -

T LS e s REE R
: : S TR TS PR SRR S
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behavxour, as d:scussed in the preced1ng chapter.

As mentxoned before, the size of each block has to be
compatlble w1th the d1mens1on of the test used as 1nput For
“this example, where 6 cm tests were. performed, eleven blocks

‘are necessary to’ represent the large shear box ‘test (65 cm

,long) The 1nternal sensor is represented by the central 5
Y .
| blocks.~These'are the_values usedvln the follow;ngg‘a

dlSCUSSlOﬂ. ,r." 'l o '
. ' ) ;
The results of the sxmulatxon dre presented in: three

dszerent curves. F1rst F1gure 5. 7 shows a plot of shear
'stress versus shear dlsplacement. In thls f1gure, the solxd

“ lznes represent the test results and the dashed llnes :

represent the theoret1cal approx:mat1on. The agreement 1s

' remarkable and hence 1t can be concluded that ‘the model is

able to’ reproduce the behav1our of the large shear test5°forf
the set of parameters 1mposed for the o0dd spr1ngs.
” Subsequently the d1str1but;on of. shear stress developedfl*

along the soxl—concrete contact plotted for dlfferent

. steps, 15 presented 1n Flgure 5, 8 Each step 1n thls fzgure o

corresponds to a load 1ncrement and therefore is equ;valent

'a particular step, poxnts located at different d1stances

from the appl1ed load (represented by nodes 2 4 5’,..' 20 t':f

.and node 0 1s the face where the load is applled) are

ra

subjected to dxfferent shear stresses. Therefore, thxs
f;gure ﬁemonstrates that the requlrement of dlfferentlal

degree of mob111zat1on has been fulleled.

. &
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It should be pointed:oqt that these results support the
hypotheses thch considered "reasonable assumptions” for the
- shear stress distribution preposed-in Section 4.4.3f
| +In Figure 5.9 the development of shear. dlsplacement is
plotted‘along the 1nterface. Once agaln it can be observed
that points located at different p051t10ns with respect to
the applied load~a;e subjected to-different displacements.
It can dlso be noticed that the curves for_early stages of
the.test (e.g. step#6) are nonlinear and tend to became
linear ﬁith'}nsreaSing ioad.

Anothet impottant comment is that.boints where failure,
has occurred have equal incremental dlsplacements. This
~represents.the’"translatlon dlSCUSSGd begore. In the
Aextreme}‘Where all the-points»at the.lnteiface have failed,_
th1s translation is represented by a t§g1d body mot1on

In conclus1on, the model seems to accomp11sh all the
requ1rements dgscussed earller ‘in thas—chapter and therefore
‘it can be dsed for further analyses,-insolving»more complex
problems. MoréoVer,"the'inpdt for ths odd springs have';een

calibtated using this ekample.

5.4.2 Behavioﬁt'of'rriétiqnal Piles

"Fr1ctxona1 Pile”, is understobd to mean deep'

, foundatxons whose bear1ng capaclty relles on fr1ct10nal

behav1our and assumes that the p01nt re51stance is

negl1g1ble. o f!
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.In designing frictional piles it 1is important to know the
shear stress dlstrlbutlon along the p1le. Given thls
‘dlstr1but10n, the depth of the pile can be opt1mlzed and the
minimum plle length necessary to sﬁpport the design loads,
can be obtained. . ' s
~In this example one additional’ditfieulty is

introduced: the normal stress is ?ot constant along the”
interface and_conseunptly the shear strengtH of the units
"R" can not‘bevassumed‘to be constant as in the previous
example. | |

| Since the propertles of the elements in the model are
a551gned 1ndependently, th1s d1ff1culty can’ be overcome by
-assuming a funct1on whlch represents the shear strength

-

dlstrlbutlon along- the plle. For 51mpl1c1ty, a 11near

{

fncrea51ng w1th dppth was assumed Furthermore,

}s assumed to be’ hollow with a unit wall thxckness
; | : ~ .
glong The 1nput parameters were obtalned from a
Qf shear box test reported by Kulhawy and Peterson,

\

(19 The tests were run in a 10 cm (4" square ‘box and
2ently 30 blocks were necessary to represent the plle.'
Forj

?lgﬂﬁﬁr §i¢

fe odd. sprlngs a relat1vely hlgh stlffness was assumed,

they represent.the ;ompre551b1l1ty of the_sand,

_:5.?0 where the- total applled ax1al 1 ad 15 plotted
-,Aagaxnst the dlsplacement of the p1le (d1spladTment of‘the
-f1rst node or load1ng head of the plle) Thislcurve. presentS’

a dlstinct shape and 51m11ar f1eld test results have been

a
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extensively reported. In‘partioularj Vesic (1970), presented
results of loading tests in piles drlven‘in cohesionless"
material and the shape of the curve reported by Vesic is
similar to that presented in Figure 5. O_ |

As mentioned before, the shear stress d15tr1but1on f
along the pile shaft allows the'length of the pile to-be
defined. For the theoretical simulation‘this can be een in
Flgure 5. l1\\Aga1n the shape of these .curves are 51m11ar to
that reported by Ves1c (op. c1t ). The author obta1ned'the

curves by 1nterpolat10n of several load cells 1nstalled in~

'_pan experlmental,plle. The dlfference ‘in reading between two.

consecutive load‘Cells,was considered to equal the load lost
._by friction in thlS sectlon of the foundatlon. |

| The 51m1lar1ty of the qual1tat1ve results observed

h between the'theoret1cal'and experrmental results_supports

/ - o S .
- the mod€l proposed in this chapter. S 3

5.4.3 Behaviour oflthe Test Embankment

As a f1nal example, the test embankment is analysed
' u51ng the proposed model In-thls example several
'_assumptlons are necessary 51nce the number of unknowns 1s
"'larger than 1n the two prev1ous examples. | e

F1rst for ‘the f1eld 1nstrumentat1on the dlstrlbutlon

l 'of loads actlng in the model are unknowns of the problem.

These loads'represent the shear loads ,actlng at the

D

' -1nterfade At the same tlme, th1s shear load dlstrlbutlon 1s ‘

' the most 1mportant factor 1nfluenc1ng the model results 56

v

—~ .. . .
o B . £
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- since it provides the distribution of shear stressés aloﬁg
the interface. Therefore, a trial méthod had to be used and
different functions imposed to represent the aistribution of
applied shear load. The most representative function will be
that providing the best fit between the theoretical and
measured shear stress distributions.

Another important feature arises in this example: the
loads areloglginated from soil being placed in consecutive
layers. From the point of view of the model this means that,
for each layer, a certain number of blocks have to be |
intfoduced in the analysis. For this example, the simelation
in five "léyers" of 1.2 m each was chosen. This corresponds
of introducing 20 blocks for each construépion step,
totaling 100 blocks (6 m high concrete wall represented by
6 cm shear box tests). |

Consistent with the discussion preseinited in Chapter 4,
the results of the sh%?r box tests performed in the series
100 were used as inpdt data. For the odd springs the values
obtained in the first-example were adopted.

Similar to the frictional pile simulation, all input
values should Qéry with depth and lineag variations were
adopted, for the sake of simplicity. For the odd springs the
paramétefs‘were interpolated ‘as a fuhctioﬁ of the normal "
load (assumed to- 1ncrease linearly w1th depth), between the

two values obtalned during the simulation of the two large

shear tests.
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Three functions were used to represent the shear force

distribution, starting with one unlikely to héppén) to

assess the fidelity of the model.

The results for a linear, monotonically increasing

function is shown in Fiqure 5.12. In this figure the values

of shear stress are plotted along the concrete wall. In tﬁe

same figure the values obtained in the field are also

presented. It can.be seen that the function used 1is not

representative of the shear load distribution since the

field measurements and simulated values show opposite

trends.

the
can
the

are

A second, more realistic linear function was chosen and
results are presented in Figure 5.13. In this plot it

be noticed that the ;iﬁulation 1s more representative.of
measured values, althodgh it séems that'linea; functions

not likely to occur.

As a final trial, a hyperbolic, K function was used as

shown in the upper part of Figure 5.14. For this function

some assumptions had to be made and are listed below:

a. Two different functions were used, one
representing the layer being placed aﬁd a second for
the existent material (see the insert in

Figure 5.14),

b. Bdth-fuanﬁons-were assumed to be taﬁgént to the‘
sﬁructhre (first derivative eqgual to-zero éf x=0 for
the first function and at x=1 in the second

function, where 1 is the thickness of the existing



' 212

' assumed function for tangertial loads

concrete wall

— e -

=—1___ newly placed layer

\ existing layer

6r

8 . o 36m of fill y o
, }Model results
4k - a end of construction / :

\ s field measurements-end of construction

{m)-

Height of wall
n w
T O/F-—‘O
&
>

o 20, 40 60 TikPa) *

-

Figure 5.12 Field Measurements Simulation - Linear Function

I

+



213

-

assumed function for tangertiol loods

concrete wall
6 - ‘
[ o -
\ o o 36m of fill '
: o : o }Model results
Sk \ . o) _gnd of construction
s Y £ field measwements-end of construction
41 \D {
| \
= o) : a
ih g 3 ‘ \ ’ \ H s

of

£l
ST »
1 a g
tF | | l 0’/-
. o/u/ ) |
. 1 1 —
0 10 .20 30 7 (kPa) )

Figure 5.13 Field Measurement Simulation - Linear Function

'

1 S ’



w\
T

o

‘Height of wall (m)
N

214

— s ——

‘~—1___ newly placed layer

x=lx existing loyer

AV

concrete wall

assumed function for
tangertial loods

o o - | | '. | , | v
\ , o 36m of fill : ' ' :
- }Model results

'D\A: end of construchon
s 4 field meoswemenfs end of construcnon

o 20 30 ° T (kPa)

Figure 5 14 Fleld Measurements S1mulat10n - Hypebollt :

Functlon

""""



215

materlal)
c. Both fgﬂct1ons have identical values at the .
VinterfaCe_between the newly\placed layer and the
existing layers (denoted by F in the. f1gure) |
Although a sllghtly better agreement Mas obtained, the
_ results st111 do not match completely Neverthless,

qualltatzvely both results show s1m11ar trends and due to

the simplified nature of the model better quantltatlve ' '

agreements should not be expected

However, despxte the larger number of hypotheses

necessary for the last example, all three examples presented

in this sectxon seem tq‘support theqmodel to represent the

behaviour of sogl-concrete interfaces.

5.5'THEcUSE’OFoDIRECT SHEAR soxprssm AS INPUT FOR JOINT
ELEMENTS | | | R
From the analyses of the phenomenological'model"
presented in thlS chapter, it was concluded that two
dlfferent,parameters should be 'used to~representtthe

. L N . ) 4"*. N .«
interface'behaviour% one representingva "frxctxonal

y translatxon mode of deformatlon and one 51m11ar to a

compressxb111ty parameter. The former should be a pure

representat1on of the ab111ty of one side of the cont1nuum

to d1splace w1th respect to ‘the . otheé s1de,'or a purely

Q
£r1ctrona1 parameter The latter is a. property of the 5011

.,1tse1£. Both parameters are 1nﬁ1uenced by several factors R

such as, normal stress‘level, roughness of the structure,4

a7
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grainvsize of the soil and,relatiue.denSity.

In the past, the most commoh procedure adopted to
~obtain parameters for joint elements was to perform
'convent1onal shear box tests and obtaln the 1nc11nat10n of
the shear stress - shear dlsplacement curve.‘Thls value was
assumed to be the.desired input for the joint element -for
the Finite Elem;ht ahalyses.
| However, some factors that have been recognized in the
results of these tests, such as the lohgitudinal .
compress1on, have to be analysed to assess its effect on the

>

1nterface behav1our. "For rock mechan1cs appllcatlons where

- the r1gld1ty of the rock masses is large, for most ranges of

normal’stresses, the influence of compress1on seems not be
relevant a d the shear box test can be ‘used .to def1ne the
parameters for the numerical analyses. Neverthless,.1t is
1mportant‘to choose an.element that follows the same |
assumptions adopted in the interpretation of .the tests, the
most lmportant being‘the constancy of shear Stresses,inslde
the-sample. | ‘ | |

"On the other hand, for soil application, the useiof the
shear box test should be consideredlwith some restrictiohs.
First- 1t has to be recogn1zed that the results of the shear{
box tests, in comb1ned samples are affected by the geometry
of the test and by the 5011 used Therefore, the parameters
'rextracted from these tests are not unlque. This effect can
be evaluated 1n practlcal terms, by compar1ng the results

of the tests presented in’ Chapter 4 (convent1onal shear boxa
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‘tests series 200 and large shear tests), reproduced in
Figures}SnIS and 5;l6. The latter figure include§ a third”
test dimension (30 cm sample) reported by Neden, (1984).
This test was‘performed on a similar soil using similar
concrete sample and the Samble preparation followed the .
Specifioationskas described in the previous chapter for
sémples.in series 200. "

It can be seem from both figdres that the»larger the
sample size, the smaller will be the value of the: |
"tingential stiffness", for the same soil. |

Further .evidence can be obtalned by the theoretlcal
solutxon presented ‘by Noonan and Nixon (1972) The authors
descrlbed a procedure for determlnlng the Young 'S Modulus
- (E)_based upon the results of-shear box tests.

«According to theee autnors, the shear forces (per unit ;
of width of the shear box, since their analysls was

plane stra1n) should be proportional to the Shear Modulus

(G) as follows:

'1f'=k'~5G' \\‘
where: :
T - ehear force/unit of width
k' - constant _- "
6 - shear displacement
G - sheer modulus

evsince:\
G=E/2 (1 +V),

[

' it follows that:
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T=kE6 .4 8 5 & 0 % 5 0D 0 s s O s C e e s e .0'..“"0'. (5.3.)

where:i

ptant ‘= £ (v, geometry)

‘:gfs Modulus

Ly

ST/ (R K B) e el (5.4)

~i-)'the authors provided a series of charts allowing '
'ithe'd; fminafion of the Cdnstant k. |

| ﬂﬁnoWinggthe_géometry of the test: (and consequently k,
8 arts)_ahd the values of T and-$ within ﬁhe iinéar
J;gshear stress sheaf dispiécehent’curve,Athe_

Bdulus (E) can be determined using expression 5.4:

A

Based upon the definition of tangential stiffneds (K,)

présented-in Chapter 2, and using'similar notation as Noonan

and Nixon (1972), the following can be written:

‘;K‘ = ;r/6 =T/ (A x8) t(55)
or: o l‘ I -
Ke X A =T/8 (5.6)
whére: | _ | | | |
T_:'she;r forge/unit'of'width
IA;r area\(1ength for‘pléhé‘strain)?qf test

. & - shear displacement



Expression 5.4 can be rewritten:
T/6. % K K E  vevenneennnencneneens e, (5.7)

ar”:

Comparlng eguatlons (5.6) and (5.7) ft‘follows that:

Since the constant k is a function of the geometry and

Poisson's Ratio only,' expression 5.8 becomes:

K, .(.K_x E)/A ) | | L

or:

where:
K - Constant = f(v and geometry)
Y E- Young s Modulus : N
- 'According to expressionIS 9, the.tangential stiffness
.1s a functlon of the geometry and elastlc constants. By
varylng either the geometry of.tﬁe test or. the elastlc

e
constants (E and v) of the 5011 the tangentlal stlffness

.w111 change. Therefore, ‘the value of K. is not un1que.

The. 1nfluence o£ the 5011 propertles has also been
StUdIEd using. laboratorﬁ?tests. Kulhawy and Peterson,f
(1979) " have reported shear box tests performed on comblned
samples of sand- concrete and have shown that the relatlve

il

8
. N
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den51ty plays an 1mportant role in the shear strength and in
the shear stress - .shear - dlsplacement curves, anhd therefore
in the tangentlal stlffness derlved from these tests.

It 1s important to note that the dlfference in
*behavlour mentioned above is a direct consequence of ’
differences in the measured shear dlsplacement. Palmer and
Rice"(1973)’arrived at an identical conclusion when trying
to derive aﬁmodel for a shear band. Accordlng to the |
authors, the shear dlsplacement is not a -parameter
1ndependent of the sample size, such as strain.

| However, the pr1mary reason for the differences in the

shear diSplacements can be atributed to the "longitudinal
compr§ssion descrlbed in early sections. In an extreme
Situation, if a‘sample of rock is tested, for most ranges of
_ stress state, the 1ong1tud1na1 compress1on will be
negl1g1ble and a unlform dlstrlbut1on of shear stress is
expected Therefore-d1splacements will not be observed
(other than compllance of the testing apparatus and
adjustments of the sample) until maxlmum shear stress is
“ reached over the entlre 1nterfgce (or 301nt) |

~ This discussion suggests that, \foP soxl appllcatlon,
the 1deal test would be performed on a sample w1th very
}small dlmen51ons ‘to minimize ‘the effect of theg: ompress1on.
Such a. test would most 11ke1y, present a rlgld plastlc
behav1our, 51nce deformat1ons prlor to £a11ure,wou1d not be.
measurable; In. fact, ‘the rigid plastlc mode is probably the

' most real1st1c mode of behav1our to be adopted for analyses

i
¢ a
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of soll-concrete interfaces.

.This type'of behaviour has been ?llustrated i1n the
intrdduction.of this thésis, using a simple exaﬁple of an
elastic body resting in an inclined plane. It was étated; at
that' time, that displacements would not be observed until
thé maximum shear strength of the interface had been
reached. Moreover, it was also m%ntioned that shear stresses
would develop, as a reaction, gveﬁﬁbefore any measﬂrable
movement had occurred. | v

The major factor‘contributing to the behaviour

described in the example of section 1.3 (elastic body on an

inciined plane) seems to be the magnitude of tﬁe stress
level. Since only body f0fces were considered the
compression of the elastic boay wés negiigible and uniform
shear stress along the interface assumed. |
This example is probably an illustration of a mode of
behaviour that seems to be realistic for any soil-concrete

interface. Displacements of any point at the interface

- should only occur after the mé%ﬁﬁgm shear strength of the
)

4 3
interface have been reached at &l1 points. Prior to failure

(slippage).movements are consequences of regoverable
adjustments to the new equilibrium éondition'(created by the
increase in £he stresses by placing a new layer). In other
words, prfor to failure Fhe soil is in "pergé;t bond" with
the structure and a "no slip" (rigid) mode éf behaviour
seems to be the best representation for this phase of the

simulation, After failure has been reached at a particular
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point of the interface, the soil can move freely with

A
7

respect to the structure and a "full slip” (plastic)
condition occurs with no further increase in the shear
stress. ’

From the finite element analysis point of view, this
'represents-an assumed infinite value of the tangential
stiffness prior to failure and a null value after failure.
Simulations of this nature using joint elements have some
drawbacks as will be discussed 1n Cﬁépter 6.

In terms of the phenomenological model this 1s
equivalent to removing the odd sprin&s (defined in section
5.2.2) and the even springs will act as if arranged in
parallel. If high constants are assigned to this set of
springs, only small deformations will take place (equivalent
to the recoverable movement discussed above) until the
maximum shear stress is reached, and uniform shear stress
distribution is obtained. Any load increment applied after
maxiﬁum shear stress has been reached at all blocks "R",
will promote a translation of the system with no further
increase in the shear stress.

In conclusion, in the writer's opinion, the value of
the tangential stiffness K, as an intermediate condition
between the -"full slip" (no shear stress ‘is developed at the
interface) and the "no slip" (no displacement takes place at
the interface) seems to have no support on physical grounds.
The tangential stiffness‘is\a pure response to a test

condition and is strongly influenced by the dimension of the

<
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test and soil properties. -
Although it is not the objective of this thesis to .
J
discuss all available joint element formulations, it is
important to draw attentlion to a distinction that has to
‘made between elements without and with thickness (see
Chapter 2). In the first case, the element has no "material”
snd it 1s oniy an aia to describe a "difficulty” or
"facility" concerning a pair of nodes (basically the ssme
point) to displace with respect to each other in both
directions (normal and tangential). Since tﬁe element has no |
-physical meaning th? discussion presented above holds in
full.

For elements having thicknéss the joint is physically
represented, and consequently both parameters discussed 1n
connection with the phenomenological ’del hav.e to be-taken
into consideration, viz: compressibility and translation
(since the material existing inside the element Ea@ be
subjected to longitadinal compression).

In one of the most recent developments for Finite
Elemént analyses of soil-coﬁcrese interfaces the effeét of
the compression seems to have been recognized. Desai et al,
(1984) have developed the Thin Layer Element (described
briefly in Chapter 2) that makes use of a particular

constitutive matrix [C], as shown below:

C| Cz 0 ’
C = .Cz C| 0 : \
0 0 Gi



> . 226

where, in this matrix:

Cy = [E (1 - »)/(1 + p)(1 - 2p)]

(@]
~N
|

[ Ev/(1 + ) (1 - 2))

Gi(o,,7,8) = [ Alr(0,,5)]/08]) x t

and, . : _ R
T - shear stress
0, —.normal stress

5 - relative displacement

t - thickness ‘ AN

A - "variation™ (of 7 or §)

The values of Cr and C, are dependent only upon elastic.

constants (E and ») and can be associated with the

"compression” described before, whereas the value of G, is

defined in a form similar to the "tangential stiffness” (K,)

as has been defined previously (refer to Chapter 2) and
represents the "frictibnql parameter". In their report,
‘Desai and his co-authors give an indication that a new test
has been proposed to determine the joint parameter G,. |

However, even in these cifcumstances, the
intetpretation value of the tangential stiffness K, based on
direct Shear box tests is questionable. |

From th1s point on, the discussions presented will
focus on elements w1thout thickness for the reasons

presented in the next chapter (section 6.3.3) and in
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particular in the formulation proposed by Goodman (1968)
since it is the most used joint element, as has been shown

in Chapter 2.

5.6 CONCLUSIONS

With the aid of the tests reported in the preceeding
chapter a theoretical model was proposéd to provide a better
understanding of the physicaltbehaviour of soil concrete
interfaces. Several requirements have been imposed on the
model, and examples have been presented to show that the
requirements have been fulfilled. |

The model made possible the analyses of some simple
examples, including the.reproduction'o{ the field test. The
most importaﬁt conclusions obtained during this analysis
afe:
‘ , : v

1 - The behaviour of the large shear box tests '
is governed by two factors: one corresponding to a\

"frictional translation” and a second corresponding

@ to @ “;ompression". The first.reflects a degree of \ T

\

/ difficblty for the soil to displace with respect to

the structure, whilé thé sécond represents a change

iﬁ length that occurs in the direction of the shear. ’ \
| 2 - Although good agreement was nét obtained

between the siﬁulated and measured shear stresses,

the function describing the di;tribution of "shear

forces" in a planar coﬁcte;e structure, caused by

the placement of sucessive layers of soil, seems to
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bé'nonlinear.

The model also provided-an important oppértuﬁity for
the parameﬁérs obtained from the conventidnal shear box test
to be critically reviewed. It was congludgd that:

1 - The value of fhe tangential stiffness k, is.
strongly influenced by the geometry of the shear box
test used and the parameters of the material
interfacing with the concrete. The longitudinal
compression is the aominant factor responsible for
thgse diffgrences. ‘ v
| 2 - The value of K, seems to have no physical
‘meaning for %ntermediate conditjoﬁs (partiai slip or
partial bond) as pfopbsed in the literature.

3 - The rigid-plastic mode of behaviour seems
to be the most realistic for representing fhe

behaviour of soil-concrete interfaces.



6. FINITE ELEMENT ANALYSES OF TEST EMBANKMENT

‘6.1 INTRODUCTION

The Finite Element method is an efficient numerical
technique for solving continuous media problems since it
permits to take into account complex features, such as,
heterogeneity, anisotropy, ﬁonlinearity and other complex
properties existing in reai soil masses (Rudykh, 1931).

The decisive rule of joints in the behaviour of jointed
rocks masses imposed the formulation of a different type of
. element to account for relative displacement, rotation,
opening of gaps and overlapping.

| Most recently the use of these joint elements was
adogted to simulate behaviour of interfaces between soil and
coficrete structu:es‘(Cldpgh and Duncan, 1971).

The simultaneous.use of -joint eléments to represent the
behaviour of interfaces,'with well developed solid elehents
to simulat; the continuum,‘allowed one further complexity to
be incorporated in ﬁhe Finite'Eiement analyses. |

As discussed in Chapter 2, the literature review has

'’

demonstratéd‘thét a common'p;ocedureAis usednin analysis of
soi;—concreté interfaces uSing‘the fénite element method.
Most of the publications reviewed revealed'that_joint
elements are used and the parameters for these elements
dbtainéd from cdnventionél direct shear\bok tests perfbrmed
on combined sampies of soil and concrete. However, in

'Chapter 5 'this procedure was contested since the value of

229
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&

the tangential stiffness K, derived from®“the direct shear
box test is noteuniQUe (Section 5.5). Therefote}it 1s the
wrlter s op1n1on that the conventional method of analysis
u51ng the f1n1te element method does not represent the
aetual behavtout of 501l-cohcrete interfaces. |

On the other hand, most of the examples provided in the
publications referred in Chapter 2 have shown that the
conventional method of analyses yielded good agreement
- between back analyses &nd field meesurements.

In this Chapter a back analysis of the test embankment
ee5cribed in ChaptEf 3 is presented in order -to discuss this
method convent1ona11y used. For this back analys1s a Finite
Element program was developed. The choice of type of |
elements, equation solvers, storage schemes, among other
features vere mede primarily to accomplish an efficient
program, with simple input deta, and conseguently |
inexpensive. | _

In this chapter a detailed description of the most
impertant feathres-willvbe preeentea. Simple examples will
be provided to access both the eff1c1ency of the program and
.‘the algor1thms used in the 1mplementat1on of these features
Subsequently \the test embankment 1s~analysed and the
results d1scussed o

- It is worth ment1on1ng that’a plane straln condltlon is
‘assumed»throughout th1s-analy51s. This hypothe51s 1s.not
supported by the tesultseef the.total pressure cells

~reported in chapterf3, where a three-dimensional effect was
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observed.

6.2 FINITE ELEMENT PROGRAM

7

£

6.2.1 Geheral
As part of this research work, a Finite Eiemeqf‘program
was ‘developed, based on the program FENA—ZD'éKrishnayya,
1973) and labelled INTERDAM (Interfaces in Dam Design).
Several modifications weré introduced to the original
version te increase its efficiency or to fulfill spgcific
needs. Among the modiffcations, the most relevant were:
- fhe eduation solver was replaced.by a Gauss
elimin;tion techﬁique from Gauss-Sei%gl iterative
proéedure.
- The storaée scheme was replace®from "banded" to
One-Dimensional storage (scheme using the Skyline‘
method (Bathe and wilsoh, 1976).
- Joint elements were introduced.
These features will be explained in more detail in the
| next sections. A listing of the pfogram, user's mahual and
an exampleﬂqf its-US# are presenigd by Brandt (1985).

i

6.2.2 Capabilitie§ of the Program

The available version of INTERDAM makes use of Constant
: Stréin triangular elements and Constant Strain joint
elements., It incorporates the folldwing features:

a. Linear or nonlinear andlysis can be performed to

&
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represent the behaviour of both the soil massyand
the interface. The nonlinear behaviour of the soil
. is simulated using the results of conventional

compressive triaxial tests. The stress-strain curves

are input pointwise in a digital discrete form
4N

Ny

(Krishnayya, 1973).

In the original program FENA-2D measurements of
volume change during shear were provided together
with the séresg—strain curves allowing the two
elastic constants ( K - Bulk Modulus and G - Shear
Modulus) to be determined. Since in most
conventional triaxial tests the measurement of
volume‘ch;hgé during the shearing phase is not
routine, an option of imPosing'directly the value of
Poisson's Ratio (v) was incorporated. In this case
the axial strain - volume change curves are not
required and the Poisson's ratiovis constant |
throughout the analyses. A detailed description of
the method used to dete;mine the elastic constants
is presented by Krishnayya (1973).

u Its important to note that, unlike FENA-2D,
nonlinear analyses can include some linear elastic
materials. Thib\feature‘is paftiéulariy important in
anélyses_of Soil-cohcrete interfaées where the
behaviour of the soil can be represented by~a'
nonlinear law whereas the'concrete is simulated by'a
lineér relationship.

S




v ' ' 233
AN

b. The program allows for the application of

i;i?
concentrated loads.

c. The initial stfesses: during the "switch-on"
gavity phase, are determined for the value of the
coefficient of earth pressure "at rest”, determined
by the Poisson's ratio (»), as

ko=" v/ 1-v. ‘
d. Prescribed displacements can be aEplied.
e. Inclined boundary conditions can Sé specified.
f. The program‘pfesents a subroutine t@.reduce
tension in the s0il mass, as proposed by.Ziedkiewicz
et al (1968). If this option is used, the elements
under tehsion‘ﬁave their stresses redistributed to
the entire mesh until a tolerable ten?ion is reached
in all elements.
g. The analysis is incrementel and each increment
(called "step") can be subdivided into
sublncrements. This feature is partlcularly
important for nonlinear analyses and partlally
substitutes the need for iterations to ensure that
the stress-strain curve is closely followed. It is
important to notice that this procedure is
"problem-dependent” and the ideal numbe§~bf '
subincrements has to be-eought for each partieular
problem. This can be accompllshed by performlng

partial analyses of the whole mesh u51ng an

1ncreas1ng number of subincrements. For linear
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enalyses the number of subincrements 1is
automatically set eqgual to one.

h. Mesh generation is also éossible both for uniform

and nonuniform patterns ( see User's Manual for

details).

~Most of these features were available in the original

verSiOn of FENQ-ZQ. However in order to ingrease efficiency
and consequently reduce cost, some procedures were modified
and more up-tg- date methods were used. Therefore, three
addltlonal modlflcatlons were introduced, and due to their
importance for ‘this progrém they will be discussed
separately in tge next section.

6.2.3.Additiedal Features

‘;n.most‘numerical analees using the Finite Element
method the majority of the cost lies in storage and in
solving the-linear equations. In nonllnear analyses the
stxffness matrlx may have to be redetermlned for, every -
increment of load and assembllng'the stlffness matrlx;heé to
be redone several tlmes. ThlS is part1cu1arly true if
elements are)fakroduced in the st1ffness matrix for every
new step of load1ng, such as in the representat1on of a f111

contructlon. Therefore considerable savings can be obtalned

if the methods of assembling, storing and solving are

efficient.

goh the methods used in FENA-2D are still

7;thod§ of storing (banded matrix) and‘solﬁgng
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(Gauss-Seidel iteration), in recent years some new methods

have been developed. The algorithm chosen to replace that

used in the original FENA-2D code is discussed briefly in

Al

the next section.

Furthermore, to analyse the behaviour of interfaces, a

joint element was incorporated in INTERDAM. The type of
; .
element,_its mathematical formulation and advantages are

also presented.

‘6.2.3.1 The Skyline Method
In computer calculations with matrices, it is
_ Necessary to(choose a scheme of storing the elements of
the matrices iﬁ'a high—speed storage. An obvious Qay‘of
Storing these elements is by simply dimensioning, in the
program, an array M x N to store éli the elements a,; of
the matrix A(M,N). However in this procgdure, several
‘unnecessary zero terms are stored.in the storage space.
In Finite Element analyses most large matrices
(such as the stiffness matrix) present two important
properties: they are symmetrical and "banded". Symmetry
means that thereiemeﬁts a;; are equal to the elements
a;; where 1 énd‘j dénote;generiC‘terms of‘the matrix.
Consequently only half of this matrix n@éﬁ to beagtored.
Bandedness means that all elements beyond the the |
"bandwith" of the matrix are pull‘terms (Bathe, 1976).F
Thérefore, if advantage is fagen of these two
p;opertieé,'oply the‘eleménfs above and iﬁdludiﬁg the

mean diagonal have to be stored (due to symmetry) and
B - ‘ ‘ '

5
/
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only those elements inside the bandwidth (Since‘tﬁe
remaining are zero).'Figurg 6.1 shows a generic matrix
‘and the elements théﬁ have to be stored.

By analysing the matrix shown in Figure 6,1, it is
noticed that, although some of the zero. terms have been
eliminated, some null eieménts remain ‘inside the
bandwidth and will be stored. Since these elements have
no influence in the overall solution of the problem;
stofing these elements dan be avoided:

Oné'methdd of’ avoiding this unnechsary storing 1is
by using the Skyliﬁe principlé. This method enables the
computer program to qgcognize the firgt nonzero element
of a particular column of the matrix and set an -
"imaginary line" above this element, as shown in Figﬂre
6.2. Thé same fighre presents the eqguivalent bandwith
and it‘wﬁll be noticed that all unnecessary zero
eléments have been eiiminated from storage. |

In ofder to.eliminate all these undesirable
eléments,.thé final storage scheme uses a’
one-dimensional arréy, and consequently the ﬁethod has
to.provide a way for the computer to recognize-the
original position of eaéh\elemént stor&ge‘iﬁ this final
' one—d{meﬁsionala;ray. This is obtained with an
V"addressing matrix" that differentiates between active
‘and .nonactive degrées~6f-freedom._Tth method is fully ’
‘éégcribed,by Bathe and Wilson (1976) and was implemented

in the program INTERDAM. All the matrices involved in

/
‘
»
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Holt_ Bandwdth | |
\§ "\ !

* O O O O = -0 O

x O " O * O O

Symetnc
x O
L N N
XMom Diagonal

,
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x - Non Zero Terms

o - Zero. Terms

Figure 6.1 Example of Banded Matrix
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Figure 6.2 Example of Matrix with Skyline
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the solution have to be set as one-dimensional arrays,
such as the load vector and displacement vector.
The efficiency of the method will be assesed later

in this chapter.

6.2.3.2 Equation Solver

A basic disadvantage of the Gauss-Seidel iterative
method to solve a set of linear equations"is that tﬂe
time of solution can only be estimated approximately,
because the number of iterations required for
convergence depends upon several factors. In nearly all
cases, direct methods of solution, such as the Gausslan
élimination method, are more efficient. For this reason
the Gaussian elimination method was chosen, and
implementea in the INTERDAM program.

Since both methods have been extensively described
in the past (see for example Bathe and Wilson, 1976) no

further details will be presented.
6.3 JOINT ELEMENT

6.3.1 General

As mentioned before, the numerical modeliing of’
interfaces usinnginite Element techniques‘requires the use
of a special elément.ﬂThis element allows the representation

of slippage, sebaration and overlapping. These modes of

/

deformation are generally not permittgd in conventional

elements. SeverLl of these elements have been briefly

i . o
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described in &hapéer 2.
VAmong them, the element proposed by Goodman et
al (1968) was chosen. The reasons for adopting this element
were: |
1. Simplicity
2. Zero thickness

3. Compatibility with triangular element (constant

strain triangle)

6.3.2 Goodman's Joint Element

As mentioned in Chapter 2, the element proposed by
Goodman et al (op.cit.) uses the directional stiffnes;
formulation. This method impliés a restriction of the
relative movement of a pair of nodes (one on each side of
the interface), initially in contact &physically the same
point). Its formulation follows step-by-step the methods
proposed for solid elements and tﬁerefqre 1ts implementation
into existing Finite Element programs is a simple task. The

most important points of its formulation are presented in

Appendix "G". ’

6.3.3 Zero Thickness Assumption

The choice between a zero or finite thickness joint
elemént depends upon the, particular case to'be analysed. In
general this choiee can be restricted to the reéognition of
whether or not the joint can be assumed to have material

inside it. For example, for the case of jointed récks,
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. .
joints initially in contact and not filled with soil should
be well represented using zero thickness joint elements,
whereas joints with soil fillings would be more
realistically rep;esented with finite thickness joint
elements. v
In étudying soil-concrete interfaces the choice 1s, 1in
' most cases, not as simple..Th; discugsion should concentrate
on deciding whether or not the ﬁresence of the concrete
structure influences the properties of the soil adjacent to
the structure up to a limit where different properties
should be assigned to this region. Furthermore, the
extension of the affected area should b; analysed.ﬂThese two
observations will -define the thickness and properties of the

nonzero joint element to be used.

o For the case presently under consideration, 1t seems

“blhat a nonzero joint element:-is inappropriate, since visual
inspection 6f samples' removed from the large shear box
abparatus have shown thét the thickness of the material
involveh in the shear zoné was negligible.

Although some nonzero thickness joint elements derived
allow for large aspect ratios (ratio.between the 1en§th of

. the sides of thefeiements), such as the Thin layer element

(Desai et al, 1984), the thickness to be assigned to Ehe

element remains to be determined. According to these

authors, a parametric study is necessary, since the

definition of the most Jppropriate thickness 1s not an easy
: '

task.
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6.3.4 Constitutive Matrix

~ The Constitutive Matrix for the joint element has been
presented- in an earlier chapter and is definéd, in 1ts most

general form (not considering rotation) as:

. Kll Kun
[CJ] = (g
Kn- Knn

Most of the applications of Goodman's joint element
(see Table 2.1,/thapter-2) assume that the off-diagonal
terms Kn..and K,, are equai to zero and dilatancy is not
explicitly considered. Desai et al (1984) describe these
parameters as "difficult to determine".‘For rock
applications, Goodman and Dubois (1972) proposed a method,
for field and laboratory use, to determine the coupling
terms K,, and K,,. "

Fr&m the remaining terms (K,, and Kn"): the normal
“ stiffpess (Kna) is determined arbitrarily in order to avoid
overlébping of adjaggﬁt solid elements (Clough and Duntan,
1971, Desai et al, ﬁ§84). Values ranging from 10* to 10'?
units have been sﬁégested'for this term, although no logical
basis exists for such an assumption, Parémetric stﬁdies are’
recommended for each specific problem, using the available
‘coﬁputer (the maximum acceptable value depends on the
machine used, as will be discussed later).

For\the case—}eported in this thesis, a parametric

"study has shown that ‘the normal stresses converge rapidly to
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constant values if the no;mal stiffness exceeds 10*' kN/m’.
. It has also been found that beyond 10'° kN/m’ numerical
problems occur and the normal stresses varyAat randon. It
was decided to assume a value 10° kN/m’® for this parameter.
Finally, the tangential sti;fness (K,,) must be
defined. Its ;nfluence in the overall behaviour of the
problem is remarkable and the finite element simulation has
to be made with caution, as will be discussed later.
Neverthless, some methods of determining this parameter
were ihcluded in the finite element program. In particular
for the INTERDAM code, five hethods were implemented and, are

\ -

described in Appendix‘"H".
6.4 TESTS FOR INTERDAM PROGRAM

6.4.1 General

In order to.verify the procedures adopted and the
efficiency of the program, three simple examples are
presented in this section. Due to the unavailability of
closed form solutions (exact solut}ons based on theory of

elasticity) the examples were obtained using the finite

element method.

6.4.2 Test for Implementation of Joint Elements
The mathematical procedure used to introduce joint
elements in the‘program INTERDAM were tested in a simulation .

of a shear box test in a combined sample.

“
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The soil mass was subdivided into finite elements and
the concrete was representeé by a rigid boundary as shown in
Figure 6.3. The analyses assumed a nonlinear behaviour for
the joint element and a linear elastic soil sample.

The parameters for the joint element were obtained from
the results of two conventional shear box tests, as shown in
Figure 6.3 (curves for o, = 15 kPa and o, = 45 kPa),.

The simulation was performed by applying an incremental
displacement ;nd observing the shear stresses. The results
of a Finite Element analysis performed for a normal stfess.
of 30 kPa 1s also presented in Fiqure 6.3. In the same
figure a curve obtained by linear interpolation between the
two input curves is shown. The agfeement between the finite
element'approximation and the idterpolated curve is
remarkable ana éupports the protedures used to incorporate
the joint elements in the.program.' .

6.4.3 Test for INTERDAM Code

The reliability in the INTERDAM program was tested

'using a classical limit equilibrium problem_for a retain&ng

wall. _Tﬁis example was inspired by similarst reported by
Clough and Duncan (1971)lfor a pfogram with a comparable
capability. : . @

The mesh used'isapfeSented in Figure 6.4 together with
the properties assigned fbrlboth,¥the'joint elements and the

s0il mass.

b ., 1
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The simulation was performed in two stages: in the first
stage the fill was constructed in six identical layers.
During this stage the wall was considered rigid. In the
second phase translational movements were imposed on the
concrete wall in order to develop active or passive
conditions in two. separate .runs.

The resulting load-displacement curve is shown in
Figure 6.5. In the same figure the values' obtained using
classical limit equilibrium solutions is shown.

It is important to note that the prSgram does not
incorporate any plastic model and therefore yieldin§ can not
be modelled;\Neverthless, the shape of the curve.resembles
the expected results for the clasSicalvearﬁh pressure
theories and the extreme values ére_closé to those obtained

from the classical analyses. Furthermore, the results are

very ‘'similar to those reported by Clough and Duncan (1971).

6.4.4 Efficienc&jof INTERDAM program

As mention in early sections, the methods of assembling
and storing and the equation solvers were modified from the
- original FENA-2D code. The objective of these modifications
was to reduce the execution time and consequently reduce the
cost of ‘the analyses.

| To evaluate the gain in efficiency, the same proBlem

was~§61Ved using both programs. The mesh was set as shown in

Figure 6.6 and a total of eight runs were performed with ,

increasing numbers of degrees-of-freedom.
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The parameter used for this comparison was the CPU
(Central Processor -Unit) time recorded in two phases of the
sélution: immédiately after assemblage and'immediately after
the equations were solved.

The rgsults of this comparison are shown in Figure 6.7.
It can be observed from these two curves that the assembly
progeduré used in the INTERDAM code is slower than the
method used in FENA-2D. This is mainly caused by the
necessity of generating a second matrix referred as the
"addressing matrix" (Bathe and Wilson§ 1976). However, the
method of assembling permitted a more efficient storing
scheme to be used (in a one-dimensional array) and -
consequently the entire progedure of assembling, storing and '
solving became considefably(fastef, as shown in the second
curve of Figufe 6.7. Furthermore, the assemblage pgopeduré
is only 25% more time cons?ming wﬁereas the total solution
represents up to 80% in'sa@ﬁngs, if the methods used in the

INTERDAM code are adopted. a o .
K

153‘
.‘6 ,§ RE@W OF 'I‘HE MECHANICAL BEHAVIOUR & WALL INSTRUMENTS ‘
| Most of the analyses performed in this chapter were.
intended’tO'compare;the results of the,numerlcal solutlon
with the field measured values. THe:éfore, it ié‘impera;ive‘
‘to judge“which measu;ements are comparable.

?qr the nﬁmerical simulation, the input péramétgrswfof
the joint elements were obtained from the résultS»of direct

shedr box tests.
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The use of these tests have been discussed 1n
Chaptef 5, section 5.5, and it was concluded that the
tangential stiffness is a comsequence of the geometry of the
test and is influenced by the longitudinal compression.
Therefore, only the instruments, used in the test
embankment, influenced by similar effects, are comparable
with the numerical results. Hence it is 1mportant to
reanalyse these instruments, from this point of view, to

identify which results can be used in this comparison.

Shear Stress Devices

As described in Chapter 3, the Shear Stress Device,
designed to measure the development of shear stresses at
soil-concrete interface, is composed of a 30 cm long
concrete block resting‘on two load cells placed inside a
knock-out molded in the concrete structure. With this
configuration, the values registered by the load cells are
the average forces acting on the Concré;e block and the
instrument is not able to detect any concentration of
stresses that occur in the sensor area. Therefore, these
readings are definitely influenced by longitudinal

compression.

Shear Displacement Devices

This instrument is composed of two steel plates, one
bolted to the concrete structure and the second embedded in

the soil. A LVDT is placed connecting these two plates and

T
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their relative movement is assumed to represent the relative
movement between the soil aﬁd the structure.

Since the plate embedded in the soil is relatively
thinner than one layer of soil, the displacements registered
‘by the LVDT correspond to the moveménts of the soil
immeaiately underneath the plate, and it is the displacement
of a localized point. Therefore, regatdless of any
compression occuring in the material overlying the plate
embedded in the soil, the measurements will respond to the
movements of this localized péint;

Therefore, it is expected that th; trends in the shear
stresses from the field instrumentationvshoﬁld be beﬁter
reproduced than the trends from shear displacemeﬁﬁs{

Furthermoré, the above discussion suggests that the
Joint elements should havelthe length of the shear box test
~used to obtain the input parameters. With this restriction
both the shear stresses measured in the field and obtained

in the finite element analysis would be equally influenced

by the longitudinal\compression.

6.6 ANALYSES OF TEST EMBANKMENT -

|

6.6.1 Geqer;l

3

In this section the back analyses of the Test
Embankment, uUsing the finite element method, will be

presented. The aim of these analyses is to reproduce,

numerically, the belaviour of the field instrumentation and
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to assess the usefulness of the method to predict the
behaviour of interfaces. Therefore, the measurements at and
in the neighbourhood of the concrete wall are of primary

interest.

.6.6.2 Finite Element Mesh

The mesh used in the analyses is presenfed in
Figure 6.8. Some 1mportant comments regaraing this mesh are:

1. The mesh is considered a "coarse" discretization.

In finite elemen{ technigues, the finer the érid of
elements, the closer is the solution to the exact answer.
However, by increasing the number of dggrees-of-freedom thé
coét of each analyées increases in a similar proportion,
Since it was desired to-perform a parametrié study, the use
of a large mesh would not allow several runs due to the cost
involved.

2. Finer local discretization}

The mesh wasvd{awn prima}ily to étudy the interface
behaviour. Therefore, in this area smaller elemgnts were
assigned. N
3. Regions not included in the analyses.

Due to the lack of info}matfon of the pfope:ties of
both the mg;erial existing behind the wall and the
foundation material, these two areas have been excluded

from the analyses.

4. Size of joint elements.
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The joint elements are excessivelly long. As mentioned,
ideally the joint elements should.héve a.léngth eaual to the
tests used to determine the tangential stiffness. ,g

. However, the mesh to accomodate such small ]oant

elemehts (6 cm long) wquld be considerably larger than that

"shown in Figure 6.8, and parametric studies would not be

-

feasible.

6.6.3 Method of Simulation

The analyses, of the test embankment was performed in

.

fourteen steps. As pointed out by Clough and Duncan (1969),

analyses in steps nomally‘?ield better results than

SingIe—s;ep "turn-on" gravity methods. | .
Therefore; tﬁe\firét steé‘inciuded the construction of
the concrete wall (concrete was assum¢§ to be linear
elaqtic). From steps two through thirteen, twelve 0.5 m
thick layers were pléced completinggthe 6 m high test fill.

Step fourteen was introduced to inc r@éﬁate a suggesti?h
o A

proposed by Duncan et al (1980). Accordt to those authors,

the placement of a layer of soil is better represented by

a

applying nodal forces, equivalent to the weight of the

overlaying material, rather than by "switch-on'gravity"

method. To accomplish this, the layer being placed was

|
a551gned very small elast1c propertles to 51mu1ate the loads»

applied 1n the existing material. At the end of thwcw
calculatxon, the newly placed layer w111 have thelkﬁﬁ“ffg;

displacements gh‘lﬁelement) strains zeroed.

ot
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On the other tand} it was observed that if the
tangehtial stiffness of the joint element being introduced
was not set to reduced values, high tension was created in
the soil near the structufe._This tension was caused by the
excessively higg degree of straining inside the elements
adjacent to the wall, for eatly stages of loading. It is
believed that this tension is a simulation effect rather
than a physical phenomenon. Therefore, for each joint
element entering the analyses, very low tangential stiffness
was aseignéd. |

It is important to note that, if the‘values.of the
elastic constants and/or tangential stiffness are redUced
during the placement of a partlcular layer, the last step of
constructlon would have zero dlsplacements and stralns.
Therefore,Jlt is necessary to finalize the ana{yses with a
"dummy layer" with nQ.weight to allow the last row efi
elements to have their displacements and strains determined.

This is the fourteenth step.

6;é.4\Boundary Conditions

Due to the lack of parameters,lthe finite\qlement mesh
did net include the.entire region affected by the test
embankment and the ﬁate:ial exieting behind the wall and the
foundation were oﬁmitted.‘On ‘the other hand, the diseussion
presented in Chapter 2 demonstrated that the presence of ‘

“these two materlals had a“ deflnlte 1nfluence on the overall

behaviour of the 5111 and the interface. Thereto:e,



258

4
t

numetical analyses representative of both the behaviour of
the interface and the behaviour of the fill, would oniy be
possible if the.entire region was discretized in the finite
elemént mesh. In order to overcome this problem'several
possibilities have been considered such as:

- Use of a trial method to calibrate the
parameters for theee‘materials by matching the.
instrumentation measurements. This would probably
lead to an endless proceduce, primarily due to the
nonhombgeneoos characteristic observed in the
foundation,(see discussion 1n Chapter 2).

- Impose displacement boundary conditions along
the fill-foundation interface and concrete wall
rotations, based updn measurements. This method
allowed fhe displacements inside the fill to match
the measured values, but created a letge zone of
tension near the soil-concrete.interface. As
discussed in section 6.6.3, itAip not believed that
high tension had o¢curred‘in the test fill and again
th1s high tepsion seems to be a consequence of the

fmethod of 51mu1at10n (boundary conditions.
'Therefore it was decided to concentrate the analyses
on the 1nterface behav1our and fixed boundarles were imposed
for the foundatlon of the f;ll. The concrete wall was

allowed to move in. both dlrectlon, but no dlsplacements were

1mposed IR _x' . , v

LI
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6.6.5 Back Analyses of Interface Behaviour

6.6.5.1 General

In order to analyse the influence of some factors
on the results of stresses qnd displacemenps at the
wall, the back analyses were performed as paramet%jg
studies.. |

These parametric studies comprised. eleven runs with
varying properties for both the joiqt elements and the
soil mass. A summary of thé properties used is presenfed
in Table 6.1, -

The major objective of this study was to

deemonstrate the influeﬁce of: ‘ e

a. Comparison between linear versus nonlinear analyses
b. Variations in elastic properties for joint elements.
and soil mass |

e. Method of sample preparation for shear box test

For the study of the "type of analyses (item "a" -
above) four runs were performed as listed below:
Case # . =~ Joint Element ‘ Soil Mass
1 © . Linear ‘ f Linear -
2 s | Linéat | IR Noniinear
3l . Nonlinéar _ : Linear S
4 'Nonlinear P Nonlinear

Lo NN
AN o

For cases 3 and 4 the parameters w& obtamed from

ot *

;%“

: results of the serles 200 shear box tests and the "dlg1tal
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Table 6.1 Summary of Parametric Study of Test Embankment

TABLE 4 t.
CASE « JOINT ELEMENT : SOIL MASS
K _ ' K o G 5
’ (kPa) (kN/m ) (KN/m")
) 30000.0 7200.0 " 2400.0
2 i JOOOQ.O var ies '(tria‘xlal)
3 varces- (ser 1e%-200) 7200.0 2400.0
4 vaﬁ€es (ser!es-‘zoo.) ‘ vartes (tr!axi‘al)
S *0000.0 28800.0 9600.0 .
6 ~ 10000.0 7200.0 2400.0
7 '~ 45000.0 7200.0 2400.0
a varties (series-100) . 7200.0 246030
e
9. varies (series-200) _ 7200.0 B 240_0,""..0
10 o.ooooéoo: 7200.0 ; 2ao<§j.o
1" © 100000000 . 0 7200.0 #¥ , 246_,0"}:0
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method" for joint elements was used (see Appendix "I").
The influence of varliations in the elastic\properties
for the joint elements and soil mass was studied in three

runs. -In all cases the interface and the soil mass were

"assigned linear elastic properties. The parameters for these

runs are summarized in Table 6.1 and they were labelled

Cases 5, 6 and 7.
A

Subsequently, the effect of the method of sample

.preparation was studied to support the discussion presented

in Chapter 4 (section 4.2.2). For this purpose, in two

‘diffegent rUnéE the joint elements were assigned nonlinear

properties and the input data obtalned from series 100 and

- 200 conventional shear box tests. These cases are referred

as -Cases 8 and 9 respectively (see Table 6.1).

Finally the effect of theipresence of,joint elements
was assessed using two'exﬁreme caees: first, the boundary
between the soil and the concrete was free to move in the
tangentlal direction (simulating a "fu{g:sllp condit,ion).
In -the other extreme the same nodes were fixed-in the
cbncrete wall simulating a "no slip” condition. This cases
are referred as Cases 10 and ‘11,

In terms of the finite'elemept analyses, these two
conditions were imposed by assigning extreme values fot the
£angential/$tiffﬁess of the‘joint elements. Therefore, the
full slip condition was_simulated by assigning‘zero |
stiffness for the joint element and _the no slip, by assuming

an infinite stiffness. This procedure presented some
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drawbacks and pill be discussed later in this Chapter.

6.6.5.2 Linear versus Nonlinear Analysis

The results of these analyses 1s presented in
Figures 6.9 through 6.11 ’

In Figure 6.9 the normal stresses acting on the

concrete wall are plotted versus the height of the wall.

It is observed that the type of snalyses does not

influence the normal stress results and all four runs
plot in a qerrow'bahd. This result was expected since
the offfdiagonal terms of the stiffness matrix of the
joint element have been neglected. Therefgre, the shear
displacements~do not influence the normal stresses and

vice-versa (see sectign ' 6.3.4). B

. .
. The same figure presents the pressure distribution

. : |
for- "at rest" and "active" conditions, calculated \

. |
according to the classical earth pressure theories. Note

that ‘the lower half of the wall is subjected to normal \

stressesdhlgher than the "at rest" pressures whereas the
upper half the results are lower than the "at rest”

(-
condition. Thls‘ﬁrend suggests that stress tranfer is -

)occurr1ng and stresses are concentrating near the base

of the wall.
_?urthefmdfe, the values measured in the field are

also presented. These points'are in acceptaﬁle agreement

o I ' N
with the results of thes% four analyses, except fgr the
: , o

7-

center instrument. As distﬁssed_in'Chapter 3,.most

~likely this instrument suffered from a poon installation

,
i
\
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s : \

and therefore, these results are questionable¢~

Figure 6.10 presents the shear displacements
obtained in the numerical simulation. Twe distinct o
twends can be observed in this figure: when the joint o
elemehts here assumed to behave linearly (irrespective
of the assdmptionsma52%ﬁor the 'soil. mass) the

: P .

displacements showed a maximum value immediatefﬁ.below
the center of the,wal}. For joint elements with
nonlinear constitutive laws, this maximum vaiue‘occurred
near the'upper,oqe third of the hall. )

Vo Although.the back analysed and measured: “ ‘<
displacements are of similar order. of magnitude, the o
nonlinear analysis seems to reproduee:the observed La
trends. However, as discussed previously, the ;iStrument y
de51gned to measure these dlsplacements is ngt affected
by ‘the longitudlnal compre551on and}tgerefore better' N
agreement should not be expected f - ) ‘ .

! :

on the other hand although the’shear.disolacehents.
B /

: ' -
are not thersame for all four analyses, the shear .

This can be seen in Figure 6.11, where the'res'lts of.

wall. In this flgure the fleld valg
presénted. It is observed that, - in afi caseg, the,

) . . D
numericail analyses/kend to underest;mate.the shear - * |

/

stresses near the center of the wall and overestimate
these values for the two.extremes of the structufe. | -

o
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Neverthless, the trends are similar. i (.. p
‘The-inSensiti@ity of the shear stress to tne type

of analyses can be explained %f the expression used to

determ1ne these values is recalled from section 6 3.2,

It was shown that the shear stress’ "is a response of a
. s . . ’

r =K, x§

" where:

r -~ shear stress

K, - tangentiai stiffness
5 éiehear dieplacement L

- , - .

If the value -of K, is increased; the nodal

dlsplacements w1ll decrease proportionaly, but the

‘product of the stlffness and the displacement w1ll

remaln almost unaltered This effect is. ,discussed

‘Afurther in the next sect1on.

}

- 6.6.5.3 Effect'eEIVariatiens~fn the‘Elastic Parameters

In this section three'linear analyeeS»are'presented

‘«\to~eva1uate/ in more detail, the final comment of the

prevtous section. Hence, the parameters for the ]oxnt

elements were varied for two d1ffdrent runs and the soxll'

_parameters ma1nta4ned unaltered Subsequently the. ]Oint

element st;ffnesses vere kept constant and the soil’

parameters changed to account for th1s effect The |
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™ . | : :
results.a:e presented ln‘Figures 6.12 through 6.14l;“ :
>\pnélrst, Figure 6.12 presentS‘the.results for normal
stresses.’Similar to the,previous studf,‘the cffect js‘
negli§ible'for both cakes (constant joint element
properties or Constant'soil properties).

The shear displacements are shown in Figure-6'13
and it can be observed the varxatxons An both,lthe soxl

constants or the ]oznt element constants 1n£luence the

°results. However, the 1nf1uence of var1at;ons in the

Vo
joint element parameters is more pronounced and an

1ncrease of 4.5 times in tangentxal stxffness can-reduce
the d1splacements up to 80%. T A
However, as can be observed in F1gure 6.14, the
1nf1uence on the -shear stresses is’ more sen51t1ve 1f the
-soxl parameters are changed Th1s is agaxn expeqted
since. varzat1ons in theSe conStants wxll 1mpose
,dxffere;t dxsplacements for constant values of K,,‘and
therefore, the shear stress (r = K. X 6) w111 vary :

~

The var1ataon observed 1n»the shear stresses for -

vary;ng.soxl parameters are 1n perfect agreement w1th

uthe d1scussxon presented 1n sectxon S 5 and support the

example presented in the Lntroductory d scussxon of the

Lmechanxcal behavxour of 1nter£aces (sect1on 1 3) It vas

’stated that the shear stresses developed at
soxl-concrete 1nter£aces should change 1f the materxals

,fh-of the matlng bod1es change (for the same state of

- stress) On the other hand the fact that the shear

-
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stressdg developionly\as a response to a shear

displecement»isaagainst this point of view.f.‘

6 6.5. . Effect of Method of Sample Preparat1on

The results of the conventxonal direct shear box
| tests, presented in Chapter 4, are 1nf1uenced by the
method of sample preparatxon. In that chapter two
‘ methods vere descrxbed and grouped 1nto tests serxes 100
and serxes 200 (section 4. 2). In the same sect1on one
posszble dxsplacement path for a partxcle of so1l be1ng
c mpacted near the wall was dxscussed It was concluded
' at e1ther of the two methods of sample preparat1on

were not capable of closely reproduczng the fleld\\

-'-ﬂ condxtlona 1f these two serxes of tests are used as

- 1nput for the ﬁxnxte element analyses, most 11ke1y the o

actual f1e1d behavlour will be between the results

produced by-these two bounderxes. . |
in order to proceed wzth thxs dxscuss1on, the

stress dxsplacement curves obta1ned in both series of -

"-j tests were used as 1nput for two dlfferent analyses.,For,-'fd

series 200, the strein softenxng behevxour was replaced_;:
by an elmost zero‘stiftness after peak strength.;_ | ’

The results of the sheer displecements from these

analyses ere shown 1n Flgure 6. 15. and 1t can be seen 5_1f N

that the actual behav1our 1s somewhere between these two{lgy‘

’*~17j' methods of sample preparation. Moreover the results 'ﬂiéu

suggest that serxes 200 tend to produce a better
approximst:on. As expectdd, the sheer stresses are

Yl
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, 'almost iden;iéeltregarélegs of the method of sample

preparatlon T S .- , S e

»

These results also support the theory d1scussed in
‘Chapter 5, 51nce the tests umder serxes 200 present
higher stlffnesses‘prlor to fa1;ure and tberefore are a
"fbetter representatlon of the "no Sllpl condlt1on Jr;gle )

ibehav1our) | | -
; 6 6 5 5 Full Slxp and No Sl1p Cond1t10ns |
| The analys:s of so1l concrete 1nterfaces can bedg

perfbrmed for two extreme cond1t1ons. In one extremé)the

ﬁxnterface is. con51dered to be perfectly smooth" and no

| 'shear stresses develop Relatxve movements between 5011

and concrete are free ( full 311p cond1t1on). At the

'f:othg;nex%reme, the 1nte9face is saxd to be - periectly

' rough" and relatzve d1sp1acements are’ not allowed 5 no -

| sllp cond1t1on) ‘1’ 51;7‘ f-l*#qé - f"“ : sfj \ g ‘,4
| The use of the tangentlal st1ffness (K ), as . "‘ '
'rvdefxned in prev:ous chapters,gxmplzes an 1ntermedxate

"éondxt1on, where»some d1splacement can occur and, as a_

'consequence, shear stresses 111 develop.f~ :’4'_

The s&muiat1on of these conditions was performed as
j‘an»extremencage of the trend shown 1n the last sectxon, .
:fand the anal;sxs.was performed w1th extreme vplues of
Tthe tengentzal st1ffness.tror the full sl1p cond1t1on ;fh:’f
the tangential strffness was set equal to 10" kN/m’ and
v”7;for the ‘no. slxp case thls perameter was set equal to (.,Tffk

- 10' kN/m’ The results are presented,1n F;gures 6 16 and<\

: _y, v :".4,"'




V}“'ondxtlon)

- -
v ~
\

. 6 17. ~ The ,same f1gures show the field observed valuesg

’ .

The shear dlsplaceﬁents, deplcted 1n Flgure 6 16,

demonstrate once agazn that the assumptxon of 1nf1n1te‘
S R
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Y

stlffness prlor to fa11ure seems to better represent the

) L
f1eld behavzour. However,»the no sl1p condxtrop

~
o A \

underestzmates the dlsg\acements, probably because o

R

fallure\was.not consadered If however, for stresses

hlgher than the max1mum shear strength of the 1nterface,

the value of K, was set at a very low value, h1gher f

dzsplaoements would have been obta1ned ThlS procedure
3.15 further deta1led in. r sect;on. | |

In F1gure 6 17 the shear stresses are plotted

3

versus the/hexght of the wall for the no sllp cond1t1on _f

¢+
(thefother extreme 1mp11es zero shear stress). These

" values Are 1dent1cal to those obtaxned in the l1near

/

'f~ an lyses, referred as CaSe 1 (Fxguae 6 11)

s in. conclusxon, most of the cases reported in these
’ ,,h. .

/,
sect1ons tend to support the r1g1d-plast1c behav1our'

proposed 1n Chapter 5 to represent the behav1our of

/ 8011 concrete 1nterfece§._,.. “.'}’”‘iﬁh

s .

‘n the procedure used to represent these two extreme r;,rp_

\"1

condltions dlscussed 1n fhe’

ﬁn .:_ A

value to be assxgned to K‘ may not be h1gh enough to

effectzvely 51mu1ate an in£1n1te st1£fness ("no sl1p

last sectxon (full sllp and

L d

However, 1t 1s 1mportant to rea11ze the draubacks 3 _dﬂgf

no sl1p). Fxrst, 1n some computers, the max1mum possxble:_lf7”
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Second, and most important, by assigning an
extremely high value to the tangential stiffness,
. - [

numerical problems can arise. This potential problem is
SN p

due to large terms in the stiffness matrix. These high
‘ N s ‘ 3 3

values can numerically overshadow the contribution of

the surrounding elements.™gn particular if these large

terms occur in the main diagonal of the stiffness

I 4

matrix, numerical ihstability can occur in th& solution
of the equatio5§.

To overcome the first numgrical problem it seems
sufficient to adopt a joint element that uses relative’
displacementscgs independent deg:ees—of—freedom, sﬁch as
the element proposed by Ghaboussi et al(1976). However

'-

‘this procedure does not ensure stability of the

z

solution, since high stiffness elements pey still.exist
A

in the main diagonal.
’ N \

A more meaningful solution is proposed which avoids

t

both numerical problems described and is physically
correct, However;'thé mgthoés of assembling the
stiffness matri;‘dsed in the program INTERDAM have to be
used (or similar a method with the same capability).

As described in Chapter 6, in the INTERDAM program

an addressing matrix is created to define the active

“

degreeé—ofjfreeddm'for a particular step. Therefore,
“this matrix can be used to assign the same

dégree-of-fteedom for two, different, nodes,

-~
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The method would impose similar discretization as
if joiInt elemgnts with zero thickness were to be used.
In other wdrds, at the interface, nodes would be
specified in pairs, having the same coordinates.

The method is both incremental and iterative and’
the analysis would start by assigning identical
degrees—pf—freeddm, in the tangential direction, for all

pairs of nodes at the interface. Consequently, no

relative movement would be allowed. At any stage,of the

analyses the state of stress of these joint elemgnts can
be. checked and as soon as the maxi uh shear §£ress is
reached, the nodes representing the|soil side of the
interface in the joint elementsﬁare assigned'indépendent
degree-of-freedom and relative movements can be |
obsefvgd. . |

Notéithat this approach is in perfect agreement -
with the physical concepts described in this research,
but the definition of the hest way of‘aeséribing the
resistance of the {nterface, remains.

Furfhgrmére ;his procedure does.nof’depend on ény
étiffness parémeter.deterﬁined from laboratory or field
testg. A similar approach has been discussed by Herrmann

«

(1978).
6.6.6 Back Analyses of Soil Behaviour
As a complement of this numerical analysis, some

results of displacements-and stresses in the soil placed
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adﬁacent-to thre concrete wall are diﬁcussé@. This
presentation analyses the possibility of stress trgbsfer N
mechanisms or othe;ladverse problems likeiy to 68&:;:in ’
similar circumstances. _ X
The bhénomenbn of load transfer in earth dams has been
extensively studied and, as briefly outlined in Chéptér 3,
isvmainly caused by the placement of materials with .
different compressiblities in adjacent mpgions. This
difference in qompreésibi}ity'induces differential
sett;gments_in these areas, leading to archiné effeéts.
~ As observed by Squier (3976), differential mo?ements
which develop within or betweén portfcns of a dam creases
strain and, in some cases these s;rains may léad to-the
"development of cracks. Differential vgrtical moveménts
between the shell and the coré of earth dams have caused
lonQ1tud1nal cracks parallel to the dam axis in several dams
(Ci;yfv1950 Marsal 1959; Leonard and Ralne, 1960),
S Casagrande (1950) had drawn attention to the
////p0551b111ty of another source of problems. The author has
pointed out that d1££erent1al settlements due to several
factors, such as softer deposits in the river galley, can be
the reason for cross-valley crack and consequent piping '
development;
Lofqu1st (1951) showed figld ev1dence of load transfer
measured wzth earth pressure cells in two dams (Holle dam :

and Harspranget dam). Later, Leonards and Narain (1963)

. presented a compfehgnsive study of the causes of
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longitudinal cracks, supportéd by examples of several
observationé in the field (Reactor‘Creek dam, Woodcrest dam,
Shell Oil dam, among others).

Squier (19?0) studied qualitatively ‘four modes of load

transfer possible in‘éarth dams. Some of these modes have , -

" been proven in field observations., Kulhawy ;nd Gurtowski k\
(1976) proposed a systematic‘way of defining the potential
for,ioad transfer -by analysing-the "load transfer ratio
{oy/yh)".

“For the ﬁestéembankmeﬁf} it was shown in‘Chapter.B
that, most likely, load transfer occurred. Based on the
pressure cells and éettlemént results two different
mechanisms were suggested (section 3.4.1.2).

A

- The results of the back analysis of the test embankment
cén provide an illustration for the discussion presented in
Chapter 3. For this an;iysis only the cases labelled 1 to 4
were used.

Figure 6.18 presents the settlement profile fo;'the
four cases studiéda‘li.is important to mention that sincé
the fqundation was represented by a rigid boundary, the
_curves of Figure 6.18 are monotonic and, therefore, load

~ —transfer is’observed_oqu towards ;hé\concreté wall. The
second mechanism, described in section 3.4.1, is not
possible. ' |

A}The mecﬁénism observed in the‘results of the finifé
element analysis is caused primarily by the éngulgr

-distortion in the soil adjacent to the wall. This settlement

o
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agenerates high stra1n1ng leadlng to load transfer and crack

?1n1t1atlon (Squ1er, 1970), ' "
F1gure 6.19 dep;cts the load. transfer §at1o (0,/7h)

plotted versus the he1ght of. the wall These values were

'obtaxned for the average of the maJor pr1nc1pal stresses in

the pa1r of elements in contact with the wall (see

Fzgure 6.8). This f1gure shows, for all four cases analysed

<

high load transfér near the toe of the concrete structure =
and ratios;cloSe to'nnit}(ndiload_transfer)«near the crEst
of the wall. | | | o
All.four,caseshhave load transferuinsideia verxpnarrow
range and“the.nonlinear anaiysisv(case 4)jseems‘toemost',‘
‘dfaVOrable case (least load transfer) : B ff‘ ;4”
The extens1on of the reglon subjected to load transfer
'can be evaluated in Flgure 6. 20 Slnce case 4 has proved to f”
be the most favorable among the cases analysed only th1s, |
case is presented in F1gure\6 20, From thxs f1gure 1t can bé
observed that, at least, load transfer w111 occur up to one
full height of the wall (6 m) measured from the toe of the_ddt
concrete wall H‘ . | _' - -
';_ The above d1scuss1on suggests that thls region is at -
"least as dangerous as any other Junctxon 1q an earth dam.ﬂd'

'However, the contrast in compressxb111ty between the so11

' fand the concrete 1s among the hxghest that can be foﬁnd in

an earth dam. Consequently :t should be expected that the R

'regxon adJacent to a 5011 concrete 1nterface should

‘ .represent one of the most cr1t1ca1 regzons for load b

.
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'transfer, dxfffrent1al settlements and transverse cracks

.(vertzcal and perpendlcular to ‘the dam axis).

6.7 CONCLUSIONS
In-this chapter batk analyses of the test embankment
‘were presented us1ng the convent1ona1 analytxcal procedures-

" by. represent1ng the 1nter£ace by a Goodman et al (1968)

Il"Jo1nt element and determ1n1ng the parameters for these

elemen;s from results of dlrect shear box tests. Although 1t
has: been shown 'that, most 11ke1y, this, method of analyses
fdoes not’ represent the physzcal behav1our of 1nterfaces,.

';?thxs parametr1c study served-tgo purpeses:

1. To reafirm the concluszons-drawn‘1n Chapter 5

2. To obta1n an 1nsxght into up-to- -date

analyt1ca1 methods.'f, B - | L

From the results of these analyses, several 1mmedlate -

‘observat1ons ‘were extracted and are summarlzed below'

Y L 1

The type of analys1s (l1near elast;c or -
-:nonl1near elastxc) has a mlnor effect on the shear
i rstresses, although a sxgn1f1cant effect can be

f‘observed in the shear d1splacements.

2 The normal stresses can be determ1ned thh '?#h'

",any assumptzon for the 1nterface and so11 behavzour._
The. use of. 11near elast1c nonllnear elastlc.:full

”%sllp Qr no sllp provxdes approxxmately the same ll



+ shear d1sp1acement only.
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results (within % 5%) for zero Off-diagonalptefms in
the'constitutitﬁeimatrix. | |

3 The influence of dlfferent parameters for

<

both 5011 or 1nterface is more 51gn1f1cant for the

shear d1splacement Var1at1on 1n the soil parameters

affects, in the same proportlon, the shear o

d1splacements and the shear stresses whereas

-variatlons in K, 1mposes d1f£erent values for the ,

«

~ 4 The 1nfluence of the samphe preparat1og was

also. cons1dered and the actual behav1our seems to

fall between the two ‘methods adopted although it

tends show_better agreements w1th the~method of
sample preparatiOndlabelled "series. 200",

5 The measurements obtaxned 1n the test £111
[

"(prlmarzly the shear dlsplacement) seem to be better .

represented by a "no sl1p condlt;on rather than by '

'"full sl1p cond1tlon Neverthless, the results

]are-mot 1n better agreement w1th the no sl:p case

o P hoa
because fa11ure was not cons1dered ;J: . S
: v . : * p
‘ GZ'A method was proposed 1n br1ef, to’aJozd
A ¢ <

5fthe use of the tangentzal stxffness. Thls method :

B
seems to better represent the phys1cal phenomena of

so1l—concrete 1nter£aces.,‘

7 The 5011 placed adJacent to a so11 concrete-_7

v

. 1nterface seems to represent a potentlal reg1on for B

“crack 1n1t1at1on. Both the results of d1splacemnts
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and stresses along the eonerete‘wall-suggests'a high
load transter,from the soil towardsvthe concrete.

8. The conventional method of-numetfcai
simulation of 1nterfaces (Jo1nt elements w1th
parameters der1ved from dlrect shear box tests)
‘seems to be able to reprodnce the shear stresses,
shear dlsplacements and normal stresses measured 1n

fthe fleld, w1th1n 150%. These d1fferences can be

'acceptable as’ predlct1ons of the interfacei

behaviour.. For de519n purposes large factor of
"‘.safety have to be’ spec1f1ed
However in the wrater s op1n1on the agreement observed
in these analyses was. caused by the fact that both, the
'dlaboratory tests used as 1nput for the f1n1te element
program as well as the fzeld 1nstruments are subject to o
samllar effects, and in partlcular 1nf1uenced by-the-v ‘,'it
long1tud1na1 compresszon. However, ds polnted out before,
the phy51cal behav1our of 1nte;}aces seem not to be.w

.represented by a ﬁtangentlal stxffness"’ Th1s parameter has

 _been proven to be a test response and not an 1nterface

'property | ‘7,, ;5.h.,v-» R ff.' }V'f B

At the same t1me, part of the dlfferences obserVed

g{;between measured and back analysed stresses and

ed1sp1acements can be a consequence of the "three-dlmens1onalj~”

veffect"- not’ consxdered 1n a plane straxn anlys1s.
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7.1 GENERAL

_ reported at 1nterfaces, only normal stresses have been

Sowm

7. CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

e

‘The main objactives of thHis chapter are twofold;'

o S N

1. Summarize the main conglusions drawn

throughout this research,.
) B a ) . . . _' ,/ ‘. .
2. Propose material for subsequent research.
’ o L % R
- In the first part the most 1mportant conclu51ons for
both the mechanxcal behav1our and phys1cal 1nterpretat10n of
1nterfaces soil- concrete are summarlzed ”

In the second part, the wrzter ‘S po1nt of view of the

trends’ that should follow thzs work WIll be ﬁresented as’ an

l \;. .

a1d to future researchers 1nvolved 1n 51m1lar studles.-
7 2 SUHHARY OP CONCLUSIONS
The Ilterature ava1lab1e presents several Joznt -

element formulat1ons, most have been proposed to 51mu1ate

the behav1our of Joxnted rocks. Some have been used to

' ,represent 5011 concrete 1nterfaces. However, no account of

the approprlateness to these elements of these appllcatxons ,,"V .

has been found 1n the 11terature. 7‘ |
2 The lxteratu;e revxew has demonstrated the need forf*-~

) ' v
fleld observat1ons..Whenever fleld measurements have been

1

,_”‘289 ﬂ e :_ ‘:{4.  ; 
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measured at ‘the contact No reports could be found
descrlblng either shear stresses or shear d1splacements at
1nterfaces or measurements in. the 5011 adjacent to the
'structure. ' o . A o : . -
3.. The. magnltude of therobserved 1nterface (relat1ve)

shear dlsplacements 1s of a veryxsmall order of magn1tude
. - o

(approxlmately 9. mm) |
4. Since the shear displacements at thelinterface are
consxderably smaller than the settlement of thq f1ll
(approx1mately 10%), high stra1n1ng occurs in %he so1l
placed near the concrete structure. Th1s cap ‘cause cracks in
‘the so11 and consequently exce551ve water flow (1f any) |
‘_ 5. In partlcular for the case h1story reported in thlS"'
the51s, two load transfer mechan1sms were 1dent1f1ed near
'the concrete structure One caused by the 5011 "hang1ng on
the concrete structure and a second towards the 5011 placedu'
-away from the wall cdused by the exce551ve settlement o
”observed 1n the fxll near the wall Both mechan1sms areA
111kely to happen 1n ‘an actual eng1neer1ng prOJect,v .7
'"part1cularly 1f the ﬁoundatlon 1s of poor quallty. However{

evrdence has been presented 1nd1cat1ng that, in ost cases,

]
RN

.vload transfer w1ll be observed at least towards he concrete e

.

Jstructure.,

6 The results of the shear box tests along

:"i;f501l concrete 1E%erfaces are strongly 1nfluenced by the Sl

fffmethod of sample preparatlon.va the 5011 1s compacted

=“’”'_..'chrectly aga1nst the concrete a straln softenlhg behSVrour {57”"

R )
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f‘u51ng the f1n1te element method (u51ng jo1nt elements and
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v.
Shouldgbe expected. If the soil is compacted in a mold and
subsequently trlmmed to the de51red dlmen51ons,‘a‘
straln—hardenxng behaviour is llkely to be obtained. “//r
7. The tangent1al st1f£ness (K ) is not a fundamental
parameter deflnlng the behav1our of 'soil- concrete
1nterfaces. It is affected by_several factors'such as the>
siie of the'test used‘to detérmine'this parameter.

8. A compre551on, occurlng in the d1rect1on of the

’ shear, was’ recogn1zed in the shear box test. This effect led

to the conclu51on that the value of the tangentlal

. -

stszness as defzned 1n most of the 11terature ava11ab1e,=

seems to have norphy51cal mean;nguand doeSunot‘properly.

: descrlbe the phy51cal behaviour of 8011 concrete 1nterfaces,'

but 1s rather a functlon of the test 1tself

9 Evidence has been gzven to demonstrate, on a

theoret1ca1 oa51s, that the rigid- plastlc model seems to be

-

a more reallstlc constltutlve law for the behavxour of”'

’finterfaCes.'In thisasimUlation sllppage has to be g

con51dered as soon as the shear stress act1ng at the
1nterface reaches the max1mum shear strength

10 The conventlonal methods of numerlcal modelllng

P

't shear box test to obtaln'the parameters) have proven to be

adequate to match the f1eld results. However, better

agreement was obtalned between f1eld measurements and

numerlcal results for 1nstruments 1nfluenced by the same'e,'_

3

factors as the test used as 1nput data for the ]Olnt

w ?

" I
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elements. The most:important seems to be the effect of the
longitudinal compression.
1. The conventional methods of numerical modelling

using the finite element analyses seems not to represent the

‘physical behaviour of soil-concrete interfaces.

7.3 SUGGESTIONS FOR FURTHER ﬁESEARCH
The suggestions proposed in this section will assume
that the value of the tangential stiffness is no longefﬁ
considered as an interface parameEer and therefore the
rigid-plastic model is the moét appropriate to describe the

interface behaviour. Consequently in terms of laboratory

tests, -the determination of the test and/or apparatus best

.

able to determine a "fundamental~parameter” for the

interféce, remains. This parameter seems to be more of a
"strength type" rather than a "rigidity type" (stiffness).
Among the existing parameters the coefficient of static
friction seems to be the most promising.

Second the method described at the end of
section 6.6.5.5 must be tried and t'iﬂgplllty to represent
the behav1our of interfaces verified. fﬁ similar approach has
beenbdescfibed elsewhere (Herrmann, 1978) and can be used as
étarting point. ' |

From the practical point of view analyses of the
geoﬁetry of the concrete structure are necéssary in order to

avoid the high angular distortion observed and consequently

the risk of cracking in the soil adjacent to the structure.



283

Again, the finite element method can provide an essential
tool for parametric studies of different geometries.

The Shear Stress Devige, designed to measure shear
.stresses at interfaces soil?cdhcréte has to be reconsidergd.
In order to confifm the "local" behaviour of soil;concrete
interfaces an instrument able to measure shear stresses but

that avoids the effect of longitudinal compression is highly

Cd

desirable.

Finally the three-dimensional effect shguld be
considered. In thés sense, geometries such as the
"wrap-around” type of junctions between earth and concrete
déms should be studied. |

Another important point to be considered, particulprl&
for earth damé, ié the study of flow of water through

soil-concrete interfaces.
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APPENDIX A - NUCLEAR DENSOMETERS

)

imperative to ensure that construction specifications are

Quality control of earth work construction is
followed. ‘

For this purpose, several méthods have been developed,
presentinb different technology and with varying'deérees of
‘accuracy and sophiétication. They vary>from a simple visual
inspection to equipmeht that inform the operafor of the
compaction machine of the degree of.compaction achieved,
during the operation (Thurner and Sandstrom, 1980)

However, the great mafofity.of methods available‘
furn;sh only the density of the material and consequentlf
its ' relative density (for granular $aterials) or the degree
of compactién (for fine graihed.matefials). The exception to
this role was presented by Hi;f (1961). it is:one of the few
methods that permits the defermination of both moisture
content (the variation with respect to the optimum moisture
content) and the degree. of compaction fdr fine grained
soils, Aimost simultaneously a second method was presented
that makes use of a radioactive source and was-named. the
Nuclear Method (A.S.T.M., 1961). ~

. Although the eduipment for nucléar meésurements was
first developed for 611 exploration (Pantecorvo, 19412, the
technology spreadedvfo several different areas, inclﬁding
Forestry, Agriculture} Botany and Civil Engineering.,

As ma}or ad&antages, the Nuclear Densometers are simple
to operafe, require minimum manFaihance, require minimum

¢
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-

personnel (pne person required), do not require a laboratory
.on the job site, and cénbproduce results faster than any
other method‘.\' )

Although the accuracy of the method is sometimes
questioned, it has been proved that a good calibration can
improve the results significantly (Wannanen, 1964; Holmes,'
1966) and render them completely acceptable.

The measurement of both moisture content andldénsity
makes use of rays or particles emitted from a radioactive
,éooroe. In generel, this source produces foor types of

radiation:

v

alpha particles
beta particles

[

- gamma rays

|

neutrons,

Among these four types of radiation, the first two are
.considered inactive from the point or view of conpaotion
control, since they are unable to emerge from the container
housing the radioactive source.

The weter cantent determination~makes use of the high
energy'(fést).neUtrons emitted by the source. These neutrons
are scattered in.a randon ménner by the soil‘and lose energy.
in elastio-coilieion; with low-weight nuclei, Since neutrons
and hydrogen (a fundamental component of water) have almost
equal mass, the scattered neutrons ‘lose more energy in
coll151ons with hydrogen than with any other atom generally

found in the soil. Some ‘of the neutrons, slowed. by the

K
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colliSions,lreturn-to the vicinity of the source and can be
counted by a thermal (low-energy or slow) neutron counter.
The count obtained is an indication of the number of
hydrogen atoms present. Water-ia the principal’source of
hydrogen atoms in soil and therefore, the count can provide
aemeasure of the amount of water in the‘soil surrounding the
source of fast neutrons

On the other hand, gamma raysiemitted by the source are
scattered by the electrons existing in the soil mass and .
lose energy in the process. The number of scattered rays
returning to a detector piaced near the seurEe,can also be
counted. | 0

The electron density increases proportionally with the
soil den51ty and causes greater scatterlnq and energy loss..
Thus, with increased den51ty, the chances that scattered
gampa rays will return to the detector ‘with sufficient |

13

energy to be counted decreases and the count rate drops. In ]
“common types of so1l therefore, a 1ow gamma ray count
indicates high den51ty and vice-versa (Waananen, 1964). More
deta11ed description of these phenomena can be found in
papers by Belcher et al (1950), Gurr (1962), Johnson (1962),
McHenry_(1963) and Smith et al (1968),»amohg othera.

) Several.different types of Nuclear Dehsometers are
commercially\avai;able. TheYZVary~in shape, are to‘be'used
in'boreholeaVCr at ground surface (or subsurface), use

different radioactive sources and so on. But in all cases)

the basic principle of,operation still holds.
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For this reSearch‘work; a Model BR-Campbell Nuelear
- Portaprobe was used.

It makes use of Cesium 137* as the radioactiye source,
is 35.5 cm X 23.0 cm X 20.5.cm high and weighs less than
15.0 kg (Makowecki, 1979). |

The'moistdre content is determined at the ground
Surface and the_density is obrained‘at depth‘(up to
30.0 cm). Thefsame unit ho;ds the radioactive source and the
counter, and uses a.rechargeable battery.

The test procedure followed the standard proposed by :
ASTM-2922-71 (A ,S.T.M., 1971).

As'mentioned'in Chapter 3, four'measurements ofiboth‘
moisture‘content'and density were obtained after each~1ayer '
was placed. At the same time, small samplés were golleeted
to determine the'moisturevcontent in the laboratory. A

In'Figure A.l1 a correlatioh between the moisﬂured
content obtained by bqQth methods (laboratory determlnatlon'
and nuclear densometer) 1s presented As can be seen, the
‘field results.are'up‘t0'4%'greater. Only a.few.measurement_
_eonrradief this trend. At most, laboratoryomeasurements of
moisture content exceeds those taken io.the field by 0.5%.

_ It is well known that the nuclear densometers(ténd to
furnish higher values of moisture content, but never higﬁer
-7than.1% over the real value. It {s believed that t&é‘ ”
remaining discrepancy beEween field and laboratory;

-— - - — - -

* Other material commonly used as rad1oact1ve sources are
Radium 226 and Americium - 241
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collectlng the samples and,, takxng them to the laboratory
Some samples were, stored a few hours before reachlng the
laboratory. |

’ In Flgure A 2 the}average mo1sture content for each
“layer (average of four tests) is plotted as a functxon of
the similar'averaée for.thellaboratory determination, It ‘can
be botlcedgthat tge scacter has been reduced significantlx,
suggestlng the needsfor'more‘than'one}test.per combaCted
zone. - | ’ |

Unfortunately the densxty vas only determlned u51ng the~‘

nuclear densometers not allow1ng for a similar compar1son
However, 1t is well known that the accuracy in determ1n1ng

aenszt1es, u51ng the nuclear densometers, is higher then for

~m01sture coﬂ\egt determ1nat1ons. | a
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PPENDIX B - MULTIPOINT EXTENSOMETER CURVES
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APPENDIX C - TRIAXIAL TESTS FOR‘FINITE;ELEMENT‘ANALYSES

As discussed in Chapter 6, the Finite Element Program
used to back analyse the'resulfs of the Test Embankment
makes use of cqﬁventibhal‘triaxial compression tests to
represent the behaviour of the soil mass. (Krishnayya,
1873).

Three basic items have to be provided to the .
subroutine, to.obtain the desired elastic parameters.(Bulk
Modulus (K) and Shear Modulus (G)):

) '~ An unconfined cohpression test

-'Consolidaggé drained triaxial coﬁpre;gion tests

covering the range of expected stresses

- Measurement of volume change during shear.
The unconfined tests provide a lower bound for
‘interpolation between results at different‘values of
‘confining;pressure. The upper bound is given by the highest
confining pressure‘used in the tests. Linear extrapalations
" are automatically pérformed for States of stress exceeding
the maximum confining pressure input, |

The greater the number of curves betweén these two |
‘boundaries, the more accurate are the interpolations,
| The volumeé{ic strain allows the ﬁrogram‘to determine
the PqisSon's thio (v). it is not assumed cénsgant but
varies depending on the stress le?el,'

. 'Of thesg three gedhirementé,.only the first two were
'mantained and a new feature was introduced into the program
ailowing for either variable or constant'Poisson's Ratio. In

| 327 R {
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°

the first case, volumetric changes would be_ﬁhput a?d in the
latter, the value of Poisson's Ratio would be given.

- The tests were run inﬂsamgles 63 mm (2.5") .in diameter
and 126 mm (5") high.. Each‘sample was prepared sepérately by
coﬁpaétfng éoil, at the optimum mois;ure content, inside a
 split ring mold. A trial method had shown that by compactin%
the ﬁaterial in three layers, and applying 11 tgows per
layer using a Standard Proctor Hammer (5 1/2 1lb, 12" dfop),
densities around the‘maximum dry density were obtained, as
shown in Table C.1. In the same table values of confining
pressure, axial\strain to failure and maximum shear stress
are also presented. |

After the sa;pie was compacted and removed,from ghe
‘mold,‘both ends were trimmed to bring the sample to the
desirable height. e
| All samples were first saturated using a back-pressure
of 250'kPa * and the amount of-ﬁater flowing into the sample
was monitored.to determiné the end of Volume qhénge.

Finéllf, the sample was sheared using a rate of axial
deformation of 0.009 mm/min. With t.hi.s rate full drainage

A

was ensured. . /

It is .important to note that volume change was not
observed during shear, pfimarily because the influence of

constant Poisson's Ratio seems not §ignificant.

s Accordihg‘to-Bishop'and Henkel (1962, pg 113 - second
edition) a back pressure of 206kPa (30 psi) is usually
sufficient to dissolve all the air.

@ | . | CL s
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71 L] 0" T 6(,
kN/m % kN/m «N/m i
207 13 S 0.0 162 .0 6 0
265 15 0 " 62 0 300 O 145
21 ta 2 119 O 385 2 20 O
19 8 13.8 150 .0 459. 9, 19.9
Table C.1 Summary of Triaxial Compression Tests
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Flgure C.1 presents the stress-strain curves for four of the
¥
tests performed during thlS program. From the Mohr-Coulomb
]

envelope the measured strength parameters are,
- c = 50 kPa and ¢ = 34° i"
For similar material from the Mica Dam, Duncan et al
(1980) reported: |

c =56 kPd  and = 33° to 34°

ey



DEVIATORIC STRESS (kPa)

480

320

240

IGO =
’ . -
s—=a Conf. Press. = O kPa
o——o Conf. Press. = 620 kPa '
80 ~—a Conf. Press. = [I190kPa
o—& Conf. Press. .= 150.0kPa )
O : 1 1 I i 1 ] i 1 1
0. 4 - 8 i2 6 20 24
)/} AXIAL STRAIN (%)
%

?eés-Strain Curveszﬁor Triaxial Tests
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APPENDIX D - DETAILS OF THE LARGE SHEAR TEST APPARATUS

This Appendix presents some design details of the large
shear box apparatus described in Chapter 4, Moét of the
relevant dimensions are shown in the figures that follow,

and a series of plates provide a general view of the

.equipment.
/

) ." 1.
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: 64mm
| S—— _r F:f.'_:: U !I:::; DTl L L T ;1

wwgog

P 305 mm -
;
'uﬁ
@ » 6 4mm
g ‘ l&m\m
)
DETAIL A"

Figure D.2 Detail of Recess for Shear Stress Device
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r

Figure D.3 View of Modified Version of Shear Stress Device
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o

6mm bolts (6 per side)

254 mm

0L 6mm
A

508 mm

Ty

1 | L\

254mm _  19mm

e 23MM i ZOM
DETAIL "D"

: '
Figure D.6 Detail of Removable Angle to Reduce Sample Size
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Plate D.1 Detail of Connection U-Frame - Concrete Base



APPENDIX E - VERTICAL DISPLACEMENT DURING SHEAR

In addition to the vertical displacemerit curve shown in
Chapter 4, in this Appéndix 5 few other curves are presented
allowing for a more detailed discussion of tHe vertical
displacementg measured during shear. As mentioned in
Chapter 4, thelmagnitude“of the internal measurements of
vertical displacements were, in most cases, within the
accuracy of the LVDT used, Theréfore, the quantitative

5

values are not completely reliable.
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APPENDIX F - FORTRAN PROGRAM FOR PHENOMENOLOGICAL MODEL

In this Appendix a listing of the computer program developed

to solve the phenomenological model is presented.

The input parameters are as follow:

NBL

AKA

AKB~

FORA

NINC
TAU3

RETAU1

number of blocks composing the model r
constants for even sprihgs
constants for odd springs
incremental force to be applied to
the model
number of load increments
~)
maximum shear strength for units "R"

residual shear strength for units "R"

The output includes:

1. Forces in all nodes

2. Displacements and shear stresses of all nodes

(;"\
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a0

LISTING OF COMPUTER PROGRAM
. \
MODEL FOR LABORATORY TESTS USING SPRINGS
THE TESTS A#E REPLACED BY A GROUP OF
SPRINGS AND BLOCKS OF MATERIAL THAT
HAVE SHEAR STRENGTH. AFTER THE MAXIMUM
RESISTANCE OF THIS BLOGKS IS REACHED, THE
PARALEL SPRING.WILL HOLD ALL THE FORCE,
BUT THE ELEMENT CAN STILL DISPLACES
/
BOTH SPRINGS
HAVE A LINEARLY. INCREASING FUNCTION TO

DESCRIBE THEIR BEHAVIOUR

(VERSION 84.25 - JUNE/84)

r

C

DIMENSION

DELT(300),AK(200),RTAU(200),FOR(200),

Y

2NCO(200),DE(200), TFOR(200) ,RETAU(200) , TAU(200),

345

1DISP(300),CENTAU(300) ,EXTAU(300),CENDIS(300),

|

3F(200),1C0(200),DET(200),AKE(200),EXDIS(200),

4FF(200)
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READ(5,201)NBL, AKA,AKB, FORA,NINC, TAU3 , RETAU
READ(5,300) ICBL,LCBL "
READ(5,301) ANORM
READ(5,302) KKO
302 FORMAT(15)
301 FORMAT(F15.8)

300 FORMAT(215)

Ik

NSP=NBL#2
IICB=I1CBL*2 .
IFCB=LCBL#*2
WRITE(6,331)
WRITE(6,332)
WRITE(§,332)
WRITE(6,333)
333 FORMAT(' *  [LABORATARY BIG SHEAR BOX TEST
')
WRITE(6,332)
»  WRITE(6,332)
| WRITE(6,331)
332 FORMAT('
x')
331 FORMAT(' | N
*******#****}***{***********************')
.M1=(Ns§)/2

MAA=NSP+2
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" DO 396. K=1;MAA
FOR(K)=0.0
DELT(K)=0.0
ICO(K)=1
396 NCO(K)=0
AREA=(0.66/MI )
FOR2=0.0
DELTF=FORA _ -
 NSP1=NSP-1

DO 2 I=1,NSP1,2
AK(I)=AKB

K=I+1

AK(K)=AKA
AK1=AKB#1.9 ¥
AB=1

AC=NSP

AA=AB/AC b

AKC=AKB#0, 1 ﬁ

AK(I)=AKC+((AKJ—AKC§§AA)

. AK3=AKA%0.8 - 5 . .

AK2=AKA*1.§'

AK(K)=AR3f((AK2-AK3)*AAL

TAU(K)=TAU3 T ;

RETAU (K) =RETAU ’

2 CONTINUE

DO 5000 MJ=1,NINC

WRITE(6,199)



e

WRITE(6,200)MJ

WRITE(6, 199) = v

DO 3 MK=2,NSP,2
IF(AK(MK).EQ.0.0.AND.ICO(MK).EQ. 1)

JRETAU (MK ) =RTAU(MK) x0.994

IF(ICO(MK).GT.1) RETAU(MK)=RETAU(MK)*0.995
IF(ICO(MK).GT.1.AND.RTAU(MK).EQ.RETAU1)
IRETAU (MK ) =RETAU 1

ML=MK-1

R50=0.4*TAU3

R60=0.5xTAU3

R65=0.60*TAU3 o
R70=0,7*TAU3

R75=0.75%TAU3

RB0=0.8+TAU3 |

R85=0.§5*TAU3 ‘\

R90=0.9*TAU3 ?

R95=0.95%TAU3 |

IF(NCO(MK) .LT.1.AND.RTAU(MK) .GE.R50.AND.
IRTAU(MK) .LT.R60) AK(MK)=0,85%AKA
IF(NCO(MK).LT.1.AND.RTA0(MK5.GE.RGO.AND.
IRTAU(MK) .LT.R65) AK(MK)=0.75%AKA
IF(NCO(MK).LT.ﬁ.AND.RTAU(MK).GE.R65.AND.

1RTAU(MK) .LT.R70) AK(MK)=0.65*AKA

348



IF(NCO(MK).LT. 1.AND.RTAU(MK) .GE.R70
IRTAU(MK) .LT.R75) AK(MK)=0.55%AKA

IF(NCO(MK).LT.1.AND.RTAU(MK).GE.R75
2RTAU(MK7.LT.R80{ AK(MK)=0.45%AKA

( IF(NCO(MK) .LT. 1.AND.RTAU(MK) .GE.R80
3RTAU(MK) .LT.R85) AK(MK)=0.33*ARA

IF(NCO(MK).LT.1.AND.RTAU(MK>.GE.R85
4RTAU(MK) .LT.R90) AK(MK)=0.20%AKA

IF(NCO(MK).LT. 1.AND.RTAU(MK) .GE.R90

ERTAU(MK).LT.R95) AK(MK)=0.08+AKA

IF(NCO(MK).LT.1.AND.RTAU(MK).GE.R95)

TAK(MK)=0.05%AKA

S1=0.25%TAU3 \
$2=0.30+TAU3 |
S3=0.35%TAU3. | o
S4=0.38%TAU3

S5=0.40%TAU3

1F (NCO(MK) .LT. 1.AND.RTAU(MK) .GE.S1.AND. RTAU(MK) .

6LT.S2) AK(ML)=1.25%AKB

IF(NCO(MK).LT.1.AND.RTAU(MK).GE.S2.AND.RTAU(MK).

7LT.S3) AK(ML)=1,40%AKB

.AND.

.AND.

.AND.

.AND.

.AND,

349



IF(NCO(MK).LT.!.AND.RTAU(MK).GE.S3.AND.RTAU(MK) .

8LT.S4) AK(ML)=1.60%AKB

A

IF(NCO(MK).LT.1.AND.RTAU(MK).GE.S4.AND.RTAU(MK).

9LT.S5) AK(ML)=1.85%AKB

IF(NCO(MK).LT.1.AND.RTAU(MK).GE.S4.AND.RTAU(MK).

&LT.R95) AK(ML)=AKBx2.
IF(NCO(MK).LT.1.ANp.RTAU}MK).GE.R95)
1AK(ML)=2.000%AKB

IF (AK(MK) .EQ.0.0) AK(ML)=AKB*2.000

DE(MK)=0.0
3 CONTINUE
C -
C
C
CALL SPRING (AK,AKE,DELT,TAU,AREA,FF,F,
INSP,RETAU, AKA ,MJ) |
c
C

FOR1=DELTF
NITER=0
NNK=0

531 FoR0=F0Ro+?0R}

ABC=FOR1

350



DO 12 K=1,MAA

12 FOR(K)=0.0

532 WRITE(6,345) FORO,FOR1

345 FORMAT(' APPLIED FORCE

2323

C

C 4981

520

521

522

1 INC FORCE= ',F8.5)
NITER=NITER+ 1
IF(NITER.EQ.1) WRITE(6,2323)"

FORMAT( 'NODE FORCE NODE

351

',F8.5,"

FORCE

INODE FORCE  NODE FORCE')

WRITE(6,981)

FORMAT' NODE DISP.
IF(KKO.EQ.1) FOR1=FORT*AKE(1)
DO 520 JJ=2,NSP,2
IF(AK(JJ)) 520,520,521
AAA=0.0

GO TO 522

CONTINUE

DO 900 M=2,MAA,2

DE1=0.0 \

DE 1=FOR1/AKE (M)

IF (AK(M).EQ.0.0) DE1=0.0
FOR6=DE 1*%AK (M)
FOR1=FOR1-FOR6

DE (M) =DE (M) +DE 1
WRITE(6,980) M,DE1,DE(M)
FORMAT(I5,2F15.9)

K=M+1 ,

TOT.DISP/INC')



FOR(M)=FOR(M) +FOR6
20 FOR(K)=FOR(K)+FOR]
)
TFOR(M)=TFOR (M) +FOR (M)
C14 13 FORMAT(214,4F15.8)
C
51 RTAU(M)=TFOR (M) /AREA

MA=NSP

IF(AK(MA).EQ.1.AND.M.EQ.MA.AND.RTAU(MA).

IEQ.RETAUl).GO TO 900

IF(AK(MA).EQ.1,AND.M.EQ.MA.AND.RTAU(MA).

1GT.RETAU1) GO TO 667
IF(M.EQ.MAA) GO TO 900
TAU1=1.005¥TAU (M)

TAU2=0.995*TAU(M)

IF(AK (M) .EQ.0.0.AND.RTAU(M) .GT.RETAU1)

1GO TO 667

IF (AK(M) .EQ.0.0.AND.RTAU(M) .EQ.RETAU1)

1GO . TO 900 ' ’
IF(RTAU(M)-TAU2) 900,900,466

466 IF(RTAU(M)-TAU1) 900,900,665

_ C
‘ .
C
c
¥ 665 T1=1.05%TAU(M)
a T2=1. 1%TAU (M) )
i ;
2 : T3=1.2*TAU(M)
¥
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C IF(M.EQ.NSP) GO TQ 900
'FOR0=FORQ-ABC
IF(RTAU(M).GT.TAU(M).AND.ﬁTAU(M).LT.T1i
1 FOR1=0.95+ABC i o
IF(RTAU(M).GT.T1.AND.RTAU(M).LT.T2)
2 FOR1=0.85+ABC . B
HIF(RTAU(M).GT.T2.AND.RTAU(M).LT.T3)
3 FOR1=0.75%ABC ¢
IF (RTAU(M) .GT.T3) FOR1=0.5%ABC
DO 52 J=2,M,2
"~ “TFOR(J)=TFOR(J)-FOR(J)
- 52 RTAU(J)=9.0 ® . N
ANCO(M)=A
DO 23 N=1,MAA
FOR(N)=0.0
« . 23 DE(N)=0.0

. GO TO 531 ' (’

667 TFOR(M)=FF (M)

| FOR1=FOR1+FOR6

‘ C*****WRITE’(G, 12125 M
© C1212 FORMAT('PASSED 667 FOR ELEMENT=',15)
 NCo(M)=2 |
ICO(M)=ICO(M)+1

. RTAU(M)=TFOR(M) /AREA

GO TO 900

900 IF(RTAU(M).GE.TAU2.AND RTAU(M).LE.TAU1)

K

e e



401

533

756

1221

120

1AK(M)=0.0
CONTINUE

DO 401 JH=2,MAA,2

DET(JH)=0.0
MN=NSP

DO 5 KJ=2,MAA,?2

DET(KJifo.O

DO 6 IJ=KJ,MAA,2
DET(KJ)=DET(KJ)+DE(1J)
CONTINUE

IF(AK(MN).EQ.1) DET(KJ)=DET(KJ)-DE(MN)
CONTINUE | |
DO 756 K=2,§sp,2

J=K+1 ?%
DELT(K)=DELT (K ) DET(K)

' bONfINUE )
WRITE(6,1221) (J,FOR(J),J=1,NSP) o
FORMAT(2(14,F8.3,3X,14,F8.3,3X))
WRITE(6,99)

“WRITE(6,120) A ‘
FORMAT('  SP  DISP STRESS
1 SP DISP  STRESS ')

DO 675 1=2,NSP,2

DISP(I)=DELT(I)*1000.

675 CONTINUE
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99

1409

21

1410

WRITE(6,202) (K,DISP(K),RTAU(K) ,K=2,NSP,2)}

WR1T¢(6,99)

FORMAT(/)
\.

~

NKK=0

EXDIS(MJ)=DISP(2)

CAREA=( (IFCB-IICB)*AREA)/2.

TOTFOR=0.0

WRIfE(6,1409)

FORMAT(' INTERNAL FORCE')
DO 21 1=IICB,IFCB,2
TOTFOR=TOTFOR+TFOR(I)
WRITE(6,1410) TOTFOR,CAREA
FORMA‘ZZF12.6)
CENT=TOTFOR/CAREA

CENTAU (MJ ) =CENT

 MA=IFCB-2

1598

1411

‘(\ %

22

CENDIS(MJ)=DISP(MA)
FORMAT(2F15.8)

EXFOR=0.0 |

WRITE(6,1411)

FORMAT(' EXTERNAL FORCE')

NSP2=NSP

. DO 22 J=2;NSPz,2

EXFOR=EXFOR+TFOR(J)

¥
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.EiAR=AREA*(NSP/2)
WRITE(6,1412) EXFOR,EXAR /
1412 FORMAT(2F12.6) |
EXT=EXFOR/EXAR
EXTAU(MJ)=EXT
1599 FORMAT(2F1S;8)
5000 CONTINUE
5001 WRITE(6,1597)
‘1597 FORMAT (' INTERNAL MEASUREMENTS')
| WRITE(G,1598)(éBgDIS(I),CENTAU(I),I=1,MJ)
C WRITE(6,1600) -
C1600 FORMAT(' EXTERNAL MEASUREMENTS')
C WRITE(G,1559)(EXDIS(I),EXTAU(I),f=;;MJ)
: ' -
C
C ' FORMAT STATMENTS | -~
C . &

199 FORMAT(' . EREEKKRERRRRRRKRIRK KRR RKERRRRK" )

200 FORMAT(' *x*  INCREMENT #',14,' o

¥k%%") °
201 FORMAT(I4,3F18.3,14,2F8.3)
202 FORMAT(2(3X,14,F10.4,F10.4))

.STOP

END

&
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SUBROUTINE SPRING

SUBROUTINE SPRING (AK,AKE,DELT,TAU,AREA,
1FF,F,NSP,RETAU,AKA,MJ)
DIMENSION AK(1),AKE(1);DELT(1),TAU(1),
JRETAU(1),FF(1) ,F(1) -
IF(MJ.EQ.1) WRITE(6,401)
401 FORMAT(' SPR. # CONST.
,1 SPR. # CONST. ')
fg(MJ.EQ:1) WRITE(6,400) (I,AK(I),I=1,NSP)
WRITE(6,99) |
99 FORMA%?)/)
400 FORMAT(2(3X,14,2%,F15.3))
MA=NSP
MAA=NSP+2
IF(AK(MA).EQ.0.0) AK(MA)=1.0 7
DO 409 I=1,MAA " te
409 AKE(I)=0.0

NSPA=NSP

. N
A< »

&

. MMeNSPA+1 7

DO 1 J=1,LM,2
I=J+2 | A
K=J+1 _ | fif i ' i ‘ ..

A=1/(AK(NSPA-J))



12

76

78

77

300

-

B=1/(AKE(MM-J))

C=A+B

AKE(NSPA-J)=1/C ‘
IF(J.EQ.LM) GO TO 1

AKE(NSPA—Kf=AK(NSPArK)+AKE(NSPA—J)
F(K)=TAU(K) *AREA ;
F (K) =REJAU (K) *AREA

CONTINUE

AKE(1)2AKA*0,25

IF(MJ-1) 76,76,78

AAA§=AKé(1)-

AKE(NSP+1)=AAAA

- AKE (NSP+2)=AAAA

IF(AK(MA).EQ.1.) AKE(MA)=AKA*1000
IF(MJ.EQ.1) WRITE(6,77)
FORMAT ( ' NODE- EQ.CONST

NODE EQ.CONST ")

IF(MJ EQ.1) WRITE(G 300) (1, Agg I) I=1,NSP)

WRITE(6 99)

FORMAT(2(I4,2X,F15.5,4X))

. WRITE(6,99)

RETURN

END | ' | Y

o
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APPENDIX G - GOODMAN'S JOINT ELEMENT FORMULATION

- This Appendix includes a brief derivation of thekjoint
element proposed by Goodman et al (1968).
4 First, the element "strains™ are defined as (refer to

Figure G.1)

Puoﬂ r(uk + Uml/2 - (u; - uy)/2 ]
le;] = |vo| = J(ve + va)/2 = (v, - v;)/2
B | el [ - v/t (v, - /e
li% o v
- where:
[e,] - element "strain matrix"

Uo, Vo épd wo, - displacements defined for .the center
" of»thf element. These values also considered to be
the. in the tanéential, nofmal andfrotationai stfgin
components 0f the element.
Therefore, the strain-displaéement'relatiohship can be
writen:

- . S . v
-1/2 o0 -1/2 0 1/2 0°1/2 0 u,

e, = | 0-1/2 0-1/2°0 1/2 0 1/2 Uy

0 1/t 0 -1/t 0 1/t 0 -1/e] | um

]

- -

This equation can be writen\as:

ey} = [Lod U] eetieieeenieein. (L)

. i:,z \;
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Note that the third line of the L, matrix corresponds-tq the

4

rotation. Its application has no meaning in soils and
thereforé its calculation will be disregarded. Similarly,
the calc®lations of moments will also be neglected and

matrices {e;} and [Lo] will have their last line eliminated.
ST _ :

The stresses are relaté&‘to the nodal forces by the -

i

following equationé: A
Aan = _]_ (AFn vt AF,., m)
t B
and ,
. ar.y = 1 (&F,  + AF, o) -
. . t . ‘ .
where: . — X : 4

N

Ao, - normél stress in the direction of the n axis
- \ .. REE
At,, - shear stress in the direction of the {_ axis

O

t - length of joiht element . v;'l ,_7‘
AFnk-—wfo;Ea applied to noae k in Jh%a" direction’
AF o\ - fofce appiied'tptnode m in éhe n direction
AF,, - force appiiéd to node k‘in the 3 direct{on‘w

AF, . - force applied to node m in the ¢ dirgctfoh

s

In, general, these two equations are written, in

form, as:-

AF, -t/2 0 N\
N AF,‘ l . 0 _t/z g / \
AF, 1. -t/2 0 : ‘ L
aF, ;| = | 0 -t/2 AT, /
‘ AF. k1l l /‘t/Z 0 Aof,, : /‘
AF, 0 "t/2
AF, t/2 0
AFy m 0 t/2 e
L o L L o ' .
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or,
{aF}, » = [B] {A0 ), n conenninnnnnnns (G.2)-
The stresses in the joint elements can be related to

the "strains” using the constitutive matrix:

ar, . K,- 0
. ” Ao, ) 0 Ka :
)
X
or, | |
(80}, o = [C,T{e K voveeeniuennneeesinns (6.3)
where: | | ~

. [c;] - constitutive matrix o A "
"By using equations (G.1), (G.2) and (G.3) the nodal

displacements can be related to the nodal 'forces as:

»

(8P}, o = [BIIC,1Lol{ul, o vevererensn (G.8)
or, .
{aF}, o= (K] {ule o
where [K] is the stiffness hét}ix defined as
(K] = BBI0C, 1MLl wvvnreriiiiieiinn (608)
Finally it :;méins to express the stiffness matrix iﬁ
terms of the glogai coordinate systém X aﬁd y. This can be

‘ o L . . . '
conviniently dofie by using the "transformation matrix" as

shown below: : 3
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s 3
¢ w
AF, cosa sina F.
R = . .
AF, ‘]-sina -cosa F,

9

for each node. For arlhtwﬁknodes, in short form, it can be

written:

Y AN e = DT (Fle g eevenveneeneeneeness (626)

L

where, the value of a can be determined from the joint

element coordinates as .follows:

a = arctan [(Y; - Y.)/(x,'~.x.)]
where:

D ST § coordinate of nodes j and i respectively .

s

X;,y X coordinates'ofAnodes j angd i ;espectively

‘Similarly, the displacements can bé\transformed to the

gldbal coordinate system X and Y as:. . \ ) .

N ¢

\

{ul, » = [T] {uly , (G.7)

[

. , ’ |
..-Equations {G.6) and (G.7) can be introduced in equation

s(G.4) to get the nodal forces in the global coordinate
system, as a function of displacements in;the'same~5ystem of

®

cobrdinates; I o ®
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[T] {aF}.y = (BI[C,I{Lo)ITI{u}. ,

or, using equation (G.5):

. . A | |

| |
. -.': ~ . - :
{AF}‘ Yy = [T]-'[K][T]{U}, y © 08 0 00080000 00 (G.B)
, ‘ .

It can be shown that the transformation matrix has. the .

propertylthat:

o _‘-'T \
[T]- =+ [T

N
>

v ’ Conseqqgntly; expression (G.8) can be.rewritten as:

”

.{Ar},~,'= ['r]T ERIIT] {ule y venvenvenn..- (G, 9)
N $ l ;. \ , r
Expressxon (G. 9) can be eas1ly 1mplemented into any 7
’ F1n1te Element progdam us1ng routine methods of assembly,‘
’ storage and equatlon solvers, such as those mentxoned in
Chapter 6. Therefore, ‘using the d1splacements prov1ded by
previous anslyses, equat1ons (G. 1) and (G.3) prov1de the
strains and stresses in the Joxnt elements, respect1vely.
S It s 1mportant to note that equat1oﬁ (G.1) was based -
on the‘Essumpt1on that the dlsplacements of the. center of "

the ]Olnt element equal the average nédal d1splacements .

 These average dzsplaeements vere called element straxns in

analogy to sglld elements and these stra1ns were consxdered

.
VRN
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| - _ PO _ _ |
6*\be constant thhxn the element Thxs assumptxon requxres,

for compatib111ty reasons that the elements used to

L3

-repreéent the so;l mass placed adjacent to the Jo1nt element ;'.
‘follow a sxmxlar a55umptzon. S1nce the solzd element used 1n -:

the program INTERDAM wasg of a constant straxn tr1angular ——

e ' ' ) ’ EY

type, thxs requxrement was £u1£1lled

[ 4



xx H - cons'rm'rxvr uon:x.s mprmsn'rrn m m'rmnmm 3

Sev ral co&stxtutlve models have been 1mp1emented in L ;-]i
the progr m INfERDAM to study the best representat:o for *iilf
Jo1nt elem ntw. In thxs Appendzx, all these models a 1;;}%
%, 1*

’ e

presented in luding a brzef d1scussmon of the1r advantages ;gf%

and disadvan ages. An example 13 presented compprxng the ,
'aperformance of the nonlxnear models.f_' ) M
ST f‘”.. : « o -
'l7 sza.ianear Elastlc Law ) " :.‘i§j
An obtion to assume lxneer elastxcxty for the . ﬁ%{ )
| tangentxel stxffness was 1ncorporated 1nto the prggram.‘ e .
€ E

... b. Nonlxnear‘ﬁlast1c Laws
The tangentxal st;ffness for a nonlxnear analyses can

be obtaxned in four dxfferent ways. All of them are‘based on”i

| f results of laboratory tests, 1n most cases assumed to be a

dxrect shear box test The methods are described below. ffv

A b 1 = Hyperbol1c Model fdff<lfm*e57' B
- The hyperbolxc modeI was developed by Clough and f‘~‘ o
Duncen, (1971)\3nd used thh»sucess 1n modell1ng ' '

isand‘- concrete interfaces 1n the analysxe ot Port Allen ;?;j;,.,T

%

feE’{;Lock (Duncan and Clough f970) The derivetion of thxs model

1s 1dent1ca1 to thet used by Duncan and Chang in 1969, in f-553~?}

the derivat1on of the hyperbolic model for solxd elements.¢-flrif;

"lThe major dxsadvantages arez igjf‘?‘l.f;fuffaifﬁfft‘“
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C- the shape of the sheer stress shear |
| dxsplacement curve has to resemble a hyperbola for
‘the method to be eccurhte. fhxs 1s ot always the i

A,~- R : R |

’cese._ o | . - .
,__f*- The renge of epplxcebilxty of the method is ;,/
~ Up to 75% of the mgximum sheer strength (based on,
}.;experiences with solid elements -.Christxan,.1980)

-1'A1though this renge 1s lerge enough for most . |
hgebtechnical applxcatxons (Chr;stlan, op cxt) 1t ;‘![’
_‘useems not to be the case for interfaces, where

el reletively h1gh sheer stresses develope for small

“;;normel stresses. Theﬁffore, ¢he method seems
‘hhsuxteble for slmulations other than the "durmng

o constructxon“ phese An exempln:rf such epplxcatzon o

"_1s the develdpment of activezand passxve pressures
'f,i*’sdue to movements of a reteinxng well (presented by

’?Clough and Duncan, 1971)

”WQ”- It wes proposed to represent e conventionel _r“r_

7?fh{direct sheer box test end experiences w;th other

A;jstress-peths heve not yet been reported -fFfi;_U?jdfiﬁ

The mejor edventeges ere zss simplicxty of epplicetxon

and eesy of obteining the input peremeters";
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‘b.2 - ngitel Model

2

,’ A model sxmllar to thet proposed by Kr1shnayya (1973) _Wﬁ;
?13 suggested to obtain the tangentzal st1ffness for ‘the -

'_Joxnt element. i q‘, o o ’;* o '.'153\

-

e The stress dlsplacement curve 1s 1nput for descrete

__poznts, for several values of normal stresses. The routxne

L}

:a - seerch for the appropr1ate curve correspondxng
dé ;j to the normal stress of each partxcular element.v._'
o':'b -ffor that level of normal stress search for ‘the

flrst value of . shear stress anput that is. lower than
f'tfthe shear stress of the element." o f
;fc = for thet level of normel stress search for the
'rfxrst value of shear stress input that is’ hlgher ;f
.than the‘shear stress of the element._ e
B d - determlne the Sheer drsplacement correspondxng
- n;_to each value of sEear stfess determ1ne6 1n steps b -

'_4 R - A

:’and o ’.eg

"'f{{g}jﬁe - celculate the slope of the straigbt lzne Joxnted

ﬂ!‘fﬁby the pezr of points £ound ln b c ané d Thxs is s

“':Eﬂ;the value of K.. used in the subsequent step of | kjsifﬂ

“frloedinc;.f,,f;;{q}"“'""-~'r,

ues of 1nputed normal stress is ellowed if the

corresponding normal stress of the(element does not equel

R

"‘

'f‘.to determxne the velue of K.. 1nvolves the followang steps' \"

'

S R L T . *\Sﬁzsfei‘
,.It is important to note that interpolatigp betveen two ;fj:
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vone of the 1nput curves,
Several d1sedve7ﬁages can be poxnted out. for this.

method'ﬁ

_lr The method ould requxre a test with zero normal
load to be perform d (lower bound), in order to allow
hlrnterpolatrons for low normal stresses, as’ occur for early
stages of loed1ng: In most cases, such e test would provxde ‘

-unsatxsfactoryustress—displacement curves and can. not be

' ‘1mposed es a requrrement. Furthermore, extrapolatrons from

V'fthe lowest vadue of 1nputted normal stress can lead to

‘predictxons of negative normal stress values and numerical

\

'rlproblems vould arise.n-“ e

To overcome this problem it 1s proposed=that the t\rst

o4

f“dxnput curve w111 be used for normel stress 1evels below the

.;cfxrst 1nput normal stress. Thzs mxll lead to a stlffer ]oxnt:'
*element fOr lou normel stress lewels and requ1re tests to be
performed vrth normal stresses as low as poss1b1e. -
L2 'Sxmrlar to the prevzous model the value ot K 1s
sdependent upon the celculeted value of normel stress.rAs ;r

'fi‘mentaoned before, this value depends upon en assumed value“'

"',rof the elastlc pa meter Knne Whether or not the celculeted »r“‘.

f*lf stress level is correct\is st111 an open questxon and the S

:A%ﬂfnormal %tress can very signrficantly depend1ng upon the 1h,J
ﬂflstiffness imposed ' \ : '} L
'1"3’ In terms of adventeges it cen be seid thet._._

There ere no signs thet numer1cel problems arxse forfTe

Ef’gffdegrees Of strength mobrlizatxon greater than 75:..r:],-“j dftfl»

AT S L ‘ 7 s



2, Stressfpathszother_thah‘that'of the conventional_

o ' R r» '

~shear box test can be used, T »
- . . *:‘-' ‘. ./ ‘ v.

v ’ .o o

S BT —
. b.3 - Modified Dig1ta1-Method

In order'tO'overcome the'normal stress dependency, a
modified d1g:tal model is proposed. L

In this method, the search for the appropr1ate curve is .

not dependent upon_the calculated normal stress, but on the—
shear dlsplacementl ‘The - method 1nvolves the followxng steps-
‘; a*- search for the rnput d1sp1acements immediately
smaller and higher than the calculated dlsplacement.,c
E b - er the f1rst lower 1nput dxsplacemegt (5,-1), ’
determxne the fxn;t shear stress h1gher than the -
calculated shear stress of the element.‘Get the

f1rst one lower than the one searched RN

I VR ‘ 4 b=~ N - cea

o c'- determlne over whxch curve thlS poxnt 1s located
\ ‘ . . : . i L .o C o R '

d - get the shear stress correspond1ng to the £1rst
h1gher inputed dlsplacement (6;.|) over the same
curve.., | -

E e = 1nterpolate between the points obtaxned 1n b and

: N

S d and determxne the shear stress correspondent to
the calculated shear d1splacement (6 ) R

5s£;,ocheck whether the calculated shear stress 1s o

hlgher or lower than the 1nterpolated shear stress.i_[,}i

g - 1f higher, get the next h1gher curve and proceed !

.'-.‘. r.: .
: ’ Cu



;f;?dependent on a,.*v’f:sh

\ ’
and proceed in sxmxlar fashion. (
"h - 1n'case-the.;nterpolated shear‘stresglls lower
.than the shear'Stress'of the element and °the curve

searched in c, is the f1rst one inputted,
Co

extrapolat§0n 15 requ1red Therefore the naxt hzgher

™~ e

curve 1s uSed.‘ |
{i -:determihe‘the‘interpolated'hormalvstressrusins'
the two curves chosen as expla;ned‘before.

J - determxne the 1nterpolated shear stress for the

“two values of shear d1splacement 6,., and 5q49

k- determ1ne the slope of the curve determfﬁed 1n .

and thxs 1s the value of K,. for the next step of

S M
T loadxng.e | 7 ‘ .
.‘. The-advantages of'the%method-are as-descrihed;belok? '
' f?ﬁ, éllovs extrapolat1on without rxsk of- pred1ct1ng
degat1ve n'r"al stresses.rh‘ R '-':‘ ;'y ;/\’

2. The method is 1ndependent“4¥the calculatéﬁ normal

r

fistress of the element.; Z; ) -‘ »;

- (oo oo
' ,t The major d1sadvantage l1es°1n the fact that the shear -

f.

Ar:stress of the element, ngeﬂ by.

| T - K‘. x 0’.‘ .J’I‘ \

3N

- as 1n b, d and e, If lower, get the next lower curve

-

jif1s based upon values determxned from the prev1ous values of

g

f-ffﬁ" and r. In other words, the two values (r and K..) are

'.',u_'

It 1s 1mportant to ment1on that the sxze of the JOIHt
\

rﬁ?ﬁ*ﬁelement 1nf1uences the average dlsplacement calculated as

Lo '_q_ 'c,'-. R T \ . -‘Z‘. A /A e T BRI
I s Cee e é I GRITETE Y G

o

..

3
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\\1 /f‘-;‘ i V i | '
S ~proposed in Chapter 4. Therefore, any formulat1on based upon.,
v .
h the calculated d1sp1acement has to be corrected f0r thf size N
of the shear box test used In other words, 1f a shear box.
.‘ ’ ’ ‘ !
L test thh dzmen51ons ”I" .is used to repreSent the behaV1our ..
wof a Jo1nt element'w;th length "L" the value of the
Lo d1splacement to be Gsed 1n ‘the above procedufe would be
) . o o . & .
given bys: . ‘f-\ ‘w-‘, ,." ® R S
Lot . ’ . '\-\ ° . ’ 7 ’
\?v ) _ ;'\¥§' o
. o0 = 0,0 % /L, r
. /\ c : ’,',”C R o o .

| A further d1sadvantage regards amount of of the 1nput
data requzred. If good accuracy 1s de51red several po1nts"

. should be 1nput and ‘the process of data entry becames very |

tlme consuhlng.

i # . ! ' : . o
e A T /,r/ - . : ) . . - .
SRR U SR S _ e
A DI S : U, - .
' . / LA . . ) . 3 . . v ) LI

/ S i et '

e b.4 - Normahzed Shear itress Model (r/a)

-/As mentxoned in Chapter 4 a new const1tut1ve law was

/

pr#posed based upon the test results.‘ :

| /w It was notxced that in. most cases, if the. tests were,' -

) plotted w1th the shear stress normalxaap for the normal

/"
_5,/ \Stress, a narrow band vas obtaxned that could be represented

.h;'} bx two. straxght lznes.-plT;,fpﬁ;i;fvplffgﬁ’; Hs:hgﬁt;', S

/7~fj@' In thxs method the dzsglacement, corrected as mentloned

: G
before, 1s used to determln

,he correspondxng value of'thepfﬁ'/

s rat1o f/a. S1nce the method 1s‘b111near th;s value 1s
N

obtazned by usxng elther of the tw0\equatxons prov1dedf}?fﬁ*;fv‘ﬂ




%!

=z .

't/qfat&ntan é}&' fe: 5 S'6itﬁ ‘ ",4. 5 ',)_f"v
© t/o = (t/0)o * (5'_-§°)-‘te;n-4>,-_foa 5 > 8o
The shear stress can the?efof% be obtalned by 5
mu1t1p1y1ng the ratlo r/a obta1ned above by the |
'correspondzng norme} stress calculated for the eiement. ‘Thé

. ®

,,shear st1ffness was then obta1ned as?

;.;v;ff' Ko = 7/61£ 6 < 6o

(r - ro) / (6 - 8 ) 8 > 60
As 1n the flrst d191ta1 method descrlbed here1n (see
;b 2), the major dlsadvantage of th1s model 11esC§n 1ts _'
fdependency upon the normal stress. Partlcularly, for the

,'£1rst stralght llpe, deflned as..k.f'*) ;_fh> !

- 'i

o f1t can be shown that the st1ffness 15 dependent only on the\

".’:‘,anmal-str._?-Ss. 01" f/ B
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» , 3
it iolloﬁsdthat:‘ - ; L i S .
o ) cl» o A
. ) E : A » v N
[r/(an}x 6)] tan Qu . . 1 A
‘or R : . .. | .

“a. .« .. . 'ﬁ

K;l‘ =‘ T/6 =/Ao,.n tan@i Olq‘c.oo‘oltpbo -’20’0’.”;0-'0?“'.0'. H"j3

Slnce the value of 0, 1s. not rellable, 1t 1mp11es that

.

As w1th the hyperbol1c model (see b‘dJ the major

advantage is 51mp11c1ty of parameters 1nput
( .
In order to - ensure that the nonllnear stress
- R
dlsplacement models were be1ng followed Wlth acceptable s
R |

£1de11ty, the sub1ncrementa1 procedure, descrlbed in lt%F g

, of sectlon 6 2 2 of Chapter 6 was 1ntroduced ThlS

procedure 15 partlcularly 1mportant for the last method ‘

descr1bed the normallzed shear stress model near the

v tran51t1on between the two stra1ght llnes, pr1mar1ly due to '#‘f»

the abrupt change 1n slope that takes place._w

The accuracy of all four nonl1near methods of

determ1n1ng the tangentlal stlffness was assessed us1ng a

S1ngle example. The mesh used was the same as that used to

test the 301nt element procedure (sectlon 6 4 1 1“ ;. | di 'X\\ g

’”5lirChapter 6)

The run was performed 1n twelve lpadlng steps, the,
" .

7_‘_£1rst one be1ng the appl1cat1on of the normal stress, equal

.-_‘vi‘.‘~
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-

to 90 kPa. From the second to the twélveth steps, loads were
imposed at 6odes 3 and 6 (see Figure 6.3, Chapter 6). The
loading Stéps were chosen iq{order to appiy "smail
increments” of load. No tests were performed to ensure that
the increments were small enough to producé the best
results. .

The results of this test are presented in Figure H.1 .
It can be seen thagithe digital met;ods (for this example
either oné sinc; they provide exactly the same result)
provided the closest resuit to/pqth the interpolated curve
(linear interpolation between'the«two inpqtted éurves) as
well as to ; test run at a norm§% stress éf 90 kPa. Note
that if subincrements or smaller loading s;éps were used all
curves would get‘pLoser to;Ehe "correct” ‘result, but even
then th? dig;tal would have provided the West agreement.

Therefore, the nonlinear analysis presented in

. N \

. subsequent sections will make use of a digital method. ®

Furthermore, it was decided to use method b.3 (modified

digital). for the reasons pregented above.
' R

*3
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