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TENPORARY EXCAVATIONS IN SOFT (LAY |

ABSTRACT

The objectives of #his thesis wene o analyse
procedunes fon finite element analysis of temponany
‘excavations in clayey soils, 4o neview some case
studies and o obtain some neliable solutions fon
practical problems. ‘

 The procedures developed involve the use of
incremental finite element analyses with non linean,
sitness-dependent, x_nelzw tic soil behavion,The soil
- otress-sitrain parametens nequined fon these ana,[‘,we.av
may be deteamined from the /Le.oLLLtA of triaxial com- ':
pression tests.lhe paopenties of the uuée/z./ace T
elements ane expressed in iteams of. a nonlinean, .
stness~dependent, sitness-displacement ne,la,téon,a/z,ép.

Some classical methods are also neviewed .in
onden to establish the basis fon the rcquined AMy.
A Application of the analytical procedures de-
veloped #o some specific case studies showed that
the procedunes gave nesulis in good agreement with
- the nesults of extensive uwz‘xz,wnen,ta,uon programs
on these structunes.
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YUIISAK KILDE GECICT KAZILAR

OZé/

Bu zezin amaglans: 40n,lu elenanlan metodu ile hilli .
zeminlerdeki gegici hazilann yontemlerini analiz eimek,
daha onceden yapiimiy problemleri teknar gézden gecinmek
ve bu tindeki kazilan igin givenilin aonuglan elde etmek-

- Kullanilan yontemler ,lineer olmayan ,gerilmelere
bagemle, elastik olmayan zemin davaaniglarnt sorndu ele-
manlan metoduyla inceler.Analizler igin gerekli olan
‘gemin degigkenleri igeksenli basing testlerinin sonuglo-
nandan elde edilinebilinAra bajlayice elemanlorin 5zel-
Likleride lineen odmayan ,gerilmelere bagumls genilme-
deplasman 6aglan,tdwu.yla ifade edilmiygzin.,

Baze klasik metodlarda, galigmalanan Zemelini olduy-
tunmak igin teknan gizden geginilmigitin,

Geligtirilen analitik yontemlerin bagze belinli
gegniy caligmlana uygulanmasr gostenmiytinki, kullanilan
yontenlerle elde edilen sonuglar bu caligmelardaki yogun
 arazi clgiinleniyle izlenen sonuglarla tom bin wym igin-
dedin,
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GAPTER 1
INTRODUCTION

Design of a temponary excavaition such as baaced,
tied;back, etc. in an urban area requines a knowledge of
the movements expected o be caused by the excavation in
surnounding. aneas. Taaditionally, prediction of the movements
in such cases hes been made purely on the basie of expe-
nience,Howeven, the finite element technique gives us a
2ool which has the capabilities to allow analytical move-

| . ment p/z.ec&_cix.on,d Zo. be made. ALéfLougfL some osudies which

have been neported previoysly suggest that the finite

" element method can be used o make suitable predictions
of temponamy excavation behavion,the state-of-the-art in
this area is not well established,and the available lite-
ratune often is con,&Lcctuv.g and confusing as to how such

an analysis should be lpeﬂ.,fa/uned and wﬁei/z.eﬁ. o not it will
" provide reliable p/z.ec{/.ctcorw

' On the analytical side,it Ls. pomu_ble o Lind a numben
c.:/.7 diffenent methods used to simulate excavation effects

" and various constitutive models employed to simulate s0il

behavion but the guestion of how much the various sodution
techniquea affect the predicted behavion has not been
answened,On the pracitical side,the engineen will find
authonities often pointing out that duning temporany exca-
vations, the analytical predictions ane subject to distrust
because, (1)it is difficult to define soil strength and

" defonmation parametens, and( 2) consitruction sequence,which

affects behavion significantly,is often subject to change

during constauction,aften analysis is usually complete.



Thus,on the basis of both analytical and practical
considenations, questions can be raised as to how zhe
tinite element method should be applied Zo iempom)z.g
excavations and how reliable the predicted results are.
Jt is Zhe purpose of this thesis o deal with these
questions specifically as addressed 4o excavaitions in
clays,and to pn.ovide a neliable use of the finite element
method in analysis of Zemponany excavations, The nresults
of case histony studies have been very useful and experi-
ences Leanned from them have became a guide line fon
this investigation,
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C/Wwfe 2
STRESS-STRAIN LENAVIOR OF FOUNDATION sooLs
2.7 INTRODUCTION

The stress-stnain behavion a,{ any #ype ofsoil depends
- mainly on the factons such asjdensity,waten content,stauc-
- Zune,drainage conditions,eirain conditiens,dunation of
. loading, stness histony, confining pressune, siness level,
Gn many cases labonatony Zests on selected soil speci-
mens give good aesulis o simulate the field conditions.
When appropriate Zesting procedures ane used thie siness—
strain nelation obtained in the labonatony could nepresent
 2he actual aeoporwe of the soil in the field.Jz is found
2hat the soil behavion oven a wide nange of sinesses is
non-linear,inelastic and dependent upon the magnitude of
confining pressure.dn this chapten,a simplified ostness-
otnain nelationship is descnibed which takes into account
the nenlineanity, sness—dependency and inelasticity of soil
- behavior proposed by'Cloug/i. ( Figure 1 )

2.2 ANALYTICAL FORMILATIONS FOR THE STRESS-STRAIN

BEAVIOR OF FOUNDATION SOILS
: Luncan and C/zan.g/ 1969} have employed two aelation—
shipas,in thein formulation of etness-sirain behavion of a
soil, the finst one is a non-linean,strness dependent behaviox
during primany loading and the second is the same be/taw.a/a
dwu.n.g wloading and reloading. "
/ rimarny doading
This be/zaw_om Lo simulated by Kandnea ( 7963/ by ¥ the nela-
tions

G | o
in which O 7-03 Lo i/Le p/u_nupa,[ siness diffenence: € Lo szce

“axial otrainiand a and b ane corwian,to

-3~
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Figure 1.fyp:ica1 Stress-Strain Curves For Cyclic Loading of a soil

Sample (after Clough,1969).
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Typical Hyperbolic Siress-Strain Curve

Asymptote = (a3 - 03) 3= !/

!
Et

£ =0

Stress Difference, o\ -Gy

Axial Sirain, €

Transformed Linear Hyperbolic Plot

(Axial Strain) /(Stress Diffefeﬁco.), €/(0;-a3)

Figure'Z.Typica1 Hyperbolic Stress-Strain Curve and Transformed

Linear Hyperbolic P]ot,(aftef Kondner,1969).



(fq,ua,ti.an/ 7) may be rearnanged in z;fte fonm:
€ | -
| | .—-—-—-—-—0_7_0_3 = a+ b€ C (2.2}
in which the inteacept aiezg,a,u the aeciprocal of the
initial tangent modulus and the slope,b, is the reciprocal
- of the asympiote of the hypenbolic cunve,( 0~ 3} Figune 2).
' At thie stage,it could be de)ﬁuzed an emp.uu y deten-
. mined "failune natio,” 7?){ ,

EZ 7———540’ =73) ~ o (2.3)
0,0 ult : :
vKu,Umwy (1969) /m A}Lown. 2hat 7?; is commonly about 0.85 for
many soils.
. Duncan cmd (Chang (1969) have differentiated (fgua,twnf 2.7)
and they have obained an exp/ce.oawn. for the tangent modulus:

Cr = 7"%72){ } -g o é;

(o- )f_g (2

in whick /0' 6}/(0— 0‘}4.4 the stness level which can be
’ de,{meduz .teJLmA oﬁqﬁand cad

org %G
(68 ), Oy {tan(45+8/2) Yr2etan 45/ 2)
Bg subsitituting the value of E; as ¢ B
éi_.zkm Pa {_23_} - R : (2.6)

. | Pa - .
and rearnanging Equation 2.4),the equation fon £ ¢+ was
ob.ta,w.eci as ,fallowa |
T (6;-9; )

£ =lli-

(2.5)

. <

Ko (D) (2)

Pa

| ( 5t
lUnloading

" Duncan and C/zan.g (1969) have. de,&n.ed an unloading and

' /z.e.[oad,m.g modulus (f as :

-6~



(fu/z,— mpa/. } : E ‘(2.8}

‘whene : é is the l.m,[oad,mgmodulu.o K in and n are
constants, ,{wz. a given soil, This fomm o{L equation is

the same as the one which was obzained fon the initial
tangent modulus. Holubec (1968) and (hang (1969) have
shown that tlie exponent n is the same for Equationf2.6)
and Equation (2. 8/ [w,z‘. zthe value o,{/( is gneaten ﬂzan.
the value of K
Procedure of Ana,l!,wu

The stess-sitrain parameters in the ,fozzmwlaz‘,wn deve-

léped by Duncan and (hang (1969) are sirness~dependent,

This nesults that the modulus value of each element in a
tinite element mesh could be different.For a given incre~
ment, the modulus value is evaluated fon each element .in
Zeams of existing stresses, Jteration may be nequined if
Zhe change in Azbceaoe_a within the increment are large ne-
dative 2o the Azf/z.e.oae.a existing within the element paion
to execution of the incnement. | |
, Duncan and (hang (7969) have developed a criterion o
. control the use of £, on &y ,based on the maximum previous
value of ! /-on. any value of ©- 3.le.44 than the maxi~-
mum previous va,[ue 2the modulus & w0 applicable,and  fon
any value of ©,- -G greaten than the maximun pnrevious value

éi Lo a.pp.&.cable ‘

Labonatony experiments naponted by Duncan and (hang
(71969) have shoun that the proposed modulus relationships
could predict the actual stress-sitrain behavion of zf/ze
samples to high degree of accuracy.
 Deteamination of Parameters from Direct Shean and
One~Dimensional (onsolidation [ess

For long zeam analyses, the siress-stnain behavion of
a soil should be deteamined unden drained test conditions.
Many clayey soils have a veny low peameability.

A )Zu,uy drained #riaxial Zest on these soils Zakes a
very long time,and it is no feasible.Fon practical neasons
wo labonatony tests in which drained conditions ane employed

-7-




are used o deteamine soil parametens:
1-Dinect Shear Tests:To detesmine () and '
2-(onsolidation tests:fon K and n |
Dinect Shear test. The nesults of these tests mayrbe employed
in the hyperbolic equation of Duncan and (hang (71969), such as
these nesults provide the daia to detemmine zthe Moha Cou,[omb
stnength parametens, ¢ and c'
One~fimensional (ompression T e/uﬁo. The results of a one-dimen—
sional consolidation Zest ane shoun in Figure 3.As shoun in
these figures,this is a plot of void aatio versus loganithm
of effective axial pressune.Tlhis is mainly a strness-srain
ploz, because a change in void natio nepresents a change . in
vertical snain, €, Also in Hie consolidation test the latenal
siness change at an J sdage o,f .[oad,uzg is defined by :

!

- g x=/<o P . ‘ . f2 9}
///ze value of K has been A/wwn. by b/wo/ze/z. and Ineland( 7965) zo
vary with plasticity index and ovenconsolidation natio.

2.3 'Szzegss.szwm PARADETERS

7. Priman. adlmany /.oaa/,l.ng : '
During primany loading, the oveaconsolidation natio is equal
%o unity,and the value of /(0 is constant.Foa primany loading
the confining pressune fon a given axial stress is defined
by: .

o' 3=0"x=K, P' =K, 074 (2.10)

and zhe Zangent mocZu,Lu,o from a conaolu:/a,t:.én tes fon an
mmeznen,t of loaduz has been denived by (hang (1969) a.a,

Ire 2p°
5152 5 7‘7‘:'17 ﬁ f2.77}

In: which e, Lo the initial void ratio, azwfc'z is the nate of
change of va:.d natio with change in p/ze_uuxz.e,p' By substituting
/(_V// 7-V).in equation (2. 77} u‘. i# possible to obZain:

_ 7+e0' 2/( 'E |
€= a, T (1K ) (2.12)

_3,.




Values o)f /( may be detennined fon any s0il from the nesults of
Brooken and. Ineland. (1965) Cquation {2 1) defines a zangent
modulus at the stness level came.aponduzg 2o K  atness conditions.
Mowevea, it is also possible to obtain , valueA of initial #an—
gent modulus {rom the values of ian.gen,t modulus calewlated from
one — dimensional compaession est nesults.lo find ; from é £
egua,uan (2.4) ia solved fon (‘: y giving:

st/ |- /}N@-Z/Z} S

Auédﬂiu:&ng fou &, ,&wm equation (2.12)

Ll T e

The AJyaeAA level c[ua.mg primany laac&_ng in a carwa,&.da.twn test
is detemmined as fallows:

e

é_

3 =K, 0'; (2.15)
o o | " (2.16)

.Suéa,tdw.&-'ng into the equation fon siness level, equation (2.5)
IZO}L(S’_G} ’ o : 7—/(0 |
oG K, | , - (2.17)
/0“,-65 )~ O 3 [ 22n®(45+6/2)-1] + 2¢' danf45+/2)
This éxpnession may be simplified by Aunplg Zaking ' equal #o
 zeno ( duning primary loading, for many nommally corwoluiaiec[ s0ils
| this i Zhe case) | and the exp/z.e.aawn becomes ’

7K,
(07“ 0-3 };:

K[ tan? (45+¥/2)-1] (2.78)

.71‘. can be seen that e siness level in a consolidation tesi no
dongen depends upan the magzu,tude aif O’ ! ,p/ww.decl that ¢’ equala
- 1o zeno.

-5~



The initial zﬁangemf modw[u,a can be afe,ﬁuzed by substituting
equation (2.17) for stneas level into equation (2 72) , the
nesult is :

e

Léi? . Ryl 1=K, | | /2.79)
K, {tan? (45 + ¢'/2} -7}
IE the aeup/wcal o,ﬁ the denonu.n.aioa of egua,twn (2. 79}

denoted by D, #this facton nepresents a connection to be applx_ed
#o £y 2o aéiauz éz_ Figure 4 shows cunves fon the commection,

- Dl,fwz; various values of b' and K ,assuning that Rp= 0.85.Fon

. 2he genenal case of a siress level of 0.5,the cornection
becomes: : i

E=3¢, : | (2,20

- ///w,a ,fozr. mosd noamally consolidated soils,the intial Zangent
- modulus is about three times as lange as the value of zfan.gen,t
modulus determined from a consolidation test.
| (lough has applied equation (2.19) 2o consolidation test
results,and has found that the exponent, n ,of the variation
ot é wuf/z()}u related o the curvature of the vingin cuve
of the e~log p" plot.His findings may be summariged as fallows:
"7; Forn an e~-log p' cuave which is concave downwand,
#ypical fon silts and sands , n-is less than one.
© 2. Forn a stnaight line vingin cunve, n is equal o
unity.The nesulting K value unden these condition is:
K - 2.3 el1ve, ) . (2.21)
n Ce K,
where (, Lo the compresaion dindex and C is a constant
given 601 the equa,tz_on. ‘

2 o
Y G- } ){
j’ Fon an a—log p! cunve w/uc/r. is concave upiard, Zypical
fon sensitive clays, n io greaten than one,”
: - 2, Unloading-Reloading, (lough has shown that determina—
, ,ti_on..o',f an unloading modulue value from the rebound cunve of
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a consolidation test diffes fnom the procedure used fon the
primany doading modulus in the ,ﬁa[louu_ng ways:
"1, The .mcyzemezutal change in lateral siness is noz ae.[a,ted o

' zhe incremental change in axial siress by K ; but by an incre-

mental coef.’,&.uemﬁ of dateral eanth pressure, K - ,w/u_c/z. Lo not
~equal 2o /\’
2. The valuea of K and /( incnease with ovenconsolidation
ratio throughout unlocw&_ng
 The diffenence between K and K dwung unloading ie
_J,Llu,dz‘/ca.ted in Fz_nge 5. At pouuf /1 the slope of the tangeni
4o the unloading cunve is K2, uwhile the value of K is the
A,Lope of the secant line o i/Le. same point. These valued are _
“not. egua,[ because the wzioad.u;g cunve does extend on a straight
Line i/uwug/z. zhe oxu_gx.n In this case,the c/zange in laie/ml o

stess Lo :

A=K AP (223
andeg;uaiw (272}cwzbenezau.ttmu: |
b "o T, 20677
= E{ TTTXAT (2.24)

V -

The value_o o,{ /( may 6e denived from F.:.nge 6. 7/u.4x is a plot
of /( versus the plasticity index and it is also a function of

- ﬂze ove.a.coruo[x.datwn ratio | aften Brooker and Ineland ).

For an ovenconsolidation natio of 16 , the values ,foxz.
'an.d/( are 1,0 and 1.8 nespectively,
ALt/wug/v. the value of unloading modulus has been assumed

2o be independent of siness level , the ohape of the rebound
cunve. actually varies somewhat with stess level and as a ne-

- oult the degree 2o which the modulus value depends on 6'3' ia
somewhat exaggenrated. (lough has shown that by examining zhe
- behavion of a trniaxial specimen in which the siness level is

/Leduced while zhe confining presoure is held constant ., the
neason fon the exaggeration comes from the method of calewla-
tion,as seen in Figune 7. At the uppen pontion of the
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Void Ratio, é

Logarithm of Pressure, p

Figuré 3.Typical Re‘su1ts' From One-Dimensional Consolidation Test
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Figure 4.Cbrrection to be Applied to Tangent Modulus to obtain

Initial Tangent Modulus (after Clough,1969).
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Loteral Siress, oy’

Axial Stress, p'

FigurePS.Definition of Incremental Coefficient of Lateral Earth’Pressure and Coefficient

of Lateral Earth Pressure (after Clough,1969)



unloading s4tness-stnein cunve, the iangen,t moclulus (f7 , 44
Llangei Fhan é)—, . In a consolidation test ,the highen value
of modulus , mmz,[a/aio(‘:7 . ude.:ée:wunecl,&amﬂzeuz,d,wl
pontions of #he nebound curve, whene O 3 4o the highesZ ,
and e lowen value of modulus , similan 2o €, , is deten—
mined at the other end, Thus , a variation o Con zu.Lt/io}'
de,te/wwzed in this mannen wx,a exa.gge/w,te the e,{,fed of

3 oné,,

" J4 can be seen {rom Figure 7, (f2 is the most appropriate
value to nepresent the unloading modulus.Also a modulus value
may be detemined from the nebound cunve of an e-log p' plot
by calculating a tangent modulus value using equation (2.24)
at a vertical pressune equal to one-half of the oniginal
preconsolidation pressune.The variation of Eop With oy Lo
establiohed by assuning that the exponent, n ,is the same
for primany loading and unloading.fnd the relationship bet-
ween ‘sz. and 0'3 ,4i6 completed by solving eguation (2.8) fon
,sz.- , as fallows : | a

(2.25)

: Thus, with the wbload’,uig modidus value detenmined by
2his procedune, the initial Zangent modulus deteamined by

equation (2. 79} ,t/v.eqb' and ¢’ value_o {)wm the dinect shean
tesis,and the analytical formulation of Duncan and (Chang
(7 969} the siness-strain nesponse of a soil may be eszab-
Lished wsing consolidation and dinect .o/Lea/L teosds,

2.4 SUMARY

In 2thié chapten,ihe sdness-stnain behavion- -of 404.1.4
was neviewed A simplified stress-sirain nelationship was
descnibed and a general expnession fon C, was obiained
fon primany loading and an wrload:.ng-/z.eloac&.ng modulua,
&, suas denived fon unloading.

The analytical fonmulation of Uuncan. and C}z.ang (1969)
was explained and siress-sirain parameters during primany
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Figure 6.Incremental Coefficient of Lateral Earth Pressure (after Clough,1969).



vPrmcip:all Stress Dirferénce PRI

__ Axial _S’rral'h, €

_Figure 7.Effect of Shape of ‘Unloading Curve on Tangent Modulus
Values (after Clough,1969). o
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Zoadéng,and unloading-neloading wene defined. To do #his,some
classical test procedures wene proposed and the nece,uaxt.y

. panameters wene chosen. I has been found that,the initial

~ Zangent modulus,the unloading modulus,the ¢ and e values
wene sufficient to simulate the siress~sirain nesponse of
a soild.
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Table 1.K and n values for clayey soils.

| SOILTYPE| Cusp){ P | K | N Re
| 0.7 | 6 | 23 | 032 o.ed

. | 0.67 | 4 | TS | O.44 | 0.88
SandyClayl g | 18| 280| 0.0 | o.35
S5 ~ 60.30| o0.66 | 20| 220| 0.23 | ©o.30

o “4.30 | &|i40|020| 0.84
i.00 | 13 | 120 | 0.09]| 0.83

0.80 | 2 | LF | 0.33| 0.82

- 4.50 | 24 | 950 |.0.15 | ©.90
\ | 1.10 | 2 |100| 0.27| 0.83
Lean Clay| ©0.99 | 1 |160} 0.5 | O.97
1,10 | 3 | 130 0.46| O.391
S~ 85-80 1,00 | 16 |110 | 0.94| 0.391

| 1.40 | 41| 6% [0.7I | 0.%7

1.00 | 9 | 37 |o.37 | 0.65
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CHAPTER 3

LOAD-DEFORMATION BERAVIOR OF ym?emcg ELENENTS

3 7 INTRODUCTION -

’ In onden to predict the rnelative duplacemenu beiween.
the structunal material and the foundation soils on foa any
oither kinds of matenial,i was dem):.ed 2o develop techniques
2o nepresent a special type o,{ elenent ,40 called #he inter—
 face element,

(onventional ,Z:_n,ufe element analysis aequine nodal pouv&
diaplacement compatibility and do not allow relative movement.
between adjacent elements,even where the material types arne

dissinilan, To allow forn nelative movements between adjacent
two dimensional finite elements ,Goodman, e, al. ,(1968) deve-
doped a one~dimensional element capable of wzdeagamg rela-
- Zive ciwp/.acemen.ta which connected the adjacent two-dimensi—
" onal elements. alang the entine boundanry between the elements.
The stiffness of an uufeaz,&zce element was finst. calculated
by Goodman, et. al.,(1968). I% was assuned that both noamal
and shear: ciuplacanen;&s vary ,l,mea/zly a.[ang the length of
the element,
A  The propenties fon the uu‘.efz.,face elenent consiot of a
 noamal otiffness, R, yand a shear odiffness, k , swhich ane
related o the coxme.opon.c&ng nonmal siness, o ,and A/Lea/u.n.g ‘
dtness, T ,acting on the element 6/ the equa,z‘,i.orw; ‘

/eAn ‘ - ' (30-7}
/eAA T (3. 2)

whenre A is the avenage nelative nommal a&.dplacememf across
the e.[emen,t and A is the avenage relative shean displace-
ment along the e[ememf The units of o, a.ndT ane ,ﬂoace/len.gi/z.
and the units of k, and k, are {.’wz.ce/lengﬂz

‘ h.gu/ze 8 A/LOLUA ﬂzeane.tl.ca,uy possible modes of behavioa
 for an-intenface element. In the case of the combined and
v-.comp/ieouu'.ana,é" mode, e Zwo ad;zncen.t elements bvé)ul'ap, this

occuns because compressive osinesses nequine compressive
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- nelative displacements acnosas the inteaface element. Fon the
purpose of analyeis , the element is aAAumed Zo have 5er.0
thickness,

 Sheaning be/mvum of the uz.tea,&zce elenent is ﬂz.e moot
impontanit: mode,as shoun in F,ngze 8. The amount of the nelative
shean displacement and shean siness that deve[ape.a on an inten-
. face element depend.s upon the A/lea/u.ng otitfness, k, JMith a

- emall oheaning atiffness,an inteaface element Alwuld. be fric—
tionless, In onden to neflect the appropriate siress-displace~
ment charactenistics of the intenface element, its propenties
muet be properly chosen, : |

3.2 HYPERGOLIC~FORMILATION FOR SHEAR STIFFNESS
_ - (Lough (1969) has shown that the nelation between the
ohean stness and nelative displacement on ithe interface element
was nen—linear in fomm and dependent upon the nommal siness on
the interface. The influence of the interface friction in the
incaemental analy yoia must be connectly nepnesented. Thus an
analytical simulation of #iis behavion was desinable, The clean
nesemblance of the shean strness-nelative displacement cuaves 2o
the hypeabolic foam fon ihe siness—strain behavion of s0ils,
4u99e.ozfed that a hyperbolic formulation might be appropriate
- fon the inteaface characterisitice as well.Figure 9 shows a
- typical shean siness-nelative dx.aplacemen,t curve fon an intea-.
face element. '
|  The /zype/zbo,&_c A/Leaju.ng A.ueu versus nelative a&.opla.ce—
men,t curve Lo described 6y the ,faliawmg equation :

e ¢ )
a-H’JA ' '

T = e

- where a and 6 are constants depending upon fﬁ.e aaug/zne.u

' characteristics o){ the interface and the value of noamal stnese.
Equation (3.3) may be aearnanged- into a Linean foam as ﬂa,u.ow

| _.._f..:“"‘bAA L I  (3.4)
7 : |
' -27=



" Fiqure 8.Modes of Behavior of Interface Element (after Duncan

' and Goodman,1968).
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Thie is an equation of a A:‘chu.ght Line. The transfonmed Li-
nean hyperbolic plots fon some 2ypical m,te/z.,face tests ane

shoun in Figuae 10.
The constant a in ecgua:&.on/} 4} is nelated o zf/z.ex.n,u‘.wl :

tangent A&ﬂﬁtua by equation

v k.aj_ .
And bg /z.eaxuwngx.ng equation (’3.4} \.in,tau the fonms: A '
b :._7_. - i ' /3'6}
T Ay : '

Tz may be noted that as A, becomes longe T approaches its
asympotic value, 7, .. , Zhenefone: |
L . \ (3.7)

bz

The /Le.La.tLorw/zj.pT Zx%xc&ded by equations (3.5) and (3.7) may be

woed to detemmine k ;. ad T g faom the transfommed’ Linean

hyperbolic plots in Figure 10 ,by evaluating a and b. '

; The tangent shean stiffness at any point on the hypeabolic
cunve may be found ,{)wm equation (3.4) by detemmining the slope:

: 0T a .
Ryt - 2 (3.8)
9 A ( a+6A ) .
By /Lea/uumg,uzg equation (3. 3} an exp/zua.wn fon A may be
obtained:
AA:.__:.I_ ‘ B ' (3.9)
’ 7647 '
Substituting the expressions ,&m a and b trom equations (3.5)
and (3.7) = | | _
Aé: /Tth)T . . (3'70)
}{ . (TU,&-T 7 :

Suba.tutu,tm #he expnessions fon a , b and A | faom equations
| (3. 5} (3. 7) a.nd (3.70) , respectively , uzio equation (3.8)
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Fon the tangent shean siiffness and 44.mp14_fy,m9, the following
egua,aan may be obzained:

hashy (1-—— P (1)

7/7ie aa.tia'beﬁueen, the asymptotic value of shean sirness at

yand the actual shear siress-at failure is
de,ﬁc_n.ed a.ouéi Jts nange varies from 0,84 2o 0.95 with an
avenage va,lue of 0.88. Then , eguation (3.71) could be
altened as /.’aaowa \

kd:/t (7-__7%7_}2 | (312

| 77 is a function of zhe nommal siness on the intenface, o, ,
acconding to Hie ,fa.aawmg nelationship :

T{: U :tan6 | ) {3-73)

- Substituting Hils expression /.’a/a T ){ in e(gua;aon (3. 72} /e
ma;/ be expressed as follaws: _
, Ry T ‘
£. 2
kR oa=h (1 - — T4
ot 44.{ o dans ] | (3.14)

It is possible 2o obiain a /ce.[a,twna/u.p 6e1we‘en k,; and n

by simply plotting the values of k,; versus o, on log-log
scale, The resulting eguation is : o :
K (2 ) | (3.8

A‘Lf 4, w Pa_,

In w/u_c/L /( anal n are expe/z.unen,ta,/,[y deteamined constants
anal’Y uz‘/zeumiwug/u‘o ! waten.

Bz subostituting equation (3. 75} for /z ; Anto e(gua—tl_on
(3. 74‘/ fon k » ,the f.’aﬂowx_ng exp/z.e.om.on. could 6e obtained:

ko= K Y, /"n/ rz~_£_) . (3.76)
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. quation (3.76) defines a simplified , practical relationship
which describes the nonlinean , stress dependent , stress~dio-
placement behavion of an interface element between soil and.
concrnete, Total siness notation has been used thaoughout in

. #liis denivation , but if the intenface is unden water , then
0" should replace G, 4n eguation (3.76) .

The intenface elemeni: ,fonmw[a.tz.on of Goodman , et. al. ,
(1968) waa inconponated into ithe incremental ,&.n,ute element
program with the hypeabolic shean stress—nelative displacement
nelationship deve.éoped by (Lough (1969) . Because #he shean
otiffness must be evaluated fon: each increment at the same
- Zime modulus values fon the zﬁuo—d.cmawwnal. elements wene

: calw,[aied

3 3 SRy

In this c/zapzfe/a z‘jz.e load—cle,{oama,twn 6e/w.vw/a of inten~
face elements was analized. The properties ,foa. the uu‘.e/z.,face
- element wene found zo be de,&_n.ed by a nommal siiffness , R
and a shean stiffness , k,

92 has been found i]wi e A/Lean. Abz.e.a.o and /Le.[a,ave
displacement on an interface element was nanlineax in foam
‘and dependent upon the nommal siness on the intesface (after
(Lough , 7 969). A genenal expnession was denived. to define
the stness~displacement behavion at an intenface element.

o



GIAPTER &

FINITE ELENNT NETHOD
4, 7 y/vmoaucmolv

" In onder %o solve a soil Ai/wciwz,e Ln,z‘.eracil.on problem a
 method musz be capable of simulating:
7. The behavion of a system containing structunal e[emend;o
2 Intenaction between the stauctune and i/ze soil
| 3+ Complex stnuctune geomedny |
ll Gnavity loading , waten pressune doading , iempaz,a-

. k tune load.uzg

‘5, Anchon and’ strut loads - -
6o Non.-.Lmean. ’ Ai/Le.AA-dependeni Az‘xz.e.u-amm behavion
 of the soils

7. Anbitnany uui,t.al stness candz,twru in the soils.
e .7,{ adoped properly , the finite element method cam
accaﬂwdwte all these canpler,tLeA.

The basia fon the finite element method has been cle.a-
- caibed by (lough (1960} . In the methed , @ continuum is
represented as an assemblage of finite elements asoumed to
~ be conriected only at the nodal points located along the boun—
dany of the elements. The nodal painicii.aplacemenia-{ﬁ} aze
 the basic unknouns of the system dnd axe related #o Zhe pres—

enibed nodal ,{oxiceA P} by a general A.tt.,f,fne.a.o matnix [/(].‘

This /z.e,éaz‘.t.on,o/u.p Lo expauaed. as ¢ ,

We-e oo

The geneaal sitiffness matrix [K] i an assemblage of the sziff-

ness of the individual finite elements combined by a process

" hnoun as a dinect stiffness technique. Salving fon the un—

known. displacements neguines sodution of zhe set of simulta—

neous equations descnibed by equation (4.1). This epeaation

necessitates the use of a high speed computer because realistic
| ey |



- systens typically involve several hundned degnees of freedom,
Equilibaivm in the finite element method is assuned only
fon the nodal point fonces. Local eguilibrium conditions along
the boundaries of the element may not be satisfied, Genenally
across element boundanies,only displacement compatibility is
assuned,and discontinuities in siress and strain will occun.
Edement stiffnesses arne derived on the basis of an as-
sumed displacement pattern within an element.Fon #wo-dimen-

. sional plane elements, (lough (1960) derived an element sitiffness

wsing a linear displacement function.The assumed displacement
pattenna contral the rumben of nodes needed fon an element
because the numbex of nodes must be consistent with the degnree
. of the assumed displacement pattean,and musi be sufficient to
ineune dz,ap,[acanm;&: compatibility between elements.

. Nost commonly, .z‘/u.angwlaa on nectangulan elements are used.
- Wilson ( 7?63/ has shown that the most satisfactony /Le.oulz‘,d fon
. genesal application of the finite element method ane obiained
by wse of quadnilatenal elements composed of an assemblage of
2niangulan elements. The use of these elements are described
in Appendix A.

Because nodes of adjacent elements are constrained #o move
ioge.z‘/r.e/r_., no relative displacements may develop between elements
- if they are composed of diffenent matenials. Goodman et. al. ,

. (71968) developed an interface element which fomms a continous

connection along the entine length of the boundany between any

. Zwo adjacent two-dimensional elements. The amount of relative
‘displacement allowed by ithe inteaface element is a function of

the stiffnesses assigned in the noamal and zfangen.tial dinections

and the joint stresses,

Clousﬁz ( 7960) introduced -the app,&_ca,twn of zhe {.uu;é
element method to continous structunesAften his attempt by
extending the method,a variedy of complex strustunal, s0id and
nock mechanics problems have been treated, many of which anre
deacu’.bed by Zien/u'_ewic'; and C/z.ewv.g (1967).

b2 INCREMENTAL FINTTE (fL(f/H(‘/V 7 TECHNIQUES
The actual conotuuction openations could be Aunwla.ted in
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 one or monre analguﬁ«.cal steps .uzvo.(w.ng changes in loac/,uzg and
geomeiny by penforming an incwxemenital finite element method.
. The initial conditions,prion to the beginning of excava-
- ﬁon swene defined by an initial state of stness in each
element whene the ventical effective stresises,G' ,wene equal
2o the elfective overburden stnesses and the /w/zzgonial e,f,fec- .
i:.ve stresses,a’ swere de,&_ned as :

oekey, /42)

where K | io ihe coe,f,&.uen,t o,f dateral ea/u‘/z pressure. /b.e ‘
uu,ua,[ displacenents and shear siresses on horizontal  and
ventical planes wene assumed to be zeno,and the stnesses ,
stnains and displacements: calculated fon each element during
eveny incnemental loading step were cumulatively Aape/wnpoaed
upon the initial siresses, stnaineg and displacements. .
. To peafonm these analyses,all Zypes of operations . invol-
ved in the actual 'construction must be simulated analy,tl.cally.
At this etage because loading in finite element analyses can
only be nepnesented by application of forces Zo nodal points,
- 4% was necessany to simulate each of the various Aypes of
doading by application of the loads #o nodal points of the
fLinite element mesh nepnesenting the stauctune (s) and sun-
rounding Ao-l'l; | t |

4,3 INCRENENTAL 0@4%4 0N

Dundop , Duncan and Seeal (1968) Kave shown that exca—
vation may be simulated in the finite element method by ap—
dying stnesses to the boundany exposed by excavation. The
technique whick they employed consiost of detemmining stnesses
at the boundany #o be cnreated by excavation , caleulating
equivalent nodal loads for these atnesses and’ applying equal
but opposite nodal loads to the Linite element mesh., Lecause
the siresses applied to #he excavation boundany ane equal in
‘ magn,uiude but opposite in sign o the initial sinesses , the
excavation boundany is assuned to be siress~free following
excavation. (flemeruto w/u.c/z. ane excava:éeal "are assigned a
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minimal stiffness , to avoid any interaition with the nemain—
dex of the elements duaing excavation, -

A genernally applicable zechnique fon detemnining boundasy
stnesses can be developed wsing am intenpolotion formula to
caleulate the boundony sinesses. The intenpolation: formula
nelotes the hnoun sinesses at the element centens ia the
unknoun. sinesses a. the nodal points on the boundany of the
excavation. One of the applicable metfiod of expnessing zhe
intenpolation ,funcvti.om is a polgrwm&al of the foam:

O= as+ @y x+a.3 y+ay xy : (l/ 3/:

- wheae T is .t/Le nodal stress to be uwmpola,ted , X and y ane
the coeondinates of the nodal point and 7,25, and ay, ane
uuée/qaola,uon coefficients,
~ The excavation of a quadnilateral element gene/ua,uéz crneates
Loun excavation boundanies , and equation (4.3) can be wsed
to detemmine e sinesses at all foun nodes of the element.
Also , a complete stness distnibution may be defined on #he
boundaries anound #le quadnilateral element by simply assum—
ing linean variations of stresses between the calculated
nodal sitnesses. Figune 171 shows such a stness disinibution fon
‘a quadnilatenal element. To simulate excavation, #his boundary
| otness distnibution ie used to detemmine the equivalent nodal
doads which must be applied to e bodndany of excavation.
In: onden: to deteamine the nodal siresses of an element
20 be excavated , thnee sets of the inteapolation coefficients
are calculated (fon 9, and s, ) wsing e known sitnesses
in the element teo be excavated and the stnesses in thnee adjacent

- elements.

v The unknoun: Lnie/zpo,[a,twn coef. ,&_uen,to ane expnessed ,&m
a given sitress, O as follows:

O(1)za;+ayx;+ ay g+ ay x5 47 | (4-_4}
C(2)=a,+ a,y xy*ay Yo+ ay X5 Y (4.5)
O'{j'}'_—_a7+ ay X3+ @y Y3+ @Y X3 43 o (4.6)
 O(h)zaysay xyrag ppaay Xy 4y (4.7)
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Note: All Stresses ond Gradients Assumed Positive as Shown.

Figqure 11.ArbitraryQuadri]ater& Element and Boundary Stress

Distribution (after Clough,1969).
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‘whene O 1) Lo the stness in element (1) ,0(2) is the stress
in element (2], ete. It is also possible to express thiese
equations in matrix fomm as :

ezl (g | (4.8)

where{G} , is the vecton of known stresses fon elements
7,2,3 and 4, [m}uﬂzecaonduiaiemmx,{amdemw 7,2,
3 and 4, and éa} i the vectorn of J_nienpolaz‘,wn. coe,f{).a.en,to
(‘:g,ua,tw (4.8 may 6e expne,ued as

{e)=[»]"fc} | ey

" Then he sinesses, (o} . ,at eac/z. node of the element o be
~ excavated can be Aalvea/ 6 Y u,u.ng intenpolation oae,f,&_ct.entd

1

| {ng[n] {a} | (4.70}
whene [n] is the coondinate maitrix for nodes 3 , 7, K and

L o The unknown nodal stresses are /z.e.l;u‘.ed Zo the hnown element
stnesses as fallows. :

ggé'{' [n] [m} -7{6}6 | (4.11)
Thits O o ;’ and T . may be de)&-ﬁ'ed at :é.‘/v:e nodes of an element

%o be excavated, in tewms of known element sinesses of that
element and Z/uee adjacent elements.

Once he nodal szresses have been evaluated,the e%u,gvalen,t
nodal fonces may be established fon the element as shouwn with
nespect to the boundary J-K of zhe elemenz of the quadnilateral
- shoaum in: Figune 11. The equivalent veatical nodal force at node
g depends on the magnitude of % and T ot nodes 9, J and K.
Using the principle of virtual wonk , and assuming linean vari-
ations between #he calculated nodal stness values i/ze veatical

farce at node J may be expfce.ued aA :
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By /Lepea,z‘,mg i/u.o oPeQab.on fon all ve/uﬁz.cal and /wu}anial
nodal fonces an wniting the nesultant eguations in matmix
foam , the { ollowing equation may be obiained : |

Bl o

whenre {~}n Lo ﬂze 8x7 vec,to/c containing all element nodal fon—
cea , [A] is an 8x12 mainix defining element boundany geometny
Cand o) is e 12x] vecton of nodal siresses. lhe expanded
Lanm o,’ this expression is given by equation (4.14) , on the
following page . Freguenitly , it is unnecessary o appdy all
eight of the nodall loads defined by equation (4,73} because
“eguivalent nodel loads need only be applied. 2o those nodes
which ane common. o both an excavated and iniact element,
Selections of the elments o be wsed 2o obiain the inten—
polation constants is somewhat arbiitnany, One of the elementa
wsed should be the element fom whick. equivalent nodal fonces
are being calculated, The otllen thnee elements should be as
nean: as possible ito the excavated element , but no three of
the founelements selected may have cerziw that lie on a
ventical om honigontal Line, ¢ #his happens , the mataix
" [m] becomes aingulon and no sodution is possible,

To obtain a solution fon the excavation of a submerged
element. , effective stness nofation should replace the tozal
siness noia.ziwm t/uwug/c. equations ( 4.3}) -—( 4, 73}

An example of #iis procedure is illusinated by (Lough
(7969) and is given in Figune 12. ke excavation boundany
is selected to neflect all possible combinations that may
occur in @ /z.eal case (/wug,wutal R vertical and an,[,i_n.ed',aeg_
ments are used) . Also , unequal size of mesh elements are

J_n.cluded into the geomeitny of the problem.
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The excavation was penfommed in one siep , thus the
6owzdajng,2-4mwu were equivalent o the assumed initial
stresses , 0 = Vh and o = 0,43k . The excavation boundary

- stnesses eqmvaleni nodal loads wene detewnined as éhoun
in Fx,gzme 72, Great accunacy was obtained as a nesult of #iis
analysis.

: Because the maiezu.a,[ in h_nge 72 was linean elastic, the
 ainesses calculated by a i/uz.ee,-.a;éep excavation should give
the same nesult as those given by y a single step. A comparison
of the nesulis of a three-step and one-step excavation analysis
are ofioun in Figune 13. In most of ihie elements a good agree-
ment is obsenved, There exists some lange diffenences in ithe

elements a.a@ncezui o the ve/z,tt.cal-/w/z.t_‘:;onia.l. excavaition
boundanies. The reason of these differences is that at vea—
tical-honizontal boundanies the stresses are omall and the
sdness gradients are lange. /| betten solution could be ob-

. Zained by using smaller elements.

) INCRENENTAL WATER PRESSURE. LOALING

It is: veny impontant to aimulate the e#;fec;éa of changes
. in waten paessune on a s0il mase because changes in watea

o paessune produce incremental loading which may cause changes

in effective sinesses and affect the behavion of the soil,

A change in waten pressune on one side of an impeavious soil
produce boundany pressure loading on that side only , howevex
on a peavious matenial this nesults in development of seepage
. through the material, (Lough (1969) has shoun that this #ype
of loadi_n.‘q Lo /Le’p/z.eAeréed as a distributed load , which in
finite element analysis may be represented as a .[oad distni~
buted. equally to the nodes of each element. Thenefone it is
impontant Zo decide on the appropriate type of loading fon
each so0il. Fon example , the appropriate type of loading for
a clay with low penmeability would depend upon the amount of

- time allowed fon seepage to develap.: thnough the soil , this
"means #hat the rate of loading has 2o be considened .7,f the

V .Loaduzg nate is /z.apui and a sitead . aeepage condition does n.ot
develop , the clay may be only- subjected to a boundary pressure
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Avading. On the othen hand if the loading nate ies veay slow,
the clay may be loaded by a distnibuted loading,

The variation of waten pressures around an element may
be accounted for in the loading of a linite element mesh by
considering the water pressune changes at each nude of an
element and assuming a linear variation of the water pressune
changes betieen the nodal points. An arbitrany guad/ulaie/wl
subjected to linearly vanying watem preéssure changes on each
 side is shown in Figune 14 . This loading shown in Figure 74
i a special case of the boundary stress loading used fon
" excavation, therefone equation (4.14) may be used 2o evaluate
the equivalent nodal forces . fquation (4, 71/} may be Ampl,l.- '
fied 2o the following /.’oxzm fon waten pn.e.uwze loa.d,uzg

lo) - letws) 2wy wy 0 o9
R) |AxoL) 2Axp) o Xp 0 XIL
. ;o ' [
R\ | wg 2twg) 2A9) yw N
R | X 2(X39) 2(XKg) XK9 0 |y
Vexm—g— o YK 2(99K) 2(9KL) UL |Vl
I XK9 2(XKT) 2(XLK) XK ||Pw,
R| YL 0 UKL 2(YKL) 2(YL9)
'Lﬂy X9 0 XK 2(XLg) 2AXK)
“ - | (4.15,
IE the loading on an element is to be distributed as a body load
the honizonial and veatical forces-ane summed and divided by foun.
‘By peaforming these openations on egucu‘,l.o /ll 75), equation (lf 76}
is obiained : , _
o o
R| (ywwy} (497+99K)  (YIK+IKL) (9K/.+9L7j Dug |
, XT':_'_ Auj (4.76)
‘ 4
R, 8\ (X9L+X9)  (XGI+XKT)  (XKF+XLK] /x;/{+x74/ 2uk»
J . 4 ‘ , o = uL
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R -
in which Rx' ane the loads distributed #o each nodal point on
the ral. |

Fz_ng_e 75 shows an example of distributed #ype of loading
die %o a lowening of ground waten table on four elements. As
can: be seem in tiis figune | while #hie waten paessune changes
on: elements 2 and 3 axe different ', the net element loading
Lo the same, namely s foun vertical fonces equivalent o
& 7, x Edement Areaflt . For element % , although thene is a
lcmge change in water paessure on all AJ.C[EO of the element
thenre is ne net loading because the elemeni was Aubj,ec,ted to
no a&_,f,fejz.entwl waten pressune changes.

. 5 NUNBER OF INCREPENTS REQUIRED TO SIMULA TE EXCAVATION
- In practice , earnthwonk invelves accomplishment of many

steps duning a neal job, Fon example , excavation is frequently
acconplished by successive nemoval of a numben of layeas of
soil , which might be fifteen fo thirty em, thick. Thus a
- U5 metens depth of excavation involves 50 to 100 separate
Load: incriements, The use of 50 Za 100 incaements fox linite
' element simulation of excavation is not desisable from a
sZandpoint of the time reguined fon computem analysis. |
In an economical point of view , #his simulation of these
construction operations would be accompliohed using a much
smallen numben of layens , it means the use of a emallex
numben of sieps in the analyseas.
(losed Fonm Sodutions, JE homogeneous Aaul cond,d,wn.a and
no waten level changes ane invoved in: some simple paoblems
it can be defined some closed fomm solutions to nepnesent the
‘cie,aeoaon,o of incremental excavation. The modulis, € was
assumed to vany with confining pressure acconding o the

nelationship:
E=K, Py 6{——-\9 ' | (2.6)
Pa / '

as mentionned befone. (lough has detennined the deflections
fon many cases and has plotted some cunves. The nesults  of
these analyses fon excavation is shown in Figuse 16 ¢ that
is the variation in eanons with numben of layexs.
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Iz can be seen from Figune 16 that the amount of enror is

a function of : a-the number of layers used in a solution

b-the Az‘Jz.eMeal wsed #o calculate the modulus

value

e~the value of expanen,t n.
(Lough has developed #wo altenative sets of curves. One set
Ls based on a modulus value calculated prion to the execution
oﬂ the increment called the "past sinesses’., The second one is
based on a modulus value calculated from the average of the
sinesses from the past and p/}.e.oeibt incrementa, called the
"average stnesses”, Jt can be seen in Figure 16 that the curves
based ,z‘zpon the avenage stnesses convenge mone napidly to the
wmall layen solution for fewenr increments than those based upon
the past sinesses,

IE the avenage sinesses arne used in a finite element analysio
each increment mus be analyzed twice. The finet analysis is
peafonmed and #he new sinesses are obiained,zhan by using zhe
avenage of these two values (the past and obained stresses /J,
an avenage siness mdy be calculated, Subsequently ', a second
analysis of the same imcrement is peaformed using impaoved
values of modulus based on thie newly caleulated average sincsses
By doing this , twice as much computational time is expanded as
Lo used fon a stnaight~fonward incmemental analysis. Howeven ,
Figune 16 shows that the "avaange oiness” solution generally ae-
quines ﬁeweza than half the increments nequined by the "pasi
siness” solution fon thie same degree of accusacy. 7o choose
which app/wac/z. could be applicable depend,o ‘upon Jf/v.e degnee o,f
accunacy nequined.,

lhe exponent n also condnals the numbex of laJer 40
simulate the excavation process. The cunves in Figure 16
chow that the amount of ennon varnies with iie exponent value
n. Fon highen exponent values , a gneatea numbea of increments
ame nequired o obtain the same degnee of accuracy. (dough faa
shouwn that the neason a/f this changes io nelated Zo the modu—
Lus value which becomes mone sensitive to the value o/.' the
minon principle einess whick , in fuwn , is dependent upon the

A2
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size of the loyens used in the problem, However fon an elastic

- matenial with a modulue value that does not vany with confining
pressune , the value of exponent , n , is zeno , and the curves
i Figure 16 show #he solution fon any numben of increments
cornesponds, to the small dayen sodution. s

The usage of cunves in Figure 16 may be illustrated by an
~example, Inorden to deteamine the numben of layens nequined
fon an excavation in whick deflections within 10% of the values
caleulated using layens of infinitesimal #lickness are consi~
dened satisfactony , the ehgineea must decide on the exponent
value , n and enten to the chart to get Hie nequined numben
o;f layers. Fon an exponent value of 0.7 , five and founteen
- dayen solutions arne nequined fon the avenage and post sinesses
nepectively , and in an economical point of view e five-layex
solutions must be chosen.

Duning #his section , the numée/L of increments nequired Zo
simulate excavation has been analyzed and some curves were deve~
doped, (lough has shown that #hie modulus value could be assumed
Zo be a function of confining pressure , and ma/ung use a,f it some
closed form Aa,&u&.ww could be obtained,

4.6 ANCHOR INSTALEATION

In ondem to maintain the static equilibmium of #he system
on %o prevent lange soil movements whick could be occuned clwz..uzg
an excavation , the excavated area must be somehow resinained .
Anchon installation is a most common way %o do it in practice,
The simulation of anchon inetallation can be eau,b‘,; done in
- the incremental analysis by using a numbex of rigid one-dimen-
zional elements whick connects-the face of ihe wall 2o the anchio~
rage. In the computen analysis , the cross sectional area and
Llexunal stiffness of the actual anchon elemeni musit be specified
in onden to compute the stnresses in the ban element duning the
whale: amz,é{z/,o.w. The tinst and last nodal points of the one-c[,unen.-
Au.onal’ barn element must also be Apea_,&_ed

9L the othien nod is prestnessed , i must be also given as
an input in the progaam , but ihis does not apply ithe fonce which

iy~




must be applied 2o #ie face of zhe wall, The prestness load
if applied-seave 1o obiain , ihe sitness—load bekavion of the bar
- element duning excavation. The latten one , which mus# be given
as a concenitrated load at specific nodal points in ke concen— s
trated: fonce option contnibutes dinectly to the behavion of e
Aax,[ sysitem and acts as a nestraining facton. |
" 9n the incnemental anal; yeis , simulation of anchion installa—

tion could be peafommed veny closely to the actual case by
. chovsing the appacpriate nunber of anchon nods , .the prestnessed
doads on: Hiem and ilie mos convenient geomeimical mepmesentatiion
of #he case , including the Length of anchom nods and #hein slopes.
At this. point , it is wseful 'to point out that the initial finite
element mesh of the problem should take into account Zhe inotal-
- dation of one-dimensicnal elements.

4,7 SUMMARY

In 2his chapten,zhe basis fon the Linite element method
was described. Incremental finite element Zechniques developed
by (Lough (1960) were exploined and #hie basic panta of ihe
finite element method susk as incremental excavaition,incremen-
tal water pressune loading,numben of incnrements required o
simulate excavation and anchon installation wene described and
some closed fonm soluitions wene proposed (after (Lough, 1 969) .

.



GHAPTER 5

CMSSJC%/_ 0{5594/ METHODS OF fL{)UBLé EARTH RETAINING
S /RUC /U?éS

5.7 INTRODUCTION

The foundations fon most etructures are established below
the surface of the ground.Thenefore,thay can not be constructed
until the s0il on aock above the base level of the {.’omda,tl_om
has been excavaied,

There is no need to suppont t/ne Awuwuna&ng maiw.wl in
shallow excavations if thene is adegquate spaces o establish
sdopes ai which the matenial can stand.The sieepness of zhe
odopes is a function of the type of the soil,the climatic and
weathén conditions,the depth of the cut and time.

In a clagey so0il,the maximun olope at which the material
can stand is a function of the depth of the cut and the shearing
resistance of the s0il I 2he clay is os2iff,some cracks could
develop nean the ground sunface.Jf these cracks become filled
with water,the hydrostatic pressure neduces the facton of safety
and may cause slope failunes.Fon these neasons,bracing is often
woed o suppont the sides of excavations in clay,even though zhe
clay would stand Zo the necessany height without lateral suppont,
Sheet pile retaining walls ene also an altenative method o sup-
port the sides.lied-back and anchoned walls are also considened

in this chapien.

5.2 BEHAVIOR OF F[(‘)@BL{ EARTH RETAINING STRUCTURES

Most of the netaining walls are capable of notating about
thein bases fan enough Zo satisfy the strain nequinements fon zhe
active state of sitness in the failune wedge.lhe active eanth pnes-
sune and its linean distrnibution with depth is the Zotal earnth
pressune which acts against the wall,
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But the walls of anchoned bulkheads (F /'.:_gwx.e 17/, bﬂ.aced cuta
(Figure 176) and tie-back cuts (Figure 17¢) consist of members
- with omall Plexunal nigidiy y and Zhey ane Auppafzied at variows
elevations by anchon on struts.

The chanacteristic deformed shapes of the walls ane shown in
/7.4_9wz.e 77 by dashed lines. Usually, the 2op de{omaa_.twn,o are less
a‘/zan those connesponding to the active Rankine Siate,wheneas those
nean the bottoms are gneater. (onsequently the magnitude of the
eanth pressure against the walls differs somewhat from the active
earth pressune,and a linean distribution with depth is noz valid.
. The actual eanth pressure against the flexible wall and its

'.Auppom‘,uzg membens depend on the s0il propeaties and also on zhe
sequence of construction,Thenefone, the pressunes wsed fon aleA.Lgn.
can not be determined by #heony but,since they are influenced by
the constuction operations,must be modified by experience and the
/z,e.au,Lta of obae/zvaz‘,t_on.o and measurements on full-siged Az‘/zuotzm.ea.

5.3 DESTNG OF SHEET 7’9/.{ R(f/Aﬂ/Vﬂlvg WALLS

The design of sheet p.{,[e redaining walls nequines sevenal

successive operations :
, a-Cvaluation of he fonces and latenal pressunes that act
on the wall
 b-Deteamination of depth of piling pen.e.bw.twn
c~(omputation of maximum bending moment

d-(omputation of. the siresses and selection olf the piling
section

e-Design of the anchorage system.

Befone these operations,controlling dimensions musit 6e
deternined.These include the height of the wall, iﬁe d/z.edge line
efc..

Camﬁ,[eve/z. Walls
. For modenate heights,sheet piling is driven 2o a sufficient
depth into the ground to become Lixed as a veatical cantileven,
Thia type of walls usually undengo lange lateral deflectiona.
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| Since the lateral suppont for a cantilevened wall comes from
passive presoune exented on the embedded pontion,depths of
peneration can be oo high : this results in excessive stresses
and yielding.A maximm of 5~ metens height is necommended for a-
cantilevened wall,
| Figune 18 shows the wmbwuon of canth pressune agamot
 a cantilevened wallWhen the lateral active pressune, P is
applied to-the Zop. of. the wall, the piling roiates about b,
mobilizing passive pressure above and below the pivoz pouuf
The tewm ( pp-pa) Lo the nea‘. pa,ou_ve pressune, p P,muuw i/v.e active
pressune, p.
' AL point b ,the net pressune is eg,ual 2o zero.The diagram

oabc neprésents zf/z'.e nesulting eanth pressune.For the desi
puapose, e, the curwe abe is /Leplaced by ‘; a stnaight line de.lhe

location eof point d ie dwaen 1o assune static equilibrium of
the system, : , »

(antileven Sheet 7’4,/,:11.9 in Co/zeu.ve 501,1,4

Since both the stnength of clay and the la,tmal ea/zi/z
pressune change with time,ihe design of sheet piling in #hese
s0ils is complicated,lhe depih of penetration and the piling
sigze musit satioly both existing and future pacssure conditions.
jmedi,az‘.'ely after the sheet piling is instolled, eanth pressune
may be calculated in teams of undrained sinengith parametens.fhe
- method is called (oM analysie in which a cohesion value, c,
egual o one-half the uriconfined camp/aea«u_ve A.z‘/z.engiﬁ,

taken., -
' Figune 19 ( a,ﬁte/a 7en.9} shows the initial pressune: conduﬁwn.o

- fon sheet piling embedded in coliesive soil fom its entize depih.
Since K=K =1. when ¢=0,the passive eanth p/z.euwz.e on the left

side o,fzﬁ‘ipwuwm by o
P2 v, - | - (5.1)

and the active pressune on the night side:
'pd:’YeZ-qu ) ‘ . (5-2)
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whene: Zzdepth below the oniginal ground surface
g s 2czunconfined compnessive strength
Vo=effective unit soil weight
The’ negaab.ve eandl; pressune om fension zone is ignoned because
a’:l;,e s0ll may develop iension cracks in the upper pontion. Since
| ,2he net nesiztance on zhe ,Le,{”;t side of the wall is cons-
-ta.rufpbelow the daedge dine and is given by : ’

‘pp_pcf 20 YA - (5.3)

ote that ) theonetically, the wall will fail if lYJ/ La g.a,ea.afm
than 2q, .lhe height, # = 2(;“ £, is called the critical hugﬂt
Fon the lLowen po/uﬁwn,w/z.ene the px,[,uzg moves o the aight
* the net nesisdance is given by:

. pp-paf 2%;74‘/‘ | | : - . (5-'4j

which is illustrated in Figure 196 .The net pressune distnibution
is shown in Figure 19a :the point d and the penetnation depth, D ,
are chosen 40 as o satisfy the static equilibrium conditions.
The design could be mode using the pressune diagram shoun
in Figune 19c:i.e.,by assuning the passive pressune on the night
side of the piling is neplaced by the concentrated neaction, ( .
The depth, D ,should be incneased by 20 2o 40 pencent to obtain
the total design depith of penetration using his method,

5.4 BRACED (UTS

When the depih of excavation exceeds 5 on 6 me.ter, the use
Y of veatical timben sheeting becomes uneconomical,and other methods
of sheeting and bracing ane commonly employed.Acconding #o one
 procedure oteel sheet piles are driven anound the boundany,then
the s0il is nemoved from the enclosure wales and struts ane
Figune 20 shows the commonly used sheet piles.Jn Figure 21
Fwo typical cross section of a baaced excavation is shoun.The
wales are commonly o,f steel, a.n.d the stuts may be of steel on wood.,
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Figure'ZO.Types of Steel Sheet Piles Conmonly Used for Bracing Sides
of Deep Excavations. a-Flat Web,b-Arch Web,c-Z Piling.(after Peck,1974)
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I Ls impontant to provide veatical suppont fon baacing.This
may be done by keeping posts beneath the o yotem of baacing Zo
transfen its weight to the undenlying soil on /J‘; suspending
the baacing from beams extending across the top of the cut.

It the width of a deep excavation is Zoo great to pemmit
the economical use of struts acnoss the entire excavation,
inelined bracing may be used (Figure 22}

Modes of Failure in (lay

| During an excavation,the waten content of the clay could
not fond enough time Zo change,hence undnained on =0 conditions

" prevail.As the depith of the cut increases,the soil outside the
walls behaveas Like a sunchange and causes the soil beneath the
excavation 2o nise,If the cut becomes foo deep with nespect #o
the stnength of the clay,zhe heave of the bottom may be uncon-
trollable, settlements of the surnounding ground sunface may
become excessive and the bracing system may collapse. ’

In clays ,fzu,&.mu by bending of wales on of sheet piles
are unusual, o B
Base Failune of (uts in Clay

The stnength of the clay has an impontant influence on the
behavion of the bracing system and the sunrounding soil.The
beaning capacity eguation best descaibes the ability of the
s0id 2o withetand the surchange Vi of the clay outside the

excavation ¢

gq=cp V. . - (5.5)

- whene, ey L the undrained sheaning nesistonce below base .[evel
N is a constant between 5 and 6 as shown in Figure 23.By  ne-

a/uz.ang,uzg equation (5. 5/ it is possible 2o obiain an expression
forn N as Y /ey Expenience has shown thaz @£/ cy 4o dess

 than about 6, movemen,to of the bracing system and /zeave of the
clay below base level are small.Jf 2his value neaches about 8
the movements of even a well-designed c’macuzg become. intolenably

.la/:.ge. )
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Figure 22.Typ1ca] Bracing in Deep Wide Excavations (after Peék,]974).
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Loads on Struts in (lay

It the base stability of an open cut in clay is adequate
fon all depths of excavation,zhe strut loads can be deteamined
from apparent pressure envelopes shown in Figune 24.The appanent
pressune envelope depends on the value of YH /c,whene c is zhe
‘avenrage undrained shean sinengh of the clay along-side the cut.
- Jf the ratio of YH /e is less than on equal #o 4,the connesponding
apparent pressune envelope is as shown in Figune 25¢.9f this natio
- exceeds about 4, the apparent pressure envelope may be taken as in
the diagram shoun in Figune 25d,provided that the wid#h of the
envelope is grneaten than that in Figune 25c.0themwise,the value
trom Figure 25¢ goveans,negardless of the value of YH /e.
 The diagram in Figure 25d may be wsed fon values of YH /c
as great as 10 on 12,0n the othen hand,if YH /cb_exceedo about 7
and base failune is imminent,the staut loads may be much largex
than indicated by the diagram.lence,the otability of the base
should always be uzve.o.tl_ga.ted befone an esiimate is made of the
s2tnut doads. ,
Othenr (onsidenations
 The settlement of the piles can be neduced if they can be
driven for enough into a bearing sinatum to develop iip nesistance
at least equal o the dnagdown fonces caused by its oun weight,
the weight of bnecing,surchange loads,etc...For these neasons the
embedment of piles may be increased beyond that nequired even
this embedment depth would appean #o be unnecessainly great.
To neduce the genenal movements of the bracing system,the
- stnuts should be presiressed as s00s as they are installed.
About 40 and 70 percent of the maximum stwut loads ane usually
applied as a prestness load.The ventical distance between sinuts
controla the irwand latenal movemenis of the walls and con.oequewdy

the settlement of the adjacent ground surfaces.flence,if the move~
nents ane Likely 2o be excessive, the distance between struts should

be nestricted and excavation should be pe/mu.tz‘_ed Zo extend ne
deepen than necessany Zo pemnit installation of each of the stnuts.
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Figure 25.Apparent Pressure Diagrams for Calculating Loads in Struts of
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In plastic clays,the vertical distance between the struts
should not exceed 2c /fy,where ¢ is the average undrained shean
stnength of the clay fon a depth of about B /2 below the level
of the folloining sdnut,and B'is the widith of the cui,in onden
to obiain a minimum vertical movement,

'ﬂno&'fzed 3mcin9

 In wide excavations,cnoss-lot baacing may be impractical
and inclined braces on rakens ane ofiten used,Preferably,the
doad in the nokens is itransfeaned #o a completed pontion of the
foundation|Figune 22).0thenwise,ans inclined footifg on "kicker
block”, supponted by the soil usually provides the neaction.
| Hhe ultimate beaning capacity of an inclined hickea block
( Figune 26a) can be estimated for satunated clays. The beaning
capacity facton depends on the ratio By / B and the inclination
a JValues of /Vc% may be obtained fnom Figune 26b and the wlti—
mate bearing capacity detemmined from, -

i

The fonce diagaam in Figune 26c indicates that unden the
influence of the raken load,the sheeting Zends to move upwand
with respect to the soil beneath excavation level,so adequate
embedment. musit be provided o resist #he uplifi.lhe apparent
pressune diagrams in Figure 25 may be wsed #o estimate the
‘honizontal components of ihe naken loadas.

5.5 TIED-BACK (UTS )
| As an aliernative #o cross-dot bracing on inclined azawts
"$iebacks"ane often used.Fiqure 27 shows a typical tie-back
syatem.To built a tie-back,holes ane dnilled into the soil,an
enlangement is formed at the end of the hole,tensile reinfonce-
ment Lo placed and concneled into the .hole.fach tieback is
uoually paa-tnéued befone the excavation progressed.
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MNodes Of Failure

Almost all failimes of tieback baacing systems have been
tlie nesult of inadequate anchomage,This Kappens when #he anchons
have been located too close 2o #he wall on the individual an~
 chors have pulled out,etc.,.

As the excavation paogresses and the walls move in,the
_Ao.:,l outside the cut settles and exents a downward fomce on
the system.Jf the Liebacks ane inclined' as in Figune 17 c,the
fonce on them adds to the dowrwand lead on the walls.Hence,when
the depih of excavation aeaches to its maximum depth,the capacity
of the wall could be exceeded,The resulting dowrwanrd movement
of the piles may destroy the effectiveness of ithe lowermost
anchons., lihe load in the lowea anchons is tien transfenned
20 some of the uppem anchons I the uppex anchons are thus
. overloaded,a failure may be initiated Jlence,adequate £ip nesis—
 tance on émbedment of #he veatical piles is the most impoatant
- contnodling facton fon ihe stability of a tieback system.

‘ Anc/waaze

The lateanl movements associated with the constauction of a
tieback anchonage shoun: in Figune 17c nesemble tiose fon a baaced
cut shown in Figure 17b Since the vanriation of the latenal
~ eanth pressune envelopes is not well delined and the changes
. in siresses ane time dependent fon a clayey soil, the Limited
observational data available is the only way to make an esiimate
o,f the tieback loads.J# indicates that the honigontal components
of. the anchons may be deteamined by assuming that thein honrigon-
22l components ane given by the. appwzemt pressune c&.agzuznw fon
braced cuts (aee Figure 25 ).

The choice between the use of honizontal on inclined tiebacks
depends on sevenal factons I the shear sinengith of the soil is
varying with the increasing depth,on if there exists some
non~homogenity in the soil-stnata in Zhe form of panticularly
- resisiant layens at a neasonable depih below weaker materials,

inelined anc/waagu deniving their suppont from the sinong mate~
rial may be prefenable.On the othen hand,as mentioned befone,
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if the sheet piles on soldien piles do no enoug nesistant o
nesirict thein downwand movement, the lowen anchons in some of
inclined iebacks may become ineffective,

Anchons which consist of steel nods on tendons insented
in small-diameten holes and grouted o the supporting material
can easily be installed at any inclination.Moneovenr,largen
diameten anchons with enlargement on bells at thein ends #o
provide the pull-out nesistance,must be so located that the
bells can be fommed in cohesive materials o have a gneater
nesisance,

v 5h.eveay case, the tiebacks st develop thein anchomage
within the stable soil belind the failure wedge that contai-
 butes to the aciLve_eanih pressune on the wall,Figune 28
shows the possible dimensions of the wedge.Within this wedge
as indicated by the dashed lLine,no contribution for the anchor
nesistance should be assumed.In practice,it is prefenable
within this gone indicated by the dashed line to backfill .
the anchoa holes with some material that will not develop a
bond between the anchorage material and the surnounding soil,
Beyohd ihe dashed line,anchons must be grouted fan enough o
develbp the requined nesistance by bond on belled anchons musi
develop the necessany bearing capacity.

It properly grouted,anchon nods on Zendons must develop
an ultimate bond sesistance which is nearly equal to the shea-
ring nesistance of the sunmounding soils. |

In most cases,it is practical Zo applf presiness Lonce
20 anchons.The equipment fon presiressing can be used for pen-
foaming pull-out tests o detenmine the ultimate capacity of a
rumben of anchons o aseure safety of the design.A facton of
safety of about 2-3 mus be taken into account based on the
results of pull-out tesis, 40 assign a design load to the anchons.

One of he principal advantages of a tieback bracing system
is the ability at dow cost 4o test each anchon at least to its
expected wonking load.By this way the nepain on neplacenent
of defective anchons could be made and a possible failure by
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uzadeguancg of individual anchons could be eJ,LnLuuz.ted
Performance of 7ie-Back Support Systems

lable 2 shows a technical descripition of seven ued-back
supporting syeiem (aften (Lough, 1975 ).In all these cases the
- observed behavion of the sitnuctunes has been neponted.

- Jt Ls obseaved that the soils netained by tied-back walls
varnied from sensitive clays #o sands.But it must be noted that

“none of the walls wene conatructed in panticulanly difficuls
soils, ' ' ' ’

N The methods of caleculating anchon prestress loads ane

shown in Table 3,7The unpoufazvé obsenvation is that a considenable
variety exisits in these techniques.The main reason of this is
that the state-of-the-ant in 2hia area is not well-delined..

‘ Reponted maximum latenal and vertical movements of ithe
ﬂ.ed—bac_]e walls ane shoun in Table 4.Also shown are these mo-
veménits expressed as a peacen;tdge of the wall height. Figume 29
shows the pencent veatical movements plotted on ithe setilement
chart devised by Peck fon braced excavations.AlL of the repon-
ted settlements are found within the zone 7 on ithe chant,called
the minimum settlement zone.After these figunes,it has been
concluded that the vanriations in the wall flexibility on pre-
stness loads on the anchons did no have a significant influence
on the movements of tied-back walls.

' Anothenr intenesting common behavional facet reponted fon

all tied-back wall systemes was the variation of the tie loads

as the excavation progressed.In each case the loads in the ie
nods decreased slightly ,()Lom z‘/v.e.uc prestress value-as the exca-
vailion was cut.

9% could be said that de.u.gn procedures presently a.oecl
fon prestress loads fon' tie~back walls are quite vaniable,
However,movements behind these walls negandless of the presiness
doads have been small.Finally,obiaining secure anchorage in
- soft claye had been found to be d,c.)f,b.cwl,t and additional inves-

tigation could be wseful' to maintain ﬂle otability of the

Zie~backs du/u_ng whole excavation. ‘ A v
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Table 2.Description of Tied-Back Walls with Observed Behavior
(after Clough,1976). |

Max. Woll Height £1//E. 7
Reference (H)- Ft TypelWal] K/}o(//’f. 7ype Anchorage Soils
Ko/o/o 60 S/urry 90000 |Groufed into Dense Sand-Frll -
Yrench ‘ rock Orgarc 5/‘(/
ronsvr e 45 So/dier 17000 | Fully Grouwred Silty Clay- Shale
Rlrzadesr rile {/e.ro
/1y wf e/
- 8 Ft. o.c. : ’
Rrzzo, et al. 37 So;a//'EI‘ H ,o/'/es Sond . Silf
plle S
gé—zaﬂgorz 78 5o;a/ie/- 8700 | Grovded Bor | Oense Sands- 0.C.
razer pile . Cc/ays
b ws 35 th Sor/ bV
3 Ft. o.c.
clovgh, 65 Sol/d’er 8700 |Groufed Bar |O-c. Clays
et. a/ pile Irn so0/i/
? wp 35 :
S 3 ft. o-c.
Liv g Oujaﬂ 55 Soldier Grovted Bar |Sornd Clay - Fil
fptle th Sos/
2 /5 [33]
Larson el al. 50 Soldrer 32000 |G rov/ed Bor | Danse Sond
pile /rn soil
/4 bp 89 ‘
6 Ft. o.c.

Ta_ble 3.Reported Methods

of Cal-cu]ating Prestress Loads(after Clough,1976).

/?e/_"emz/)ca " Method
Ko Percentape of Bllowa bl
7 77‘e—/?od]100¢ [2%-'60f4)
Aansur f Blizadesr Pt-Resl! Fressuvres '
RI1ZZO, et a/. Rctrve o FE_ResT,

Sharmon f Strazer

509 LGnchor Yrald load

Clovgh, Weber and

Larnorn £

Terzagh'- Peck Rules (0.4 yH)

Liv § Dugar

/5 x Height Wall (/)7/0;/’)

Horma £ Matallana

Pressvres falfway Beelbueen

Petrve and At Resd

Oos fer baan / Giffe rd.

ARcltrve

oressvre s

Larsen, ¢ a/,

Pressures Between Active

ond Aé-Resy
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Table 4.Tied-Back Wall Movements (after Clough,1976).

Hax;mum Max. u/a//

587‘//&’”7(/# A/ Loderal S/
, Betind Wal! W | Movement | “/H

Reference. | A-ft. o | 6= Fb | %
|\ Monsur § Alizadeh| ©0.09 0.20| 0.05 0.1/
Rizro, et al. ‘ 0.75 0. 4o
Shonmond Strazer 0.25 o.50| 0.25 0.32
lcrovgh, et al. 0.06 o./0| o0./0 |0.i5
Liu § Ougon 0.05 0.08| 0.05 |[0.09
Laorson, et al. "0.08 0./6| o0.08 0.16
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DISTANCE FROM EXCAVATION
MAX. DEPTH OF EXCAVATION
A 2 . 3 4 5

n

Maximum % Se’rﬂ‘emenf Reporied
for Tied Back Walls.

SETTLEMENT

O
T
L

MAX. DEPTH OF EXCAVATION 7

: Figdre 29.Repofted Tied-Back Wall Settlements (after Clough,1976).
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5.6 ANCHORED BULKHEADS

Anchoned sheet-pile bulkheads ane frequently used in pont
and foundation engineering.lhese bulkheads can be classified
in the following way :

1-Materials Used |

2-Type of Anchonage

- 3-(onstauction Sequence
7-Materials lsed : Timben Sheet Piles are used fon .tempoaaay |
sheeting on fon cantilevered shone p/u)iec.tt_on walls of 2—3 m

height.

Reinforced Conmeie.S/Leet Piles of gneat
variely of cross sections are used.Straight Web Piling Banr
is the mos commonly used.Presiressing of concrete sheet pile
zeinfoncement may be an advantage,especially in seawaten,since
cracking of the concnete in ithe Zension zone is ithereby langely
eliminated and the dangen of connosion of the reinfoncement Lo
decreased,

_ .S.tee.[ Sheet Piles are the mos commonly
u,aed 6ecau4e they:are the most economl_oal have a gneat variely
of cross section;ane stiff enough o be driven without buckling;
are available in many different combinations #o increase wall
sectional modulus. :
2-Type. of Anchorage : Most of the troubles neponted are caused
by wnong design on poonly con.A.buzcted anchonages.Figure 30 shows
the typical Zypes of anchons.

Single Deadman /lnc/:.oa( f.Lgu/Le 30a) con,u.a.z‘ o;f
a tieaod and deadman,
| Double (on Mone) Tie Rod Ancﬁonageaf h.gme
306-d) The neason #o wse mone than one is Zo paovide accepable
oinesses in the sheet-pile wall.The disadvantage of #his ancho-
nage is the independent yield of both Zie nods.This yielding
depends mainly on elastic deformation of the nods and on the
density of soil in front of the anchon.The anchonages shown in
- Figure 30c-d ane preferable in nonuniform soil cenditions.The
zie nods must be placed as shown in Figure 31a with a negative
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Figune 30.Anchored Bulkhead-Structural Schémes (af%er Tsinker,1983).

Figure 31.P1acement of the Tie Rod (after Tsinker,1983).
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sag of about 10 em o nesist to the weight of overlying fill,
Also, they may be placed in pipes,somewhat langen than the expec~
ted setilement of the fill,as shown in Figure 376.

. A-Frame Type of Pile Anchonage (Figure 30e)
/Ac/wbo.fwu_o,f,f secommends this type of anchonage in soft compﬂ.e_d-
 sible soil which can no be removed by dnedging.lwos tension pxleJ
are wsually provided fon each compression pile.

Anchon Piles (Figune 30f).The advantage of this

#ype of anchonrage is simplicity of construction.
| Teinken and Budin have shoun that ahchon piles could have a
significant effect on sheet pile wall design.Jt has been found
that rigidly joined a bulkhead/anchon }pi,le system wonks as a rigid
{rame,and this results in neduction of bending moment acting in |
the bulkhead.Thio neduction depends on the ratio n= -(9E) 6/ [ .70
where (JE)  is the nigidity of anchon piles pen meten of ihe
bulbhead dnd (€}, is the nigidity of sheet pile vall pex meten.
Fom n$10 zhe /Leducti.on of bending moment is insignificant but
the veatical component of anchon fonce 2o the sheet piles has
2o be considened in design of the bulkhead,

Soid and/on Rock Anc}w/z. (Figune 309} consist of a Az‘ﬂ.eamg
Zendon (nod on cable) which connects a Lixed anchon o a bulkhead.,
Anchons ara weually inclined downwands,iransmitting the ventical
component of anchon fonce into the sheet pileJhen the tie rod is
Lixed within the nock,the yield of the system will be equal o
the elastic elongation of the tendon only and, therefore will be
- negligible:this is called a "nigid anchon”. |
3-(onstauction Sequences.lThe two basic Zype of construction
sequences arne '

1-Backfilled (onstruction, whene ithe construction sequence
is shown in Figure 32a is: c{/z.edg,uzg, ;sheet pde driving;anchon cons-
tauction;and backfilling. .

2-Dnedging (onstruction (Figure 32b) ; Alleei—pxle driving;
constuction of an.dw/z. sysdem; 6ac/<,&,L&n9 ( if /ze@uuaed} a:ui
d/z.edg,uw.g.
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In Figune 32,zhe deflection of the bulkhead in bozh cases of
the wall conetruction is shown. Whene,
7=a natunal slope
2=d/Led9ed Line
3'anc/w/zage
b=backfill
- 5=sheet-pile def,'lecaon ( stage 1 of corwz‘xu.zc;bwn}
6_A/zee:6-p4,[e de,aecz‘,wn ( Aiage 2 of con,a.f/wc,twn}

Soil Pressune .

Since the Alzeei'—pde 6wl/e}zea.d,a ane considened as "{lexible"
the problems involved with them are moe complicated z‘/wn those
of negular nretaining walls. _

The s0il pressune is sthe main fonce acting againsez the
- sheet-pile wall.The magnitude of this pressure depends upon the
physical propenties of the soil and the characten of the inten-
action of the soil /otrnucture system.

Lasebnik has esitablished a nelationship between z‘/r.e degree
of sheet pile flexibility,expressed as,

=76 . (5.7)

and #he neduction of actual bending moment as compared Zo con-
ventional metheds emplagu_ng active pressune as a basic Load
distribution against the wall.flene, "' the height of the wall
(in cen,tune.z‘.e/w) and "E7"-zhe rigidity facton of the bulkhead
(in /eg-an pen one meter of the wall).Figure 33 shows the rela-
Zionship between the sheet piles' deflection,bending moments,
and s0il presswre (aften Lasebnik).In the Ligure, curves 1 and
4 nepnesent deflection and bending moment fon the bulkhead
p=0.55;c£uiveo 2,5 and 8 nepresent dellection, 6ena’bzg moment,
and s0il pressure fon the bulkhead p-=2.12;cunves 3,6 and 9
nepresent deflection,bending moment and s0il pressune fon the
bulkhead p=8.2;and 7 represents 6en.ciu7. moment detemmined 6‘/
using a conventional method (6 0 and 6p-_._..¢} R[,UR ,7\’6,7\’7
are neaction fonces come.oponc&.ng Zo 6end:.3.9 moments rep-
nesented by cunves 4-7.,
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Figure 32.Construction Sequences: a-Backfilled Bulkhead, b-Dredged
Bu1khead,Heredity Effect. (after Budin,1979).
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Figure 33.a-Large-Scale Model Bulkhead Deflection,b-Bending Moment,

c-Lateral Pressures.(after Lasebnik,1961).
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Some of Lasebnik's principal conclusions are as follows:

7. Bulkhiead flexibility has a dramatic effect on bending mo-
ment and reaction fonce,Reduction of bending moments is espe~
cially drastic in the nange of p= 0,2-6.Funthes increase of
bulktead flexibility has no significant effect on neduction
of bending mements.Anchon fonce for rigid walls with non-yield
.uzg anc/v.ozaage could be 30-40% larger than ;t/w,t detenmined by
wsing (oulomb's soil pressune theonmy.
2. The tozal active pressure against a ,aex,able wall is
- 25300 smallen #han that acting againet a rigid well,

3e In all cases investigated,unden different locations of.
anchor tie rod the active pressune againsit the bulkhead
abave its anchonage never reached the value of passive pressure.
bo It wae found that bending moments and anchom forces depend
‘on the yield of zhe anchoa system,Yield of the anchon dec-
reased the anchon fonce and the bending moment at bulkhead
midspan and increased the berwb.ng moment a the point of
sheet piles fixity into the soil, |
5. With values of py5. 6, the anchon yx_eld may not have a
significan® effect on the A/Lape of the active pressune diagram .
The total area of an active paessune on a flexible bulkhead
with yield anchons is veay close to that detewnined by (oulomb's
theony unden vanious values of § Hene §= an.g,ée of friction
between s0il and sheet pile.

. Ue.u:gn of Anchoned Bulbheads

Thene ame two basic types of anc/w/z.ed 6ul/</v.ea.d design
procedunes which axe in common use today:

a— Free (anth Suppoat MNethod

b— Fixed Eanth Supponit Nethod

Free Eanith Suppont Method is based on an a,Mumpx‘,z.an
that the soil into which the sheet pile is dniven is incapable
of producing an effective restnaint from passive pressune Zo
the extent necessany to induce negafj,ve bending moment,The
second method is based on the assumption that the sheet pile
is driven deep enough so that the soil beneath the dredge
. Line provides the deflected shape of the pile which reverses
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its cunvatune ai the point of contnraflexure and becomes veatical
Thus, the bulkhead acts as a built-in beam Aubj,ec,ted to positive
and negative bending moments. :
| In the case of netaining structunes,soil pressure is the
principal Load acting against them.Since most of the time the
s0il is not homogeneous,the deteamination of soil pressure is
somewhat difficult,The nontomogenity of s0ils also affects the
mechanism of soil-structurne intenaction.As mentioned befone,the
state-of-the-ant in this area is not well established,and most of
Hle designens s2ill nely on past practice.
A Usually, bending moment and reaction fonce acting in an an-
choned bulkhead can be deteamined by;

My Ky a (5.8)
Rp-Rg Kp ' (5. 9)-

where My and Ry are design bending moment and design neaction
force ; M and R anre the values of bending moment and neaction
fonce obtained on a basis of (oulomb's theony of earth pressure
acting against ithe bulkhead;and Ky and Kp ane factons zo obtain
mone on less nealistic values of design bending moment and neac-.
tion fonce.

9t was found that the values of Kn and Ka depenaf on the
/usud,uﬁy of bulkhead,ratio nzh, /h, (see F.ngLe 32/, yield of
anchon sysitem,density of {wala,twn s0il,and conditions created
by backfilling behind a flexible anchored sheet-pile bulkhead.

The values necommended by Budin (1979) fon K/,Fnd KY?" ane
given in Table 5.7They ane based on data obseaved from nesults
of numerous large-scale and field observations of anchoned
sheet-pile bulkheads,

 The values of K and KR gi.ven. in Table 5 asoune that the

actual distnibution o,f active pressure acting againe the wall
Lo somewhat diffenent than that determined by the (owlomb theony.
They assume possible load conceniration at the level of anchons
and possible unequal yield of adjacent anchorage.
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Table .5.Imp\?1’ca1 Values of Ky and Ko (after Budin,1979)..

' ’ n < 025 n>025
hs/H = b, Kn » Ko K,y Ko
® (2 (3). (4) (9
1 0.6 165 0.56 17
1/2 - 0.6% 1.6 0.6 1.65
1/3 0.7 1.5 0.65 1.55
o) ' 0.74 14 0.7 1.45
Table 6.Factors of Safety.(after Tsinker,1983).
Load Condition
Partof bulkhead Norma| Extreme.
{1 (2) (3)
Sheet pile 1.1-13 1.05-1.1
Anchor system 1.5-2.0 1.2-1.5
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" As it can be seen in Table 5,the rigidity of the sheet pile
- and possible yield of anchonage wene not Zaken inio account directly.
Lasebnik,on the basis of his and othen situdies,has Augguied 24
2ypical schemes fon analysis of anchoned bulkheads.lThese achemes
ane shoun in Figune 3%.He recommends wsage of Sokoloveki's
equation fon detewmination of the coefficient of passive pressure
P’

v/(P_

Trolngeost  kdgd | (5.10)
7-8in @ :

whene ; ¢ zangle of internal ,{/uaﬁwn
k- =5p* arceind / sin
: in which § = angle of friction between s0il in passive zone
and the bulkhead.”

- The f.’oﬂowx.ng design p/wcedwze is auggested by Lasebnik :

- "1.Density of foundation soil is established.The soil could
be considened as "dense” with 030.7,and "loose” 'wu‘/z. 0¢0.7.flere
D" is the nelative soil density.

2.Preliminany caleulation using the free eanth support ox
Lixed eanth suppont method is penformed A% this stage,values of
840 and, 8P =3/4 P are used.Bending moment obiained as a result of
'p/z.el,wzuza/zy calewlations ane used for p/ze.l.wu.n.aja y selection of

sheet pile size,

' 3.7he preliminany ale_u_gn.ed bulkhead is then identified with
one of the 24 schemes as presented in Figune 3%.The identification
is done acconding o preliminany values of "d" and "p" and assumed
values of "0" and "A".The values of A depends heavily on -anchon
yield.Anchons such as aock bolts on piled sitructures have 2o be
considened as nelatively unyielding.Othens,like different hinds
of anchon walls on ground anchons could be assumed as yielding
The value of "A" also dependas on i/ze dezwuﬁy of a s0ild placed -
in front of the anchoa.

4.The final caleulation io than undentaken wsing the values
of 5, and 6P as necommended by Figune 34.7he shape of the passive
- pressure diagram will be as necommended by Figune 34,but the
zotal area of ihe passive pressure diagram has 2o be equal %o
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that obtained by using the conventional method of calcula—
tion with K deteamined by equation (5. 10) . The design values
of bending fwmerd: will be optairned uwsing the necomended value
of Ky.For bulkhieads with pr4,if the bulkkead is designed accon~
ding 2o fixed eanth suppont schemes,#hie obtained value of "d*
 could be neduced' by 20-25% (depending on soil foundation densi~
#y) A value of Kp is recommended to be equal to 1.4 fom un—
ylelding anchons  of "backfilled" bulkheads,and 1.5 fom un—
yielding anchons. of "dredged" bulkheads.Fox ‘(/,Le.ldl.ng anc/w/w
© a value of Kp= T must be used.”

Since zf/z.e anchon' system is the most sensitive part: a,f
a bulkhead, gneat. attention must be given fo its design -and
construction, lable 6 shows #he necommended values of facton
of safety fom design of anchoned bulkheads.lhis value would
depend: on the unpa/ufan.ce and desined durability a)Z the stnuc~
tune, : v

5.7 SUMARY

Some classical methods wene newieved and #he behavion of
Llexible eanth netaining siructures was explained. |

Design of sheet pile netdining walls and a practical
design method fon cantileven sheet piling in cohesive s0ils
wene presented.Braced cuts wene examined,and modes of failures
and loads on . stwuts wene detenmined.lied-back cuts and thein
‘modes of failure,as well as theik anchonage syotems wene shoun
and penfommance of Zied-back A‘{{,dieln.d was given depending on the
previous neponted cases,

 The #ypes and constauction sequences o,f the anchoned bulh-

heads wene descrnibed and a de.u.gn. p/wcedwz.e p/wpaaed by

: LaAe/uu./z was given,
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CHAPTER 6
(ASE HISTORY STUDIES

6.7 INTRODUCTION

 Traditionally, the design of temporany netaining wall
structunes has been based on semi-empinical methods wsually
set in tenms of the egquations of ihe classical (oulomb on
Rankine eanth: prnessune theonies,lhis apprvach has proven %o
be satisfactony fon structunal design of netaining stauctune
components . However, evaluation of the pnobable displacement
behavion of netaining structune has been based on intenpola-
~2ion of only obseavational data.Since the obseavational data
clianges faom site to site,the extrapolation of these /z.e.atha
2o each specific problem is veny difficult, |

Fon, the above mentioned reasons e finite element method

as an analytical’ technique that seemingly can provide a'mose
neliable means fon evaluating displacements and funnishing
a strongen base from which Zo extaapolate penfommance is the
best 2ool to deal with these problems.lhe principel advantages
of the finite element method ane that the soil and #ie siruc
ture can be considened intesactively and #hat both design
doads and expected displacements can be studied.Thus,the
finite element mezhod makes possible o compare various system
designs fom minimiging displacements within an analytical nathea
than en empinical framewonk.Also,zhe nonhomogenities in soil
parametens can be considened with greaten facility ithan with
classical methods and actual consitruction sequences can be
accounted fon.Jn necent yeans,many applications of #his tech-
nique as appLLecZ 20 tied~back and braced walls have been nepoa-
zed.

6.2 BESTGN AND OBSERVATION OF A TIEB-BACK WALE,(ASE No:1

lhe bank of (alifornia (enten,have being constaucted in
- Seattle,lashington, consists of a 42-s2oay office towen and a
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dLow-nise bank. building.A parking stauctune exiending as deep
as six level below gande, exisits undex the whole staucture,
During its consiauction,an excavation of 240'x250" in plan
and upte 64" in deph: has been penfommed.lhe foundation soil
is highly ovenconsolidated clay.A soldiea pile and prestressed
Zie-back system with as many as six nows of tie-backs was emp-
doyed Zo suppord the excavations.
 In this section,the observed behavion of the tied-back
wall is presented based upon the studies made by (Llough,Weber
and: Lamon#,1972.9n addition,the results of two sesies of finite
element analyses of the wall ane descnibed,The finot senies
- weae conducted by (lough befone the wall was built as a pant
of the oniginal desing study.lhe second series wene also con~
ducted by (Lough aften the wall was built in an effont te
simulate as closely as possible the actual construction se-
quences,
Boh: cases ane neanalyzed and two seaies of finite ele-
-ment analyses weae penformed:Dining these analyses, the soil
and initial conditions as well as the construction sequences
and the finite element meshes are Zaken as Zhe oniginals des—
caibed by (lough.The resulis of these analyses wene given with
those of (lough on the same ,’;ngzea in a/zdexa 2o see the nesul-
Zing eimilarities on differences, |
This sections including, site investigation,s0il charac-
tenistics ane based on the mven,ugat.ww made by Claug/z
Site Investigation
The site, shoun. in plan in Figure 35,caveﬂ.ed a city block
anea in Seattle,
| Figure 35 shows the ez.g/uf bonringe width thein p.lacea The
soil paofile which is shown in Figure 36 consiota of a 15 2o
20 ft layea of dense gravelly clay wzde/z,é'cu.n. by a deposit of
stiff, fisouned Seattle clay about 60 {t. Hhick.No static waten
table was found ait the site.
Soil (hanacteristics
_ - Laboratony testa on wzdu;éwz.bed samples were conducted
to classify the soils and to deternine their shean Az‘JLengih
and stness-sirain behaviom.The mosit intensive testing was

iy
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pm,fa/mzed on the clay 6ecauAe the excavation was confined 2o
this matenial,

Unconsolidated-undrained #niaxial :éea.ta como,b.daf.«.an tests,
/(o tests, and dinect shear tests wene conducted 2o deteamine the
sdness-stnain and sinength characteriotics of seatile clay.
Description of Seattle (lay-Seatile clay is a otiff-fissured,
vanved, lacusinine elay which has been: oveaconsolidated by
g,laual ice,[he bedding dip varies from neanly level o
70-15° below e honigontal.The structune is broken by numenouws
shear gones with sdicken sides on the contacts.

(onsolidation tests show a preconsolidation pressune of 15
2020 #sf,and the ovenconsolidation nratio { 0(:73}' varies between
4 and 8.5tress-Strain and Sirength (haracteristics of Seattle
clay wene as follows.lndrained behavios was considered 2o besz
Lit fon the design,because the construction time was expected
2o be shont relative to the consolidation rates obsenved fon
the clay.A total of 47 undrained tests wene penformed.A typical
btness-stnain cunve faom such a test is shown in Figure 37.As
can be seen,each test specimen was confined at the ovenbunden
stness and sheared to failure.To provide data #o define zhe
unload-neload nesponse,in a numben of *esi,the sample was un-
doaded and then neloaded before failure was neached.

The undrained shean sinength fon the clay is Zaken to be
egual to 2.1 taf.This value is obtained by simply taking the
average of the data available for :é/z.e Ai/z.engi‘ﬁA vanying ,f)wm
0.55 2ot 20 3.75 2ef.

The stress~strain curves wene eva,[uaied by the techniques
described by Duncan. and (hang (1970) in onden #o obtain initial
tangent moduldus values and unload-reload modulus values,. By
these Zechnigues,the siress-sirain cunve on primany loading
is assumed to be a hyperbola and the unload-neload hystenesis
doop is approximated by a straight line.

The variations of the initial Zangenit modulus and unload
reload modulivs values with confining pnressune are plotied on
dog-dog scale 2o denive thein finctional relationship.Jf zhese
variations ane approximated by straight lines,the following
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equations describe the lines ;

€= 200p, (23} 0-55 | (6.1)
o P, o :
é, 350, (=3) &% | - (62)

- |

| Thaee diained shean tests wene conducted on clay in
onden 2o check the wall design for drained conditions.The
sinength at maximum deviator siness was defined by an angle
of internal friction of 24 with 0.35 tsf cohesion.The nesi~
dual sheaning Auengih was. defined by an angle of sheaning
 nesistance of 20, |
Initial Stresses in Seattle (lay-The coe,f,ﬁacz_en,t of earth
pressure at nest K ,fon Seatile clays with essentially identi-
cal characteriotics #o those at the aite has been shown by
- Sherif and Koch (1971) #o be between 1.4 and 1.6.fstimates
of the Ko values using zhe data of Brooken and Ineland (1965)
suggest similan values between 1.3 and 1.7 .Therefone,an
avenage value of 7.3 was aséumed in the analyses of the wall
systen, | |
Design Analyses

Usually, the design of tied-back wall syszems is based upon
empinical eanth pressunre diagrams such as those suggested by
Tenzaghi and Peck (1967).But, since the avaliable data fon the
© movements of a tied-back wall in an overconsolidated clay ia
- veay limited and the expenience is meagen,it was decided o
attempt to analyse the wall by means of finite element techniquea.
- The Linite element ar@[g,oe.o wene designed to simulate zthe
obsenved soil behavion,the initial sirnesses,and the construction
process.The soil behaviorn was simulated by a non linearn elastic
approach described by (Lough and Duncan (1969).This method
allows the vaniation of shean modulus with the shearing and
contining sinesses At the same time the bulk modulus was hepi
at a veny high value o simulate the incompressibility of the
satunated clay,
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The tinite element mesh fon the design studies,shown in
Figure 38,was drawn Zo account for the presence of the well and
2o allow fon future nepresentation of the various excavation ‘
devels and tie-back anchors A rigid base at the bottom of he
mesh was assumed Zo exist at the level of finst clay-sand
contact and the wall was assumed fixed at the bottom of ithe
mesh.The s0il above the nigid base was assumed o consist only
of Seattle clay.The upper dense clay was neglected as a consen-
vative design convenience,The same mesh was wsed during the ne-
analyses of the problem,
| The tie-back lvads wene e.az‘,wza.ted wsing the T exz.;ag/u.—?ec/z

- (1967) necommendations.

In the analyses,the excavation and Zie-back inezallation
sequence wene simulated by an incremental loading technique.As
a finet ostep, the s0il was "excavated” to the finst tie-back
devel; than the installation and prestressing of the tie-back
at that level was simulated.In this process,zhe soil elements
. in the anchon zone were neplaced by elements having the propen-
ties of concrete.fqual and bp'pou'j_e nodal point loads wene zhan
applied to the end of the anchon and at the face of the wall o
simulate the effects of the presinessing loads.lhen,the connec-
tion between the anchon and the wall was made by converting Zo
. concrete the soil elements on a line between the anchon and the

tie nod wall:connection.This assumed that the tie nod Zo be
grouted over its full length.This procedure was then aepeaied
until’ the final level of excavation was neached,

The discontinuous soldien pile wall was simulated in i/ze
analyses as a continuous wall having a flexunal /u.gl.dutg which
was equal o the actual wall,

The numben of elements wsed fon the neanalyses of the prob-
- dem are not equal o those wsed in the analyses of (lough. |
Re.dw(id of Finite (lement Desiqn Studies

Predictions fon deflections and sinesses of the wall and
the 4041 wene obtained fon each siage of excavation.Figure 39
shows a typical example of 6ow:da/xy displacements fon the sold-
dien pile sysitem befone and aften Zensioning the last now of
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2ie~back anchons.In the figune both of the sodutions of (Lough's

analyses and neanalyses ane given,lhe displacement patterns ap-
pean consistent with obseaved behavion from similan excavations,
also a good agreement is noted between the #wo finite elements
analyses. the maximum datenal movement predicted was 2 inches(5 cm).
The top of the wall was moved dowrward 1 inche as-a consequence
of the ventical component of the tie-back fonces.

- The pnedicted distaibution of net latenal earth pressure
before and afien tensioning the last now of anchons fon: boh
analyses is shoun in Figune 40.Note i‘/zai the agneement between
the sodutions of (Lough and solutions of neanalyses is veny good.
The small differences of these predicted stresses come from the
unequal rumben of mesh elements,

No failune zones ane predicted in bozh of the ana,lawea Only
a few elements nean the top of the wall failed in tension.
. In the design studies (Llough has shown that z.,{ the anchons

wene located 20 {t. behind a line inclined at 60° 1o ithe honrizon-

 2al and extending from 5 {t. below the Zoe of the cut,zthe pres-
surnes on the wall would not be affected by the pressune bulb from
- the anchon itself.Alao, it must be noted thazt the wall deformations
- would be smallen if zhe bearing end of the soldien pile was loca-
ted in the sand rathen than the clay. , |
Obseaved Wall Behavion o

The observed behavion of the well was genenally in agreement
with that: predicted.However,(lough had neponted that ceatain
conditions assumed in the design analyses wene not matched in
the final design and construction.These ane:the tendon bundles
- wene not grouted beyond ithe anchon pontion so that the assumption
of concrete tie nods was noi comrect and the numben of anchon rows

" used in constauction was 6 instead of 4.Thenefore,a second set of

analyses must be performed o simuilate the actual conditions of
the excavation. A

Figune 41 shows the obseaved behavion of the wall.In general
the design analyses appean 2o have closely predicted the fomm
of the wall movements.The bottom heave and wall bulge wene somewhat
dess than estimated,Sineet set#lement was gneaten than both
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- analyses nean the excavation.At the top of the well an inward
movement of about 2 inches occunned,but the design analyses
nesults show an outward movement of the wall.

- The variation of measured anchon loads is shoun in Figurne
42,The initial prestressing loads wene netained in all doad
cells duning the whole excavation.J was neponted by (lough
that this behavion was conoelotent with that predicted by z‘/ze

finite element analyses,
| " The tie-back loads are often been a con,fu.aur.g part of the
analyses, Some invesitigations (Marsun et.al.,7970) have companed
presinessed tie-back loade with the design 4041 pressune as
proof. of the accunacy of the soil pressure theony.floweven,
(Lough (1972) haeo ohown 2hat no such conclusion can be drawn,
JIL a prestress load is applied by a shoning system which is
inhenently stable (i.e.,the presiress load is greaten than the
minimun practical load Zo maintain Azﬁa[u,b.iy) the measuned
tie-back load only neflects the presinessing load and is not a
measune of the minimum la,te/w,l pressune which might have deve-
doped in the soil.(lough has neponted that the conclusions %o
be drawn from a comparison of measured and design loads are:
7-The anchons mus be placed far enough behind the wall o ef-
fectively suszain .t/ze' doad, and
2-The lateral eanth p/Le.koLe. could not be any gjzeaierz. than that
measuned,

The neponited tie-back anchons "loosining” on some othen
projects as the excavation p/wceeded must arise {rom impropen
installation on anchon failure.

Poat~onstruction Finite (lement Studies

In 2his second set of analyses,all the mazerial pa./z.ameier
wene kept equal to the design analyses.For #his analysis,a new
mesh was drawn as shown in Figune 43,The same mesh is used in
the neanalyses of the problem,in onden #o compare the nesults
with those obzained by (lough.The results of boith posit-construc-
Zion analyses ane shown in the same figure for the stresses and
displacements.In this new mesh six nows of anchons wene used,
The sequence of excavation and anchon presiressing ane shoun
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in Figune 43. The lowen sand dayen is also taken into the mesh
- in onden 2o best simulate the actual soil behavion.

An improved simulation of the anchon was also added.A
one~dimensional ban element was wsed o connect the concrete
anchon to the face of the wall.These elements are capable of
sustaining only axial loading,and their area was p/wpo/u‘.wned
acconding o the cross section of Zendon bundles,

The obseaved wall movements as well as the results of the
dwo finite element analyses ane shouwn in Figure 44.9n both ana-
dyses, the predicted de{.’a/uned wall shape is veny close to that
obseaved.The small differences between the #wo predicted nre-
sults arcse from the simislation of anchon nods and structunal
matenial properties,The wall deformations are ovenesitimated
as shown in Figure 44, -

 The predicted distributions of net lateral eanth pressune
before tensioning zhe fifth row of anchons ane shown in Figune 45.
The initial lateral stnesses forn K 1.3 and the Tenzaghi-Peck
design pressures ane also shown in f./u.o figure.The #wo nesul-
- Zing sets of linite elément sinesses ane,in general,much Lower
than the oniginal siresses,except at the top of the wall wheae
they are highea,J% can be seen that the paedicted finite element
pressures ane in good agneememf with the Tenzaghi-Peck design
pressunes.

Discusaion of Finite (‘:lemen,z‘. flnalffoe.d

A comparison of the finite element siness nesults with
actual field load data naises some intenesting points.

-~ Finez, the agreement of nesults obiained faom both analy dweA
((Lough's analyses and neanalyses) is perfect.A omall change in
the shape of the finite element mesh does not affect the nesults,
but this must be done by ia./u.ng into accoun:é i/ze cnitical sinesas
zoned.

Second,a definitive increase of lateral soil stress is noted
at the tie-back levels.The soil stness is at its peak value at the
tie-back location and dnope between them,

- Finally,anchon presitressing was excessive.A neduction of
about 700 could be made on the last #wo nows of anchons.In fact,
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it has been neported that in the actual excavation,the wall
footings wene installed without prestnessing the last now of
" anchons.As a conclusion,it must be noted that a veay little
doad had 1o be applied Zo the bottom of the excavation o
maintain the stability of the wall,

This can be explained éy only neviewing z‘/ze Linite element
atnesses as shown in Figune 45.9n 6oi/L analyses, the siresses on
the wall below the fifth row of anchons wene near o the initial
at-nes condition,with K =1.3 .Thie indicates that ihe mobili-
zation of the soil airength' is veny small in this zone.The
conclusion is that,the lateral nestnaint need not be applied
untid la;ée/zal movements p/wduce soil btresses tending towand
the active condition.

(onclusions

" The tied-back wall sysem analyzed in this investigation
was conetructed in a highly ovenconsolidated clay.The neanalyses
of the problem show that the design etudies and pos-consiruction
analyses peafonmed by (lough wene a good approach zo predict the
behavion of the system,Jt has been noted that the obae/zved beha-
vion of the sysitem was betten than expected.

The pnestressing of the anchons served Zo neinfonce zhe
pre-existing shear zones in the clay and prevent development of
lange latenal defommations.In the neanalyses,zhere was no pos-
sibility 2o measune the anchon loads,therefonre the prestnessing
doads which could be obiained from the finite element analyses
wene not taken into account.Only, the nodal point loads developed
" as a consequence of ithe anchon presiressing wene added to the
incnemental analyses. |
. The finite element me.t/wd ma/ae.d the companison o,f vanious
2ypes of wall systems,anchon locations and wall depthe possible
thus a safe and economical design could be made.

These analyses could be useful also as a means of controd
during construction.load neductions in the lowen tie-backe and
the elimination of some tie-backs alitogethien produced construction
economies which mone than offset the cost of the analyses.The
post-construction analysis has also shown that even closex predictions
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vcou,[cl be obiained by paying mone attention o ,z‘/ze details and
the construction seguences,

The neanalyses show that the observed 6e/zaw,axz, of the wall
Y’ ‘/,dzfem and the paedicted behavion are in good agreement.Howeven,
Zhene exists diffenences between the obseaved and predicied
behavion.These differences can not be easily explained.In eithen
analyses, the conitrolling soil parameters and the amount of
anchon presiressing needed fon tied-back walls in ovenconsoli-
dated clays must be carefully examined.Jt has been suggesied
that funthen neseanch is necessany on these subjects.

6.3 TENPORARY EXCAVATION TN VARVED (LAY~CASE HO.2 and. 3

 The beliavion of tied-back and braced netaining siructunes
hao been evaluated frequently in necent yeans,by using #he finite
element method, The purpose of thie study was to examine two pro—
 jects involving excavation inte varved clay,io give the nesults
of the obsenved and predicted results of the past analyses and
Zo neanalyze #hiese projects to see the versality of the method
on iis problems.lhe nesults are given in the same ,{;z_gu/ze_o 2o
have a possibility %o compane them with those obtained b Y Clougﬁ,
/?)wzr,/u; and Wooldworth (71975).

Project Descriptions

(ASE NO.2-HARTFORD Basenent construction for a 70—A.toay office
building in Harntford-onn. requined excavations up zo 30 {%. (9m)
deep through Lill and vadved clay into glacial 2ill.In the excava-
Zion,it io decided to nestnrain the side slopes by a conventional
- "Bendin~Type”, steel H-beam, tinben lagging wall supponted by pre~

stnessed tendon amchons grouted. into underlying glacial #ill.
Figune 46 shows the plan and section views of the excavation.

 lengaghi-Peck type eanth pressune distributuon is used o
design the system.lhe undrained sliean sinength of the vaaved clay
Lo taken as 400 paf (20 W/rP) and @ unit weight of 120 pcf( 7:900/(9//!:3}
is assigned to it,The actual nange of undrained Aa‘JLeng;t/w mea.suned
i the labonatony was 400 psf—1200 pd,f

Forn purposes of neiaining structune siudies,the glacial #ill

was considenred similan to the +ill at Bowline Point as described

henein.
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(ASE NO. 3-BOWLINE POINT (onstauction of a cooling-waten intake
dtuctune associated with the overall construction of a powen
plant at Bowline Point in Havewsinaw N.Y.,necessitated cutting
a 50 {4 (15 m) deep excavation thacugh Lill,onganic sild,and
. vaaved clay into glacial ill.A slope failure occuned duning the

. apen. cutting. At this time the bottom of zhe excavation had been
neached o elevations in. e range of from —10 o ~20 . Following
Hiis failurne,a number of stabiligation alteanatives wene consi—
 dened such as flattening sdopes, cellulan coffendams, slurny trench
- walls and braced sheeting,The latten was selected as being mos?
viable in teams of available space,practicality,and estimated cosi.
As a finst sep, the oniginal cut was backfilled to elevation -20.
- Sheet piles then wene drniven and the excavation was carnied to
elevation =45 by bracing and sheeting with the staut and walex
- system as shown in Figune 47.ALL of these materials wene weak
 eitfien naturally on as a consequence of nemolding.Fon design -
- purposes,an undrained shean sinength of only 40 pef (2 k) was
assigned Zo these matenials.On the east side of the site from
elevation 14 2o =30 #he clay had been disturbed by the slope
failune,For this neason,an undnained Ai‘/Lengﬂi.. of 730 psf (6.5 /21V/m2)
was used in dé.dign fon 2his zone,lniaxial 2est. nesults showed
 that undncined sirength values of the undisturbed: samples of van-
ved' c&zy, nange. {aom 400-1200 pof ( 20-60 /elV/mzj. Fon the initial
- design studies the lowest value,400 psf was assuned in developing
eanth pressune loadings. ' :

- The glacial £ill was assumed to have an angle of inteanal
friction of 35%nd a buoyant unit weight of 60 pcf (960 kg/m).
Drained conditions in the £ill were assumed.Fon the clay,undrained
- behavion was considened,because the cornesponding lateral stnesses
. wene more critical than those fon the drained case, -

Specitic Soil Propenties At Project Sites '

These datn ane obtained from the investigations and labona-
 dony tests neponted by (Lough,lurpy and Woolwonth.The most impon-
 tan? soil panametens fon ithe nretaining etructune design are un~—
 dnained and dnained sheen sirength and deformation moduli.lhe .lo~
bonatony test nesults indicated that the vanved clays at each site
ane alightly ovenconsolidated,with ovenconsolidation ratios in

-
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in the -/z.angé of 7 #o 3.They have undrained sirengths in the nange
of 400-1200 psf,with &, /G, natios of about 0.10-0.25 and sensi-
tivities aof from- 3-5. %wa tangent moduli £; woed in this study
wene based on 6004 A Zypical field vane testing results ane
shoun in Figure 48, ;fon. the Hartfond excavation.

Finite flement Modeling-Hartford—ase No.2

The same approach of (Lough, Munphy and Woolwonth is used in
2his analyses.The movements in.front and behind the wall are #o be
predicted by finite element analyses which wene penformed with
the program Soil-Struct,a general punpose program developed by
(lough and lsui for analysis of soil-structune interaction,

Inelined spning supposts located at the level of the actual
tie~backs are used to simulate the wall and the anchonage sysztem,
The main neason of doing #his is not #o constrain unnealistically
the wall movements by assuming that the wall and the tie-backs ’
%o be continuous planan elemenid But, if the ties wene assumed io
be present as plananr elements, the wall and the anchonage would
- be connected rigidly Zo each othen Zo prevent the movement around
- Zhe ties.The axial stiffness of the ties is assumed Zo be that of
the actual tie divided by the honizontal tie spacing.The flexural
stiffness of the planan wall is assumed equal to zhat of one of
the soldien pile of the actual wall divided by the soldien pile
spacing. | | .

' Figune 49 shows the tinite element mesh fon the two-Zien
excavation.The left boundany of this mesh is located at the cen-
ten line of the excavation while #he night boundary is located
at a sufficient distance,This boundany was located by taial in
onden 2o no# influence the behavion of the wall.

Ore dimensional intenface elements ane used on eithen Ax.de
" of the wall to allow for nealistic nelative movement beiween the
wall and the soil.Adhesion stnengths were assigned o the inten-
face elements equal to one-half ihe soil ohear sinengths.In the
- analyses,a nonlinean elastic model of Duncan and (hang is used
to simulate the soil behavion.The model assumes that as shean
stresses increase the soil behavion is nonlinean,but that upon
a decrease in shear siresses in a soil element the soil behavion

is elostic.For saturated clays,the nequined inputs fon his
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mode.[ ane the initial z‘.angemt modulus, the unload-neload modulus
and zhe wr.d/za.uzed stnength of the soil. |
Constauction sequences of the walls were simulated as closely
as possible to the actial construction of the wall:as alteanate
sequences of excavation and ineiallation and presiressing of the
anchons.Fon each increment two iterations wene penfonmed o allow
- for convengence of the nonlinear matenial properties to the values
2hat best connespond to Zhe stness levels exisiting in each incne~
ment,This is veny impontant in the pnestressed woll pnoblem whenre
" loading and unloading occur in altenate cycles as a nesult o,f
the alternating excavation and presinessing openations.
- Soid Material Panam etens and Initial (onditions-The £ill being
about 10 £t (3m) below the bottom of the excavation in the analy-
zed sections,was Zaken as a aigid base.Fon practical purposes,zhe
vawed clay was assuned o have unifomm propenties with depth.
- Funithen, the so0il was assumed to be isotnopic and have the same
- shean sinength in exiension and compnession.An undrained shean
stnength value of 400 paof (20 /W/m2} was used.lThe initial Zangent
and unload-neload modulus values for the nonlinear soil model
wene assumed %o be 600 4, «This value is about two o foun times
' greaten than those measuned -in the labonatony.In selection of
this muliiplien neliance was placed on necent expenience in pre~
diction of field performance in soft clays.
- Initial stnesses wene computed in teams of an "at nest"

conc&,t:_on with the latenal stresses, oy, detenmined as a function
of the ventical A.bzeu,o; ,@s:

oeko, - - (6.3)

whene K | Ls the coefficient of lotenal eanth paeaawz.e. This coef-
ficient wou,ld be expected to vany.with overconsolidation natio
in the vaaved clay.A A.me,[e va,lue of one was uaed throughout the
deposit . -

ﬂeawéto-//a/d,foad (ase /Vo.

| Figune 50 shows the nesults of the finite element analyses

- fon the two tien excavation. maximum of 10cm of lateral wall
movements are predicted.Alsa shown is the nesulis of the analyses
performed by (Llough,Murphy and Woolworth, for 4,7 400 and 4 = 800psf.
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9% has been noted that the best approximation of. wall behavion
- was obtained by wsing a highen value fon undrained shean stnength,
thus it means that a greater modulus value was used,The computed
eanth pressunes arne shown in Figune 571.9% can be seen that these
nesults ane very close 2o the conventional Terzaghi-Peck pnessures.

Finite Element Modeling-Bowline Point.(ase No.3

The finite element procedunes employed fon ihe enalyses of
the Bowline excavation were essentially identical to those used
fon the Hartford analyses,The diffenence is that in #his case,the
- wall was a sheet pile woll and it was braced nathen than iied-back.
(ontinous walens supponted the wall between the stwuts,thus the
planan wall model was assumed Zo be applicable.The spring supponts
- wene wsed to simulate the behavion of the struts,Thein stiffness
- wene faoken equal to that of the sinuts divided by strut spacing.

‘ - The 404-element finite element mesh was used in the analyses.
- Figune 52 shows this mesh, .:.nc[ucéuzg its boundany conditions and

- soild types.lhe mesh allowed for simulation of the oniginal topog-
naphy of the site a.o well as the placement of spoil anound the
aite,The analyses neponted. by (Lough,Murphy and Woolwoth are based
on a 423-element finite element mesh and peaformed aften #he cons-
ruction was complete,lhey covened boih easi-west and nonth-south
axis.In this neanalyses only the nonth-south axis wes considened,

The construction sequences simulated consisted of a series
- of excavations and brace installations.The braces were simulated
in the analyses by means of one-dimensional bar elements connec~
ting the two opposing walls.Ventical constraints were added o
the bans 2o prewent buckling of the ban elements.Figune 53 shows
- the construction Aeguence fon the nonth-south axis.

- Soil Material Panametens-Bowline Point.The mesh of the analyses
consiet of mainly two soils: glacwl 2l and vanved clay.lhe gla-
cial 2ill could not be assumed nigid since the excavation was
cannied into it.p=35,and submenged unit weight of 60 pef (960kg/n’)
. wenre assigned 2o the £ill.llsing a nonlinear elastic simulation of

- Duncan-~(hang, the till was treated.Initial tangent modulus of 400s,,
poisson ratio values of 0.4 and 0.49 (before and. a{lte/a failure
/Le.opec,tc_ve.[ /] wene used.

Fon f]ze spoil Lill and A/za,l,éow ,fa,d.u/;e zone,a shear sirnength
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: a,f 730 pA;f (6.5 /e/V/m} was assigned.Fon Zhe und,u,twL[Jed vaaved

clay, the parameters wsed are: 4, 800 pa,{ (40 /e/V/m/ /(. 7.0 and

&; 600 4,.For the small zone o,f highly distunbed onganic fill

and clay “which was Located behind the south wall,a shear Aa‘/z.eng;tﬁ
of 40 pA,f (2 W/n) was adsigned. |

' ?e.athdh-BowLLne Point.(ase No.3

The obsenved and p/z_ec&.cted wall displacements of the two
finite element analyses peafonmed are shown in Figure 54, The
darge lateral movement of the south wall has been observed;ihe
reason of this movement could be nelated o Zhe presence of a
- dange apoil bank of weak material behind the wall.

The nesults of both analyses are not found to be satisfac-
 tony for ihe south and nonth walls.Based upon the nesults of the
neanalyses and those of (lough,Munphy and Woolworth,it has been
found that the zoe of the south wall had moved and that the south
wall was pushing the nonth wall back into the soil.ThHe reason for
this behavion is the failure of the till in front of the wall Zoe
as shown in Figure 55.Unfontunately,it is not possible to simulate
this behavion,because the lange nelative movements neguinred bezt-
ween the wall Zoe and the undenlying soils could noz be accomoda-
ted in the finite element mesh.

lable 7 shows the obseaved and predicted strut loads [ aften
(Lough) .Only, the Linst three strut levels ane shoun in this table,
(Lough had reponted #hat neasonable agreement was obiained between
the values of lowen sinuts,but at the finet level,the obseaved
values wene much highen apparently due to wnacking effect observed
in the uppen wall movement paitens.The existing small differences
between the two finite e analyses could be related to the diffenen-
ces in simulation of shoning sysiems anaf he unequal number of
mesh elements. A |

6.0 SUMARY

In #his chapiten,thnree case histony studies wene cdedand :
reanalyzed wsing the same soil parameers and construction seguen~
ces of the previous analyses by using a finite element program
named "SOIL-STRUCT THE ELOER" developed by (Lough,to see the pos-
sibility 2o use this program in eimilan cases.
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Table 7.Strut Loads at end of construction,in kips(kilonewtons),
Case No.3 (after Clough,Murphy and Woolworth,1975)

—

Observed Predicted overa ge
Leve/ £Llevation overoge /loods Loods .
” ‘ Clouvgh's Analysis Aeanalysis
1 -15 180 83 KeX=)
‘ (800) (370) (uys) -
2 -24 310 31z 300
- (1.380) (1,280) (4,339)
3 -32 265 218 250
(1,180) (3%0) (1142)
— —

Southwall

{- actuval shpe

Yo lia,

re b 3w £,

ef

B

failed elermrents

Figure 55.Predicted Failure Zdnés—South Wall for Bowline Point
Case No.3(after Clough,Murphy and Woolworth,1975).
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9% has been found that a close prediction of he past
 behavion of the cases was obzained.Jt must be also noted that
the predictions of both (lough's analyses and a es wene
completely the same:except some little diffenences were found
~ due to a diffenent simulation me.z‘/wd ol shoning syetems used

in the /Leana,&‘/,oeo o .
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GHAPTER 7
FACTORS AFFECTING TENPORARY EXCAVATIONS IH CLAY

7.1 INTRODUCTION

.7n. onden to benelit fnrom the advaniage.a of the finite element
mezthod in excavations problems,the expenienced designen must take
care of some impontant factons which could control greatly the
predicted nesults.The consistent wage and reliable solutions of
the finite element method could be obiained by this way.

These factons are the simulation of excavation,zhe soil model-
ing, s0il parametens and consiruction variables.

7.2 EFFECT OF METHOD OF EXCAVATION SIMILATION

Moszt methods used to simulate excavation are designed so
that the actual construction sequences can be modeled as closely
as possiblen incremental loading procedune is used fon ihis
simulation.Cach actual excavation siep,is simulated by an equiva-
dent distributed fonce system which is applied o the excavation
boundary Zo neduce stnesses on this boundany o zeno.lhis is pea-
fonmed by transforming the distributed boundany loading o equi~
valent nodal fonces and then applgpm.g the opposite of these fonces
4o appropriate nodal pox.n,to Admoszt all excavation aimulation tech-
- nigques use this genenal approach,but they diffen in zhe means fon
detenmining the fonce system to be applied Zo the excavation
boundany.

The method proposed by Cloug/v. and. Duncan is the most general
- fon lowen onden elements in which only the centen stnesses of the

elements are known and the boundany forces must be calculated
based on this known siresses,lThis procedune is illustrated in
Figure 56.7he area 2o be excavated is shown by dashed lines,
(Lough and Duncan recommend that siresses on a segment abe,be
deteamined by fitting a nonlinean interpalation polynomial to the
sinesses at the centens of the four elements adjacent to the abe
segment.These elements are shown in Figure 56 as 1-2-3-4.
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Figure 56.Determining Boundary Stresses For Excavat1on By Imterpolation
(after Clough,1972). '
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- Zened.

Then, the polynomial is used Zo calculate siresses on the excavation
boundany and equivalent nodal fonces are deteamined and applied 2o
the boundany in the nevensed sence,
This method has been shoun #o be .oa,tu,fadam(/ f.’a/z. a wide varie~
2y of excavations,but the four inteapolation elements must be choosen
appropriately when connens on discontinuities in materials ane encoun-

IE a highen onden element is used (Linean strain on above)
stnesses at each node of an element could be calculated.This allows
dinect detenmination of stresses on an excavation boundany.However,
i is theonetically hnown Zhat these sinesses are not neliable and
that the mosZ dccunate sinesses ane those deteamined at interion
Gaussian integration points.lhus the desinable procedunre is 2o cal-
culate boundany fonces from the intenion points.Mana (1975) has
proposed a method of this type.The equivalent excavation boundany
forces are found,for an eight node isoparameiric element,as:

n 7 o |
Fl= [ 181ta}ay - (7.1)

where: M=number of elements which have a common boundany with
. unexcavated elements.
[Bledisplacenent-strain matrix
{0 )=0tress vecton |
{Fl=vectorn of nodal fonces
The integral is evaluated numerically wsing va,(.uea of (o} and
[B] at the Gaussian uzz‘.eg.aa,twn »pouu‘.o
Figure 57 shows a problem in which a compa/u.aon of both methods
was made,These are the nesults of the finite element analyses
- uaing the scheme proposed by Clodé/r. and Duncan fon lower onder ele-
ments and that proposed by Mana fon highen onden elements.The prob-
dLem was an excavation into a linean elastic mass in fins one and
then thaee seps.Since the media is elastic,ihe predicted behavior
from eithen one on three siep a:zd,ly,aeo chould be the same.(Lough
and Duncan in theia analysis have used a foun nide isopasrametaic
element, \
The predicted shapes: of deflected ventical boundary fon both

717



~clLl-

A"‘I .Excavation Lower Qrder Element-Polynomial Higher Order Elemeni-Direct

( v : [ InYerpolation _ B 1 : Colcﬁ!cﬂion 1

| 50{1:"\\\ E 100004 /m? T Three ] O 1 |

, k v=0.30 60m |Steps Mo/ /1 One _ «—Three and :
: S Step One Step
l““—*—-\ZOm-—-—V——b-

L ' | .
A=

One Step Excavation

n
Q .

DEPTH, meters
o

I
30«1 % £=10000 t/nf

v=0.30
40
A<l
Three Step Excavation 50
NOTE: Results from One
and Three Siep
analyses should be 60
the same - i15 10 5 0 5 10 S 0

Figure 57.Predicted Movements Using Different Excavation Simulation Procedures(after Clough,1975).



i/uz_ee and one step analysis using diffenent procedunes ane given
4in Figune 57.There exisis small diffenences in e deflections

- abtained by using a foun node isoparametric element,but the app—
roach of Mana is penfect.Thenefone,it is necommended that the |
Zechnique developed by lana should be used in excavation problems.

7.3 EFFECT OF SOIL MODELING PROCEIURE

There are many mezhods fon modeling stress-sirainbehavion
of soils.flastic,nonlinean elastic and elasito-plastic models. have
been employed in the siudies of excavations. |

The nonlinear elastic model allows zhe soil modulus #o be
adjusied consistently with the shean stress levels in each element.
The form of the siness-sirain cunve is assumed Zo be hyperbolic up
2o failune, then, the shean modulus is neduced to nean zero.The
elasto-plastic model assumes plastic behavion until yielding ;
plastic deformation occurs theneafen upon funthen loading.

It has been shoun that for practical pacblems,if appro-
priate s0il panametens can be chosen,zhe type of soil modeling
- technique will not significantly influence predicted behavion.

However, it is important Zo note that the magnitudes of zhe
elastic moduli needed fomn accunate modeling of observed behavion
ane significantly influenced by the soil modeling Zechnigue JInitial
Zangent modulus values ane needed o define zhe initial slope of
the siress—stmain curves,if a nonlinein elastic model is used.On
e othen hand, zhe elasto-plastic model uses a single straight line
sinessmstrain function untill yielding is neached.flene,the sirness-
sinain cunve up to yielding can be nepresented by a secani modu-
- dus value.(laough has shown that in onden 2o obiain agreement beid~
ween obsenved. and predicted walll deformations of San Fransisco ex-
"cavwf,cbh shoun in Fiqure 58, two diffenent modulus values ane needed.
4o nepresent the iwo different soil modeling technique used in this
: p/z.ablem./fn. initial zangent modulus value fon zhe Bay Mud egual Zo
. 1200 o,,.was used for the nonlinearn elastic model while a secant
modw&w value of 360 s, was used fon the elasto-plasitic model,J#
~can be seen thai,the magnuéude_o of the input modulus values fon the
two soil model wene different by a facton of fourn.Therefone,depen—
ding upon the s0il model employed,best modulus values mus be-choosed.
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Predicted Using a Nonlinear Elastic Model and an Elasto-Plastic
Model (after Clough,1975).
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7.4 PROBLENS IN SELECTING SCOL MOBEL PARANETERS FOR BESIGN

The numben a{.’ pwmmétw needed zo deacribe a sail model ies
a function of the complexiiy of #he model;the mos desinable mo—
del is the one whick needs a little numbex a# parametens to be
detfined o simulate a reliable soil behavion,
- The nonlinean elastic model nequines the following pa/zameie:w
if it is the case of the undrained loading of saf,saturated c,[a‘/,a,
; /( ~coeflicient of latenal earith pressure
5 ~undnained shean sinengith :
(f —initiol zangent modulus
(f ~unload-neload modulus
_ Rﬁ'-auwe Litting panameten ‘
Because R, wsually io an easily defined constant and (f and é
ane typically about equal in undrained loading, the pwwme:tem
 selection problem neduces 2o thnee values K,, S, and ;. JL the
clay is near nommally consolidated, K, isa /ze[az‘/.va[y easy de-
tined conszant.lhe deteamination of 5 and £, i the most dif-
Licult pant of the soil panameten d@u&.,&ca,aan.
- Ihe design shean sirength has a significant influence on
predicied behavion, The cic.)f,&.cwl,ue.a in chossing the appropriate
. value of 3, come from dwo: main neasons.The finst one is the
scatten in ieAi nesults.The scatten is Likely in pant due to
natunod causes as well ds expenimenial nelated problems,The se~
cond difficulty is in evaluation whethen on not allowance should
. be made for disturbance effects which would lead #o selection
of highen values than indicazed by data.
-~ The deteamination of the initial Zangent modulus is mane
difficult than the shear sirength,since data scatien Lo typically
greaten and disturbance effects mone substantial.The increase of

| the modulus with inereasing value of shenx strength might be

expected based on fundamental concepts.Fon soft clays,the initial
tangent values deteamined from labonratony Zest results are tow
dow because of distunbance effects,This detemmined values musz
be connected.lThe wnong assumed variations. of medulus values can
dead to lange diffenences in paed.icied nesults Reponted studies
and nesults of many labonatory tests point out that laboratony
based modulus values and shean sirengths ane fan oo lLow.
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Bowline Point and Hantford excavations in soft clays prove that
2his udwnpuonu connect.Obviously,it is possible %o adjust the
‘modulus values obained from szandant undrained triaxiol testing.
But then the question becomes, "how much higher?",and the anawen
must depend upon many factons,such as #ype of clay,amount of over-
consolidation of the clay,sensitivity of the clay and quality of
Zeat procedunes A modulus value based on 600 to 800 s, eems Zo
give nepresentative predicted movements,This value is /u.g/wly based
on case /u_dz‘.o/ay studies, 6uz£ how genenal this finding is nemains o
- be seen, .

Thus, 2o feel fully confident in ,(iuu,te element pn.edl.ctwn,o,
‘may not be satisfactony fon an engineer without additional means
o,f co/w.oéa/aa,tuzg the /r.eAtho ‘ :

| 7.5 PROBLENS TNTRODUCED. BY Colvsmuc/aolv VARIABLES

Construction variables nepresent unanticipated consiruction
problems on changes which affect excavation behavion.These events
are relatively common due Zo nature of the Zemponany excavaiions.
These ane; :

4 7-The contracton falls behind schedule on finds a particulan
concept urwonkable and changes the Aequence of conetruction and
even the shoning sysem.

2-Sunchange loads are p.laceaf in laca,uon,a noi expeoted

3-The Zemponany excavation plaifomm is overexcavaied before
brace installation, ,

4-Impnropen uwia,Ua,twn of anchonas.

These and many othen sometimes seemingly small details have
been known to modify excavation penfonmance drastically.

 An example showing the effects of one such incident on finite
- element predictions occunred in Harntfond,(onnecticut.J+ has been
reponted that during ihe excavation which was #o be made into sof#
'va/wed clay, the suppont system was oniginally intended o be a
Ao_,[c&.e/z. pile and lagging wall.The wall is Zied-back with two le-
-vels of inclined tie-backs anchoned inito an underlying till layen.
Howeven, eanly into the project,the contracton sought and was granted
. dwo changes.lhe finst one was the placement of a surchange loads
of up Zo one meter of fill.The second one was the change in ancho-
nage Aya.tem AUC/L as a single deadman anchon sysitem could be wsed
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Figure 59.bredicted Wall Deflections,Hartford Excavation,Showing
: Effect of Construction Changes on Prediction(after Clough,Murphy
and Woolworth,1975).
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in Lieu of the dual inclined anchor system,(lough has neponted
that by repeating the finite element analyses and accomodating
the changed construction conditions,zhe predicted maximum wall
deflection,as shown in Figure 59,is 15 emya 100 peacent increase
over the oniginal prediction.Thus,construction variables contni-
bute an additional unknown element whose effects on behavion
can lea.d Zo inaccunate con.du,u_on.o wam finite element predic-
Zions, - S

7. 6 SUMMARY

In this c/zapzfexz, ,facion.d affecting temporany excava.z‘,wru in
40# clay wene described;these ane,the method of excavation si-
- mulation, the Zype of s0il mode,l,/.ng, soid pa_zwme.te/w and construc-
Zion sequences, '
‘ It must be noted that ithe above mem‘x.ormed factons ane o
be considened as con,bw.l,b.ng parametens of primany importance
‘during the analyses of excavationsjand eveny small changes on
them must be neflected zo predicted resulits.Improvements on
neanalyses must be made,if necessany.
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CHAPTER 8
CONCLUSION

As has been z,du:bzaied thus fan, excavation in soft clays
requines a detailed investigation program in onden 2o be solved

o by using a tinite. element analysis.The experience and reponted

case histony studies have been found 2o be very useful o obitain
reasonable predictions in excavation problems.Since the siate-of
~the-ant is not well established in this anrea,additional cone
- must be given fo obiain a satisfactony and complete analysis.
Also, the problems involved in defining soil parametens and
construction sequences make "pure prediction” of the behavion of
 temponany excavations by finite element analysis veny difficult,
'In centain insiances it may be possible,but in general this will
noz be the case.(lough and Mana paovide an obsenvational approach
whick obviates many of the questions shrouding #he "pure predic-
tion” zﬁec/m,u;ue The p/wpoaed mezhod consists o,f the fallowing
sieps:
1-The ple.ect Lo studied caae,fwug 40 as 2o produce neason~
able estimates fon soil profile and ground waten table location.
Labonatony tests ane penformed on nepresentative soil samples.fin
expected construction sequence is established,
. 2-llsing the best available information and a nelatively simple .
model,an incremental finite element analysios is peaformed.Accep-
2ably conseavaitive soil pa/mmeiw arne employed in the analysis.
The nesults of ihe analysis ane viewed as preliminany and subject
2o modification. |
- 3-The project is wi/wmenied 40 that deflections of the
‘wall sysitem and s0il mass can be measuned.Initial excavation is
made and at this etage soil conditions and consiruction sequences
are examined to deteamine if any dwngeo exist nelative o those
assumed in the amly,oe.o. ,
& /'oLl.owuzg s2ep 3,a /Leanalc/.au of the problem is undeniaken
ifs

' d-Sozl conditions on construction sequences ane diffenent. from
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those assumed in the oniginal analysis. ,
b-The observed s0il and wall deﬂec,twn.d are dz_,{’,feaen.t from those
predicted.

5-In zhe /z.eana,[y,ou ,any c/zan.ged condu&.ond are accomodated
and s0il parametens are adjusied consisitent with the comparison
of predicted and obsenved behavion,e.g.,if initial predicted def-
dections are oo lange,s0il stiffness and/on sirength is increased.
Adjustments in the parameters are made until an analysis yields
agreement with the eanly obseaved behavion,and when agreement is
obtained in the eanly stages,the pnedictions ,fon. the final szages
should nepresent accurate values,

6-(anrefyl control is maintained dwu.ng Au(ueguen,t constuction
to ineune that no ,Zwbthea deviations occun in aAaumed soild condi-
tions and construction sequences.

. The above descnibed procedune if properly used should lead
2o accunate and neliable paedictions of excavation 6e/mvum, by

using a ,ﬁuu.te element method.,

| The following conclusions can be dJunm from the nesults of
case histony Aiudl.e.ar and zf/ze laboxza.toay Zess on ",full—acaled"

dpecimend, '

9% has been 4/Lown that, z.‘/Le Az.mu,la.twn aﬁ excavation in
Linite element analysis can be done by a numbei of diffenent,but
satisfactony procedures.lo be accunate,in the calculation of exca-
vation fonces,direct caleulation technique using higher onden ele-
ments seems o be the best one but also a foun node isoparametric
element should be also Aa,tu,t’actoay but it nequines mone data #o
. 4pecify the excavation sequences. '

Using eithen e nonlinean elasiic on elasto-plastic soil model
 the Zemponany excavation be/zaw.o/z. in soft clays can be neasonably
- simulated With the appropriate soil parameters,eithen model can be
made to lead to the same padédd excavation behavion,

In genenal,for soft clays,the values of shear strength and
tangent modulus are difficult o predict.Fon finite element situdies
these factons have a primany impontance in the predicted movements.
. These panameters are particularly crucial o temponany excavation
studies because of the direct vaniation of eritical s0il seittlements
with them.
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- Disturbance effects in laboaaiony ieAi@hg apparnently lead %o
significant reductions in measuned soil modulus values.This,in
dunn leads o significant ovenpredictions of excavation movements
" by finite element analyses nelying solely on laboratony tesi ne~
- sultsAn adjustement of these parameters should be made based on’
the results of case hiotony situdies.

- Iz has been found that zhe pnedicted nesulis oﬁ case h44ioay
studies could be obiained by using a mesh composed of smallen
number of elements than those of the oniginal analyses.But in de-
' aign oiage,great care must’ be gLven 1o the selected element confi~
gunatLo .

‘(hanges in excavation. Aequenceo on suppont sysiem deALgn often
Zake place aZWAngyconAiaucian,iﬁLA dead #o unaniicipated peafon-
mance.A continuous contact should be maintained between the contrac-
Zon and the designen in onden Zo control the progress of the exca-
vation.Jsodation of the finite element analysis from the aciual
sages of constmuction can lead to false predictions.

By considening all the above mentioned parametens,it must be
sdated that the program used in Zhis thesis closely predicts the
nesults obtained by previous studies:thus,it is possible to use this
program Lo predict 6eﬁaVLoaa of future similar excavaiions in
clays.

- Becauwse of dL{ﬁLculiLed in selecting soil paaameieaA and
anticipating construction changes,the finite element analysis should
be inconponated into an obseavational procedune.Thie allows fon
. neanalyses to be penfonmed. s0 as o accomodate betien soil parame-
ten estimates and construction changes.

. When properly utilized,a finite element analysis can be
. expected %o give useful design information and neliable peafoamance
predictions fon temporany excavations in sofz clays.
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APPENDIX A
FINTTE ELEMENT MESH DESIGN

In zhe incnemental analyses of excavation problems,the
geomeiny of the problem was continually changing with each in-
crement :howeven,only one finite element mesh was employed fon
 each problem by designing the mesh 2o account fon the initial
 geomeiay, excavation geomeiny and geomeiry duning anchon insial-
lation. Alterations 2o the mesh fon each increment wene accom-
plished by changes of material propenties for the appropniate

elements, e.g., excavated elements wene assigned veny low values
of modulus to nepresent ain,and neassigned concrete modulus
values to simulate placement of concrete, ,
- In addition #o the geomeiny of the mesh,zthere are a numben
of othen considenations in designing the Linite element mesh
 for an excavation szudy,including the following:
1-Number of elements neguined o appropriately nepresent
 the excavation fon the purposes of obiaining Aaw,faoto/zy va-
dues of deflections.

2-Location of lateral 6owwlwu.e.o

- 3-Accounting fon the presence of interface elements duning
initial and exeavation phases.

These considerations are discussed in subsequent sections

 of, #his appendix.

Numben of ¢lements

JIn onden o minimize t/ze. amounit o,f compwte/:. time aequuzed

~ fon the analyses, it was desinable 2o minimize the number of
elements employed fon ithe problem;howevenr,it was also desired #o
use a suitable nunben of elements so that an acceptable degree
of accunacy could be atiained in the sitructural deflections

and siresses, The degree of accuracy that may be obiained in
simelating a panticulan mode of behavion with a given numben

of Linite elements of a particulan type depends upon how closely
the displacement pattean assumed in developing the element
stif{ness coxucupondd Zo the pwu‘,z.cula/:. mode of behavion desined,
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Locations of Lateral Boundaries

In cases of excavation problems,it was desirable 2o locate
dateral boundarnies so that they would have a negligible effect
on the excavation behavion.Becawse in most cases the centenline
of the excavation was a line of symmetry along which deflections
would be ventical,this line of symmetry was taken as one of ihe
dateral boundaries and was nepresented by a line of nollens which
prevented horigontal movements but allowed vertical movements,
Howevenr, the othen boundany had Zo be located a sufficient distance
away {rom the excavation so that its influence on the behavion
of the wall was n.egl.l.gu.b,le.
Interface flements o |

Because the finite element mesh was designed #o account fon
the completed geomeiny of the excavation as well as the initial
and inteamediate geomeinies,pnovisions had Zo be made #o include
the intenface elements fon all of ithese conditions.Howeven,fon
initial and excavation conditions,the uz.iea{.’ace elements had 2o
 behave as if they wene not present.

Befone excavation,an intenface element be.z‘ween any Hwo
two-dimensional elements should have been "inactive" and merely
served to mainiain nodal point compatibility,i.e.,not Zo allow
“any nelative movement between adjacent elemen,tojo satisfy this
nequinement, the normal and shearing stiffnesses wene assigned veny
dange values,as shown in Table 8. |

Aften excavation of an intesface element and the adjacent
two-dimenasional elements,the interface element should hot induce
any inteaaction with the newly placed materials untill the adja-

" cent two-dimensional elements are placed.For this condition the
very dlow stiffnesses shown in Table 8 wene employed,

Upon and after activation,zthe interface elemenits may have
foun additional possible sets of stiffness values,as shoun in

- Table 8.These stiffness values nepresent the following conditions:

7-The inteaface between the nigid concrete and the newly
placed "liguid" backfill layer.

2-The interface unden rw/unal condu‘x.on,d

3-The interface upon shean failune.
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Table 8.Stiffness Values For Interface Element Under Inactive and Active

Conditions. (after Clough,1969).

Condition Statos ks . : ku
1b./cu. £t. 1b. /cu. ft.
Between Solid Elements x 10M "
Inactive. - ‘ ‘ . S 1' L }.0
Between Excavated Blements . 1x 1072 1 % 1072
Between Concrete and Newly Placed Li_ye.r 1 x107°% 1x “108
. Normal Operation As Calculated | 1 x 103
Active -
S Shear Fallure 1 x 1072 1 x 10°
Tension Failure ; 1 x10°% 1 x 1073




4-The inteaface upon zension failure.
| Shean failure of the intenface element wsually oceunned only
duning the placement of the few layens immediately above the
element.In fact,it has been found that eveny intenface failed
upon the placement of the tinot layerns immediately above,and
2hat for this condition the "ovenshoot" of the allowable sheanr
stness was veny lange,This indicated that the full friction was
being developed undenr these initial conditions.
- 9t is economical to extend the veatical interface elements
through the whole mesh.This allows the rumbening of the nodal
points in the vertical dinection would be eontinous, resulting - .
in a smaller set of egtations Zo be solved fon each analysis and
thereby nesulting in a savings in computen time,The interface

 elements which wene located between adjacent Hwo-dimensional

elements of the same material wene /zepi in an inactive condition

- thaoughout the ana,ly,au.

-726-



	Tez3781001
	Tez3781002
	Tez3781003
	Tez3781004
	Tez3781005
	Tez3781006
	Tez3781007
	Tez3781008
	Tez3781009
	Tez3781010
	Tez3781011
	Tez3781012
	Tez3781013
	Tez3782001
	Tez3782002
	Tez3782003
	Tez3782004
	Tez3782005
	Tez3782006
	Tez3782007
	Tez3782008
	Tez3782009
	Tez3782010
	Tez3782011
	Tez3782012
	Tez3782013
	Tez3782014
	Tez3782015
	Tez3782016
	Tez3782017
	Tez3782018
	Tez3782019
	Tez3782020
	Tez3782021
	Tez3782022
	Tez3782023
	Tez3782024
	Tez3782025
	Tez3782026
	Tez3782027
	Tez3782028
	Tez3782029
	Tez3782030
	Tez3782031
	Tez3782032
	Tez3782033
	Tez3782034
	Tez3782035
	Tez3782036
	Tez3782037
	Tez3782038
	Tez3782039
	Tez3782040
	Tez3782041
	Tez3782042
	Tez3782043
	Tez3782044
	Tez3782045
	Tez3782046
	Tez3782047
	Tez3782048
	Tez3782049
	Tez3782050
	Tez3782051
	Tez3782052
	Tez3782053
	Tez3782054
	Tez3782055
	Tez3782056
	Tez3782057
	Tez3782058
	Tez3782059
	Tez3782060
	Tez3782061
	Tez3782062
	Tez3782063
	Tez3782064
	Tez3782065
	Tez3782066
	Tez3782067
	Tez3782068
	Tez3782069
	Tez3782070
	Tez3782071
	Tez3782072
	Tez3782073
	Tez3782074
	Tez3782075
	Tez3782076
	Tez3782077
	Tez3782078
	Tez3782079
	Tez3782080
	Tez3782081
	Tez3782082
	Tez3782083
	Tez3782084
	Tez3782085
	Tez3782087
	Tez3782088
	Tez3782089
	Tez3782090
	Tez3782091
	Tez3782092
	Tez3782093
	Tez3782094
	Tez3782095
	Tez3782096
	Tez3782097
	Tez3782098
	Tez3782099
	Tez3782100
	Tez3782101
	Tez3782103
	Tez3782104
	Tez3782105
	Tez3782106
	Tez3782107
	Tez3782108
	Tez3782109
	Tez3782110
	Tez3782111
	Tez3782112
	Tez3782113
	Tez3782114
	Tez3782115
	Tez3782116
	Tez3782117
	Tez3782118
	Tez3782119
	Tez3782120
	Tez3782121
	Tez3782122
	Tez3782123
	Tez3782124
	Tez3782125
	Tez3782126
	Tez3782127
	Tez3782128

