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CHAPTER I
_ INTRODUCTION: .SCOP‘E OF THIS STUDY

1.1 Role of Deformatlon Studies in De91gn and
Monitoring of Embankments . o

' As part of the de51gn process the engineer must
estimate the movements, stra1 s, and pore water

. Y *“mspressures which ‘may develop his dam at various N .,

f, times in its life. - He make these estimates largely
on the basis of laboratory tests-and theoret1ca1
analyses, but since. the theories are still in a
state of development he can only rely on them to
the extent that they have beeén demonstrated to check .
actual measurements on ‘completed structures. ‘

|
' Sherard, et al Earth "and. Earth-Rock Dams,,1963

Ouce estlmates are made. 1t is ‘the englneers o _
respon51b111ty to: ensure that the st;ucture exhlblts the -
behavxour predlcted. If deV1atlons from predlctions are .
51gn1flcant the questlons "why" must be. answered, partlcularly
in the context of safety of the structure.

| ’ Slgnlflcant advances in analytlcal power have
’become avallable w1th f1n1te element technlques, partlcularly
v . .

in deallng wlth stresses, deformatlons, seepage, and

consolldatlon. The wealth of 1nformatlon potentlally avallable'

“at the designista&e of a progect 1s staggerlng when the whole

.A"what 1s g01ng on" is be1ng expapded greatly and personal

rather than the parts can be observed, namely ‘with ,3D ,

analyses._ The englneer s perceptlon of his’ ab111ty to know -

NS

adjustments need to be made to thlS new era. :. - L



some time nowflbut it is bh;y in‘thebage:of'the finite‘
element wherehthe”full.potential of behaviour mdnitoriné
‘ican really be apprec1ated The newvanalyt1Ca1 power 1s
yleldlng fif more than before so there 1§ even mbre reason’

“to check fleld behaviour to ver;fy analyses. @he requlre-

‘ments .and’ responflbllltles demanded by soc1ety s new. and

QrungQElng env1ronmental consc1ousness accentuate the need té
wf

(VS ooy d)

know in detall “what 1s g01ng on" w1th a project and make .

" this knowledge freely avallaﬁle. ThlS thesis anns at-

belng a contrlgrz'on to such nee

In thls chapter background concepts for the the51s
|

are dlscussed. Succeedlng chapters ampllfy the detalls

¥

' and present the results,.and conclu51onshare made spec1f1cally_

‘ regardlng thls study on Mlca Dam but more generally about

- the role thls work is de51gned to fulfll. Do H‘ ff

1.2 Importance of Documented Case Hlstorles

: The economy~of earth and rpckflll structures lles _w_rt}u;,.g

A
'1n the utlllzatlon of readlly avallable materlals, and

thelr performance is a functlon of the englneerlng efforts
' put 1nto selectlon, de51gn, and constructlon. Usually one
cannot transfer‘data from srte to 51te 91nce each prOJect 1s
essentlally.unlque.’ An analy51s manlpulates data from one

51te and in the processrmany assumptlons, usually whole

-serles of assumptlons, are made. , .- ' : ~'ﬁpf. ‘ “f




To ver fy that the analysls

T ,.‘?;,._ 3 %
15 Yglid measurements are
\

made at the sit ; and the agreements made and questﬁpns.

ralsed remaln a tached to that sxte

experlences of- npsults, measurements, comparié%ns and

questlons it is
:f thoroughly Only by . dolng thlS can
‘ the versatlhty of t:e analytlcal pro
rs accenkuated by a contrnulng stre

work numer1ca1 result are requlred

these results, and doc' entatlon 1

general'well belng of t"'dlsc1p11n

' there to support 1t, the

[

W To transfer these ;5-7

SR

ecessary to document the whole srtuatlon

*confidence be bor'"'

cedures. Thls proc/ss
am of theoretlcal and \
analyt1ca1 developme ts.f At the 1eVel‘where most englneers

When an analysis produces

e 1t advanCed.._ vfl{w

equal to the welght of materfals in

PR

lSl

. \

unft area aboVe the p01nt.3f1
stress-straln parameters in an'ldea

contlnuum, and is also the max1m'

e e - e s

-where .0, =. maiimumfprincipal,St_
_?f*f '~_Y-gf= materlal unlt welght
©h.o= vertlcal eXtent

p01nt 1n con51derat1

-

_ To obtaln the other t\o prlncipal s

a vertlcal column of;“
ndependent of any -

1,_sem1 1nf1n1te

“

pr1nc1pa1 stress,.'n'”

,-i{ . - (i.‘b - . g-“. ‘

on. Lo

tre SSes 1nwrm£* - -
sumed

Q

»
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where (a:qecnﬂ;cmxﬂtearhﬂ 5 : .

. . '_r'-v"',j,'-;,.'\“ ' j- ﬁi "
o ‘.'—-V"'A\‘[ 'P(?_isson -'79'; Ra"tlo = Tlf ﬁ o L K s

T

R N P ‘inter‘mediate; mihbr;fpri‘néiiba’l stresses - > ‘

“... - LR -~)‘:'N ks ‘: .
respectrvely.; e *" gt

: If the stress dlstrrbutlon 1n a s011 mass is altered

from thls 31mp1e state by an imposed boundary condltlon,v’ AR
then ln general the~major pr1nC1pa1 stress w111 not equal e

the overburden stress apd 1n particular it wlll usuaily be
1 less than Q'Prburden.. The dlfference may be con51dered as ;'bjfegifl
tahaxup 1n stress redlstrlbutlon to sat1sfy equlllbrrum at R

kf—the boundarles. The phenomenon of stress changes to satlsfy '”7
: ‘ RS . A S R
" qulllbnlum and compatabrllty under boundary 1nfluences 1s

looselyﬂtermed stress transfer, 1oad transfer, or archlng

(s1nce the prlnc1p1es are embodled 1n structural arches)i

‘ In~eﬁbankment englneerlng 1t 1s common to talk of

— B
< “

ST 5 S
“cross valley ardhlng" 51ncé‘tﬁé“process'sorciosely*paraiielsm{

the dxstrlbutron of stresses ;n an arch brldge across a A

’.

Vall&y. Furthermdne 1f the embankment consrsts of two 15'
dlfferent materials and a softer materlal "hangs up | ”{fﬁi_

a stronger one major pr1nc1pal stresses 1n the two decrease

and 1ne£ease respectlvely from the stress state present 1f _;.Tf.ﬁf

)

they had 1dent1cal propqgtles, and we speak of “ioad

- P . D », s
- o E— LT - . 3 . . . i - PEREE
- . . e SN .o
. 3N .
L
oy




' deformatlon behav1our, and w11

‘ 4

=y e C
geometrlcal and deformatlonal effectsbcannpt be separated. RPN

;?ﬁ;f» L In three dlmens1ons the stress state at a pq1nt 19 4},gf*af

quantltatlvely represented by the octahedral normal and

N . L 1 _."\ ot : .
. ~%ect T .3 (0) + 0y %0 a

|
e-a—\
& —
Q
1
N
~—

oct ' ' _ .
R fff“’;.,u --;'nt-w"'i;,%.
N ] . N R P . . . ; e A,.
If no stress transfer effects are present andoall.stresses
D

X ;‘,‘ :

- are calculated u51ng 51mple elastlc theory (W1tﬂ’0n1y ;wo ;Fﬁ?ffﬁ"
1ndependemt-ParameterS)g&then the same elastlc theory ylelds ffﬂfﬁiﬁ

N TN R A S

; ’ L ST R T c S

"“"-'"T‘"-",:"',"‘— mCM‘A '-": '. : i s '—~ R L v .; LT } . AT L " R

"99':' e _3 (1 - u)

ﬂ"fand any dev1atlons from thlS rat1o thus 1nd1cate the presence S

(4

: fof boundary effeCts or dlfferences 1n deformat10na1 behavrour.v

‘»Thls 1s an 1ntérest1ng 1dea but becomes rather 1mpract£raL

consequently any evaluatlon of stress transfer or: archlng

= h ,"’,..A’.'

f;)dls meoe 1n thlS theSlS‘by cons1der1ng the relatlve vaLues
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. - ot T I T T e
_.;of overburden streas and ma or prtncigal stre%? «In most e T
;‘fsltuations where stresses'are due,totna ia - =we '
ﬂ‘only. the maJor pr1ncipa1 stress is cleﬁe in!magnltude L .

and often in dlrectlon to “‘°'

,",_‘~ L. : . )

A %“‘"r

R
X

“fl 4 Revxew of Some Stress‘Transfe VEffeots 1n 01ls

I pxactzcally all“englneerlng 51tuatlons stress o
itransfer effects w11ﬁ be presemt. ;t 1s,necessary to have -

ia feel for the processes aﬂd effqpts S1nce stress. transfer
-can have lmportant 1mpllcatxons? &_'.310\; ’ »~.'.”;¥.
Terzaghl (l943i devoses d}scu531on to the Smelest : ‘;?t

hexample of stress transfer, arcqﬁng 1n'th1s context. 'He,‘ﬂ”
fclearly deVelops the coﬁcept tgat shéar stresses aré\
'mobllrzed 1n drder tc/satlsfy equtllbrlum 1n ‘a mass when

“prseful 1n

o

4
boundary q dlﬁhons are modlflgd Sxmllarly, concepts
e o\\n .
_”nderstanda q and de31gn of braced excaVatlons

can fe,developed (Terzaghl and Peck, 1967,'Lambe and

-

ﬁhltman, ;969) | Refer ‘to Fig: iae.

;.;ff.'sviflﬁeveral examples of hrchlng and stress transfer are

7%schebotarloff 0%9737 in the context of consol&datrngw Lf[nr

fllls, vibrat;ons, and f1ex1ble bulkheads.s He 1nd1cates
’?f c1ear1y hoy the moblllzatlon of shear stress 1n.response

to boundary condltlons 1nfluences the overall stressv‘ tjl,“’”“

S

dlstrrbution on the structures dlscussed

™ ; l'

T . . . ,
;Jq A theoretlcal study of the devélopment of stresses

over flexrble and rlgld culverts w1th1n a 5011 mass,'lncludlng

. . B P . L . e Coida e e PR | -
. ’ . N L VL -+ .
. . . - . S . & P L
L > - C. ~ : ) ISR - . A . e S
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. v, ,,. . .{_v: xt *\ . - . . . ‘ -'
',the effects of dszerent constructlon method was repozted 'éﬁ"y",

by Costes (1956) Central'to hls analybxs is the satlsfylng VT
. of egulllbri;m getween different portlons of the s01l mass/ v
culvert system by development of shear stresses along |
boundary surfaces,: Some rather‘arbltrary estlmates of o
.arching:-effects are also 1nvolved, and he Justlfles these
A\on the basxs of fleld observatlonszl “i,f. f ' ;‘lff . _f
" Stress transfer is always p%esent 1n some form 1n
embankments, partlcularly zoned fllls. Kulhawy and Duncan.‘
'(1970) performed plane straln finlte element analyses of
Orov1lle Dam, and mndicate that. the analy51s explalns-qulte -
.well the constructlon bepavmour of the structure. The stress
transfer between core and stlffer shells, and around the i
l‘concrete core block, were clearly shown. By plottlng the >
;shear stresses 1n terms of strength moblllzed toward fallure
‘[7(u51ng the Mohr-Coulomb crlterlon) they demonstrated the
relatlvely hlgh proportlohs of strehgth moblllzed at the <
S1tes of stress transfer processes. '
} ‘“; Lefebvre, Duncan and W1lson (1973) compared 2D and 3D‘ywluli
lyses of - ‘an 1deallzed homogeneous earth dam, to 1llwstrate.‘
ge features of f1n1te element analys:.s of embankments"'
',_Archlng 1s cle;;ly shown by the effects of valley slope f
-steepness (Flg l 2) In a 51m11ar study Palmerton and
:Lefebvre(1972) demonstrated the stréngth moblllzatlon , .
',agalnst the valley walls accompanylng archlng, and 51m1larly !

.:demonstrated stress transfer between shells and core ‘of -
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;e the stresses in the core of an earth dam are usually 1ess' "'} RE
L e " : - ,:/< . . *‘i[ ,'
' than overburden.JiSchober (1970) presented a. rlgorous sgydy f*;"

of the stress distrlbdtlons in Gepatsch de, where flel .- Jf,7i‘xi,g3

) measured earth pressures Ln the core'were‘at leaSt 50% less 5 ;ﬁ?f;'

L‘ Sl

than overburdén, and relatlveEy hlgh sheaj‘stresses were

developed at”the core-shéll 1nterfac=s._

_ RN - ‘a_“'
o :yf Squler (1967 1970) dlscussed-in cons1derable detall Lo
the 1nstrumentatlon results frOm El Inflernl“i;' vand 1

. *ﬂ

LﬂfNetzahualcoyotl%Bam in Mexlco._ Varlous mo es of loﬁﬁ transfer

Were mentloned.3 Durlng constructlon of bo h these dams the :fe;-vf
cores tended to'gettle wnth respect to thelupstream and § }Qg;

dOWnstream shells, glvrhg rlse to certaln patterns of "_:fyifif'

"44 sy

movements and stresses._ When the reserv01rs fllled and wetted

the upstf—eam shells, ‘these settled e )j respect to the cores

éau51ng a’ reversal of the shear stress 'oblllzatlon at the

LTS

"_upstream lnterfaces and correspondlngly complex movements L

in. the structures. Stresg concentratlon due to non—unlform

e et . :
o e S A A A /- [ ﬁ«»».--».-«,m

abutment slope was also’ apparent."ﬁ

gt

: ".u e

e’ R pRa

In what has come to be the Elass1c e}ample of the

y PR

'hiaconsequences of stress transfer fh.dams,‘KJaernslzrand

‘ Torbha (1968) repor ted the deve10pme§t of nhorlzontal crackS'_ 2y

©

through the core ofrHytteJuvet Dam cau51ng leakage,and B _

AR 3 . B BTN
requlrlng a remedlal groutlng program.. Stresses 1n the coren«d”f‘{sg
were so low that the hydrostatlc pressure of res%rvolr watertfahf*

-



- caused hydraullc fracturlng. Aithough it'maynbe ddite a
- d1ff1cult ebgwlsuallze the mechanism by which the fractures
;m;__occurred—the—iact~sswthat—theyndLd—oceurT—and—the—authors————~—~

presented a’ posslble explanatlon (Flg 1.4).

Stress transfer and archlng 'is a ub1qu1tous featurf

P
-

of 5011 behav1our. The thlte element technlque is potentlally
capable of sheddlng llght on the mechanlsms 1nvolved and the'

way-stress transfer,develops over the hlstory of a progeetd

1. 5~Status of Flnlte Element Analyéls in Geotechnlcal _
Englneerlng ' .

\Much tlme and energy has already. been expanded by
numerous authors 1n assembllng state—of-the—art reviews of’

- thlS subject. The flnest exaqp es’ avallable to this wrlter s
knowledge‘are the serles of addresses to the W.E.S.
Symp051um pn Appllcatlons of the Flnlte Elément Method in
Geotechnlcal Englneerlng held at Vlcksburg, M1551s51pp1, in

. May 1972- It 13 ea51ly obv1ous from the llterature now-

avallable on the subject that/qulte enough technlques
are avallable,,but 1t is Stlll necessary to. prove the_

usefulness of the flnlte element as a de51gn tool

Practlcal 31tuat10ns can often be solved u51ng the 51mplest -

-

,'“\methods whlch Wlll yeild reilable results of approprlate ®
accuracy.-~ 1f the ana1y51S~islbased uponca realistiC‘

descrlptlon of s01l behav;our,
o= '_ _ Few/authors have repor‘ed successful usage of the

. [ .
method durlng de51gn of a proyect. ’In_only aayery few- of &

T .0 N . *
. .. . 3 .

-
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4

these were "the analyses carried out prﬁor to or early in

thé constructlon perlod -§0.- one good questlon which -
..‘ ’

practlslng eng1neers—rIghtfully—ask—ts——iast—how—we;e thn L

. Wt

' analyses performed?“ It is’ always much eas&er to calculate o

the requlred answers after an« event has occurred. The need
| e

L~
for f1n1te element reseanch a1med at developlng useful de51gn
b

tools is to predlct behav1our before 1t happens.~ It is to.
be expected‘that the method w1ll noé be so successful as it

$
appearS\now. How'w1ll consolldatlon effects be represéhted’
ra

-

 How can representatlve deformatlon parameters be selected

taklng into account the effects of compactlon machxnery’

:~W111 simple (elast1c°) parameters, carefully. chosen using

reasonable assumptlons, glve good enough answers or w1ll

sophlstlcated models u51ng great arrays of test data be .

~

“ . . -:
requ1red9' These are only some of the questlons; and it.is .

* empha51zed that they are only poorly'ans

| 3

" i

Prior to‘appllcatlon in design work some/£xperience has to

be accumulated in the analysis of case

istories. They
vy

pr1nc1p1e of performlng "post mortem*" is a. natural.

deVelopment in any fleld where new concepts - are’ bq;ng

implemented in practlce., ' _‘ - @d

'Far from be1ng content that we' now have a powerful

" new design tool,_we should devote as much effort as p0531b1e

to documented case hlstorles where the analy51s has been

‘done prior- to constructlon Skermer -, (1974) 1nd1cated that

1969 analyses performed for Mlca Dam produced constructlon

'd;after'the event.

~
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movements larger than were measured at. the—smte. The.most ~’
portant areas of development of the f1n1te element'ﬁ

method in geotechn1ca1 eng;neerlng must be in lmprov1ng S .

our predlctlve capablllties.u o nyg‘

1.6 The Flnlte Element As a Predlctlve Tool ‘in Desig;

o The f1n1te element method can ‘be used to compute

@

pore pressure due to. constructlon, consolldatlon, and
\ _

'seepage under complex boundary condltlons. .It can also be
used to determlne stresses and drsplacements at varlous stages
of constructlan, under . complex boundary condltlons, and w1th .
srmple‘or esoterlc stress-deformatlon behavxour of many
materlals. | |

At ‘the de51gn stage where conflguratlons and economlcs,
are being. evaluated many analyses may be requlred.f Computer
Abudgets may be‘relatlvely restralned SO only very 51mp11f1ed

Lz

analyses coyld be undertaken. There is consrderable argument
. . -

:ffor one branch of research effort to develop . 1nfluence factors ;
for the chblnatlon of materlals and conflguratlons usually

_\con51dered 1n deS1gn, as suggested by Covarrublas (1969) . When

3
o a des1gn is belng flnallzed spec1al analyses w111 be . requlred,-

but many 51mp11fy1ng assumptlons would Stlll need to be madé

partlcularly regardlng stress straln behav1our of the materlals.
. We are not yet at the stage where most 51mp11f1-A

catlons can ea511y be ]ustlfled There ‘is a- great need for

“~further research to- explalﬁ just what effect certaln )



.

*'&'j B ’f" ,';?“ 'Af.i”flﬁi'A

51mp11f1cat10ns W111 have. There 1s, above al&, a great

TR

need for thHe persons who use the methdd kn deslgn to present
—————thear—analyses—and_resultss_good_and_badl_1n_Q;dgL_LQ_ﬁgzshgz____j%
confldence in the Capabllltles and llmltatlons of’ the method -'};)
- in future de51gn work. Otherw1se there is the dangef of |
‘jflnlte element analyses belng taken too serlously w1thout
good reason, or not seriously enough, agaln w1thout good
‘reason.-. . . .

Srgnlflcant contrlbutlons to the- development of

the flnlte element method to 1nvestlgate cracklng of earth

L

dams have been made by Elsensteln,‘Krlshnayya, and Morgenstern jf5
'_(1972,_a b) and Krishnayya (1973a) The 3D flnlte eleﬁent j,f |
i'program developed by Krlshnayya (1973b) has been adapted by
.the writer to the analy51s of constructlon of Mlca Dam The‘il,y[

’ 512e and helght of thls structure, 1ts locatlon 1n a skewéd

oo

"Steep r1ver valley, and the materaals used 1n constructlon all’«)f
make 1t an excellent case to study and 1t 1s hoped the results,j"

» ; .
of these . analyses w1ll c0ntr1bute to the understandlng of such::f‘

a131tuat10n in future englneerlng works.japr ,
,‘\, ) . ) . ) '»(, o “ e

.

b
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INTRODUCTIONTOTHE MICA DAM PROJECT

. 2 l General Descriptlon of M1ca Dam L , »
e Mlca Dam 1s a. hlgh earthflll structure slted 1n a-

S
-

narrow gorge where the Columbla Rlver leaves the Rocky

Mountaln Trench about 80 m11es north of Revelstoke,‘Brltlsh

N Columbla.' The reserv01r created w1ll extend for over 130

”}h MW of electrlcal power w1ll be generated for Canadlan

f;H glVen by Meldal and Webster (1973)

1 P

' mlles 1n the Trench,,from Golden to Valemount. 12 mllllon
aCre feet of llve storage Wlll be prov1ded under the terms

2 of the Columbla Rlver Treaty (1964),_and eventually 2500

~consumptlon.» A general descrlptlon of the progect has been

The dam51te 1s in rugged, glac1ated, mountalnous hff*uﬁ

terraln._ Bedrock is. a Precambrlan metamorphlc serles of "

=i3f mlca shlst, granltlc gnelss, pegmatite and whlte marble ;dfgffﬁfﬂf“

L3

(1n decrea51ng order of occurrence) Isocllnal folds are

present, w1th beddlng and follatlon planes generally dlpplng .Vf?f~

- Ve,

downstream (southwards) at about 20°' Plelstocene geology

is represented bY glac1a1 depos1ts and volcanlc ash layers :‘fwf'*“

rlver terraces and slope dep051ts, The sound bedrock

‘ condltlons-would be sultable for varlous types of dam, but

.

after costs and materlal] performances were evaluated a zoned gravel*.

: and rockflll structure w1th a near-vertlcal central 1mpervlousrii,1
AT S



jglac:.a*l tmll core was chosen., The arrangement of}the fmll 1s

'shownfln Flgxrz,ls; The Crest zone was w1dened conslderably

_ The dam. ax13¢ls curved upstream on a 10 000 fdot~¢,,,h
radlus arc, and lOCated SOLas to Optlmlse wedglng' NN AEERS

'between the abutments..ﬁUnder reservoir loadrng, thls should'

‘-glve extra safety agalnst tenslon cracklng of the core._;ﬂ

*

Surveylng of the structure was based on a local

‘.coordlnate system 1n terms Qﬁ statlons on and off sets from

RIS

-the long chord.,y

Adequate s

nfand also severe earthquake loads, was prov1ded 1n ;he.de51gnf‘

“.Ba51c features, some later reV1sed, are shown ‘in ab*”}ﬁal

7’2 2 Hlstory of Dam ConSﬁructlon

Tw1n 45 foot dlameter concrete-llned tunnels werJ

M-
-

a;constructed ln“the left abutment between 1965 an -1"67

“5The rlver wasldlverted 1n.
&;of the closure dykes, and cofferdam constrf' fff}
.f”excavatlon, core contact zone grouting Aal ,ff::m‘t-,uf“

L

?j-placement program commenced.}ﬁ:‘

75@rea was by tube wells whlch were phase

g A
.T:testlng Thus, all flne sand was removed from\hlghly strZssed 3
‘ ‘*f*’53.ng..‘ S B R B T
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areaScof the foundatlon because of thc poss;blllty of

ﬁllquefactlon under earthquake loads. Coarser overburden

"-'.

and tlll was left 1n place except 1n the core contact area.ﬂ

Major flll placement occupled four constructlon

7ﬁfseasons roughly from Aprll to November each year, dependlng l‘

on cllmatlc condltlons, and- was essentlally completed by

e

.fNovember 1972 The average placeﬁent propertles of the Vf _3v}

'vmaterlals shown 1n Flg 2 1 are llsted in. Table 2 2,‘and Lt‘fflfﬂ"

"‘w1ll be noted that 51gn1f1cant changes were made after the :

"5lzone M2DI.{ In th1s zone the contractor was allowed to place

1969 constructlon season. DeSLgn propertles quoted for the‘p

k”ﬁrdam materlals are guven, for comparlson, in Tah&e 2 3 The
vfdlfferent flll propertles have lmportant consequences detalled

f‘later on 1n thlS the51s.f A comment should be made concernlng

..

"“flll th.ch was avallable much closer to the 51te. These ‘ :

'5ﬁmater1als were generally 1nferlor*to zone M2.3 As a result

'duof ‘the - 1nstrumentatlon program 1t canﬁbe stated that in

“f'general the materlals were of hlgh quality and good performance,'

ﬁiand glven the precautlons taken 1n des1gn (Webster, 1970),,

R ] -

that the structure 48 sound and successful ,:»a{g=", ”ff_

> Lo
°.

A concrete splllway structure, outlet works,iandiﬁ

l.a

-ﬂ_lnlet fac111t1es for future power development were constructed d~f

V:as f111 was placed An underground power statlon 1s at

“”Ajpresent under constructlon 1n the rlght abutment.- Anj

,‘,'

’;=exten51ve survey network w1ll monltor reglonal movements,,and

lﬁ“the~Un1ver31ty of Brltlsh Columbla 1s managlng ‘a selsmlc '



1.
IS

* TABLE 2.2

A

FILL RLACEMENTvSTATISTICS‘19697- l§7i_SEASONS

. Year

R

' Matepial .

. Yq(peE) -

"hidk%)i-"

"y (pef)

"1969.

W

M2

. M2pI”

146:.1

131.1

144.4

e 3

T 143.0

.. 158.0

. 156.0

. 1970.

’ Ml .

. M2

'3:;:M2DI:

1415

14606
145-6

150.4 . -

152.0.

152.4

1971

M2

MéDIA

.146.5

1856

b

-,,‘151 0',1

't152 O@

1520

1972

‘ _Not avallable»""'

‘o”

sl

'._1972 materlals assumed to be comparable w1th 1971
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.;achleved and the core materlal became much Stlffe than 1n

“the. 1969 season.A o yf ﬂ'; wfi,fh' . ;;['ﬂ B R .ﬂ{%

<opt1mum Apprec1able galn 1n compacted dry den\lty was

'the source ofi&he*flll at any partlcular level Fu7th'r

di\:lnctly dlfferent after the 1969 sea g; ;l;:;l_dgf;;ﬁfl},lllm;l

et »', ” . . ‘ ;’Q """““E‘B." \ }:Z'
A S o . VE'. o ‘ 24 7
"% array studyng the reservoir area.- .. o
‘ .. ‘. ."“. ' ' )'.‘.“I’\ : '1‘..' | .n . ‘. i
.‘.‘-‘7"2.,3‘Des{gniReVisions:During"Constructionn ‘ o PR '
1*~Placement criteriapa Following the~fir8t '
. . . $ '_\\ R .
construction season 1mportant changes Were made Ln the :
’”‘addltlon of flll., In ‘the shell zones layer height was'
1ncreased w1thout 31gn1f1cant change 1n compacted dry den51ty,,i
.. o '

'but the reductuon 1n molsture content lowered the bqu

‘den51ty somewhat. L1tt1e change was caused to the materlal

‘

'.stlffness.g In the core zones, the molsture content was

ﬂ‘reduced’from near optlmum (modlfled proctor) to 2% dry of

.

E s e
"

~

e SR ot N
AN

The zone. MZDI comprlslng "weaker" sand and gravel x\fV

’~, B . ! o

”actually varled qulte w1dely 1n propertles, dependlng upon : g,-‘;;

';For convenlence thls zone was treated as 1f 1t too,' :

-\

LN

W;denlng of the crest When 1t was reallzed hat a :f

j‘slg}'ge sllde or earthquake could cause a wave to OVertop the :”'if-

"dam careful conslderatlon was made of the eros1on hazard ,;;“

AL

.. ) ‘_‘v . ) “.- N \'»,‘
jto the structure. Above elevation 2320 ft (707 m) the L“_ -
‘7downstream slope was 1ncreased to l on l 5, and the crest “JM.

e' ' r

B A



% wiatn adjusted to 111 £e. (33 8 m), and detamls of the SRR
revzsed":ﬁérg‘est geometry are shown omr"ig. 2‘ With this St
- arrangement eroslon damage was ndf llkely to cause general ) f
; fa:.lure. T .'j y — ':. ‘- — o - .l; S
| 2 4 Instrumentation Prdgram at the Dam ;};L-"'“_'.,iﬁ‘].V ‘E.'.ii
& f CASECO has produced detailed reports on the 1nstru- | ‘ °
mentation program for each year s1nce the program started.“ :'f@rf

bster and Lowe (1971) prov1de a. conc:.se summary of the , AR
IS R

1nstrumentat10n of Mlca Dam and comment generally on

,:.ns‘truments th.ch are avallagie ?for mor’utormg hlgh | R

e e PO . X C S }-,}

: embanliments. ,,g ~. R APTR ";'.'_ .
) \'\{ SeVeral vertlcal or near vertlcal movement (MV) gauges

providé the data on sett.lements, stralns, dnd. lateral S

movements wh:.ch*‘ were extensJ.Vely used 1n thn.s lnvesta.gatmon. : v
5? Loca%lons,of these dev:.ces are shown on Flg. 2 3._ They |
':'?'*"cons:l.st “bf telescoplng sectlons of groov'e.d ca&ng. 1nstalied \

w1th backf:.ll J.n thetembanlonent. . Settlements were read/usnxg ‘\

a fleld-developed 1atch-cone devxt:e “or a rad.losonde, whlle &
lateral, movements were meas{ured w1th a slope :md:.catlng S

i J.'" lnstrument developed by SINCO of Seattle.a {,§/ome detalls of

\ '"f”tEITmen'i‘T 6’f Eﬁ'é MV ‘gaug'eS" and*of *the 1atch—cone~~dev1ce,
are g:.ven in: Appendlx C. l?‘"'uf " I,; : DTt " SRR
'lf”. ’ : :_.f Desp;.te some fallure.s for varlous reaso‘g ! the ~:f"_‘g.'.-.,

plezometers funcmoned well.;- Earth pressure cells yJ.elded o

- e

dlsrappomtlng results 1n general (Skermer, 1974) )Stra:m gauge
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results ‘were 1gnored untll after constructlon machlnery

‘had flnlshed worklng, due to "n01se" produced by dynamlc

loadlng from the mov1ng constructlon eghlpment.- Settlements_

and pcremental strain data from the MV gauges can be used

‘ ,w1th confldence, but due to the very small horlzontal

movements in the embankment durlng constructlon the horlzontal
vmovement data from the MV gauges must be 1nterpreted 1n a
qualltatlve manner only due to the" llmlts of 1nstrument
'accuracy Desplte some shortcomlngs,‘the program prov1dés‘~_

Jfar more. data: thhn can readlly ‘be a351m11ated, and is qu1te

successful and useful for monltorlng the structure or checklng

ar




CHAPTER III

.2_@

. PINITE ELEMENT ANALYSIS OF EMBANKMENTS

Al

3.1 2D Versus 3D __;Q'f ' . . f-»*n,;f L e /

Prlor to the development of electronlc computatlon

echnlques, rlgorous stress-straln analySLS of contlnua was.
conflned nearly,always to a 2D sxmpllflcatlon because of:

the enormous complex1ty of the mathematlcs.;'Even then,:”
solutlons were developed only for certaln cases of overe'
s:.mpllf:.ed geometrles. Wltihe advent of the dlrect .

stlffness method the flnlt lement concept, practlcal

" . matrix algebra and dlgltal computers, great stegé forward 1n

. analytlcal power were made.

Even so, Smellflcatlon to a

2D state ls- Stlll almost ma, atory because of the lggistlc ‘

and economlc problems of a 3D ana1y51s.,'”
Clough (19GQ) flrst used the term "flnlte -element
\ T
method ? 1n relatlon to 2D plane stress analy51s. Us1ng

the 2D state very complex analyses have been made and 1n

. 30115 englneerlng deveiopments have 1n many ways completely

i outstrlpped any practlcal appllcatlons.: Soxls and rocks aref‘7

complex materlals, in general our llmltatlons are not 1n
analyses p_g se:. but 1n understandlng and belng able to
measure ba51c behav10ural characterlstlcs (1f these are
recognlzed) of the materlals. Flntte element 2D analyses

i
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] N

are now capable of answerlng most oﬁ the questlons that may

‘be placed before themrwand a matter of 1ncrea51ng concern

1s whether the 2D result lS good enough 1n ad3D world.;fg{

Experlence suggests 1t 1s, 1n most cases, but only by :

evaluatlon of the two,quroaches cah tﬁ% questlon be truly

?answered _ ﬁ' -‘i PPN R :' - SR

| | 2D programs can be run on modern computer faclllt}es
4;vat a Very nomlnal cost, con51der1ng the1r power and 1mp11—f‘.

L L
catlons. Wlth 3D programs, a very large sophlstlcated system

i »
“is necessary‘/g.run even a modest ana1y51s at a cost Wthh

NN

may not be justlflable 1n terms of the add1t10na1 1nformat10n St

e

:obtalned. L

4f}' '=‘ The 1soparametr1c flnlte element concept, powerful
‘and generallzed ln 2D or BD, has“been w1dely adopted because

;of 1ts versatlllty (ilenklew1cz, et al, 1969) Clough (1969)

'nfevaluated the most sultable element forms for 3D analy51s. ,f;g;»""

l

-The most advanced system avallable at the tlme oﬁ wrltlng,pnﬁﬂf
"_to the wrlter s knowledge, is’ d tumented by Bathe,¢W1ls0n,ﬁf”3

'"'and Peterson (1973) T»In geotechnlcal englneerlng the most ';

vapractlcal 3D results repo;;@d Were proV1ded by a program
'Gfdeveloped by Krlshnayya (1933a) ‘ e ‘g; L

o Recent stud;es (Palmerton and Lefebvre,v1972.

/’Elsensteln, Krlshnayya and Morgenstern, 1972a) have clearly

1nd1cated condltlons 1n wh1ch 2D analyses do not agree well ;a},'ﬂw*

w1th 3D analyses.' The 3D 51tuat10ns are prlmarlly a dam iny ;gf.

'fva narrow, steep-sloped valley and dams w1th a thln Central

-



-

”;Johnson, 1971, Elsensteln, Krlshnayya,”and Morgenstern,jffffg“7

‘41nfluenc1ng cracklng.: The control of cracklng 1n earth
idams 1s of paramount rmportance andhls‘pOSSlbly the nrlme

iruse for flnlte element analyses Wthh can successfully predlct
3ﬁ;ifmovements and stresses.‘ It remalns for a predlctlue 3D

'fana1y51s of a real structure to be repgrted, and thls thes1s
-3 2 Representatlon of 8011 Stress Straln Behav1our

'?Lﬂof straln components for an’ 1deal, 1sotropic, elastlc solld
‘”:ﬁcan ea511y be wrltten 1n'terms of the famrllar Hooke s‘Law,; B

il.usxng Young s modulus and“P01sson s ratlo._»

fcﬁfdea 1ng wath tress states 1n a contlnuum The BuLk and

"”development of hlgh f111 dams 1n narrow and 1rregular;fy

‘w7ﬂvalleys accentuates the need to know the 3D effects 1n flnlte;jf;&ﬂfh

Coe

rffelement analyses,’ln order to more adequately predlct

/g”lmportant features such as‘cracklng or hydraullc fracture.‘

Prev1ous work (CoVarrublas, 1969, Strohm and

11972 ajp) has prov1ded good broad outllnes as to'factors

".

:_work may aSSlSt shch developments..fnm?ﬁrrs;Qfﬁ*ffh55'"ﬁ

!‘. .

The classlc formulatlon'of stress componentszlnwterms

™~

'Young sﬁmodulus ffff*

::“lS a measure of normal streSs/straln response, whlle POlSSOh sf;"“

"Hzratlo is.a measure of lateral deformatlons aSSOC1ated w1th a~;[iﬁ:7

e

”gpartlcular dlrectlonal deformatlon.: Nelther of these'n;ff”'"

3

\

,,)




fLdeay under normal worklng stress condltlons., Flnlte

. ,"‘h‘ SR

plaSth deformatlons 1nto elastlc response.f“:' |

g ‘.,‘4

e



soil’ deformation‘ behaviour, ‘but. ¢

'from,Trﬂbual tests, and an“assumed P01sson s ratlo;'

-mnfRadhakrlshnan and Reese, 1969)

of 0 49. Penman and Charles“(1973)




'1967),,15 used

The effect of modulusmchange w1th stress fﬂ?1 

T*present 1nvest1gat10n.f Stress redlstrlbutlon and plastlc M»,fﬂ:

'e‘only partlally represented by thls formulatlon ".735



e
1 S ]

(Smlth and Kay, 1971) Consequently the results of shear ﬁf“

‘r-ﬂfallure in- the reported analyses of M1ca Dam should be

o i e

"Tf['1ewed—wrth—eautren~———4

. Dt . v I
8, . . R B -

'”¥:f3 4 Pore Pressure Effects fjrw

Durlng flll constructlon pore pressures are generated

[

*}by total stress changes and dlss1pated through dralnage."
?fﬂf3f}fPart1cularly 1n thln cores oﬂ 511ty clays orglac1al tlllsfl o
I'thhere may be aPprec1able'd1551patlon over the c0nstructlonf:”

':ﬁ}perlod.- Koppula (1970) utlllzed the governlng equatlon.,f"

@, F
:;

o : M‘__‘QZD coeff1c1ent of consolldatlon

”;;ﬁ?.{ﬁﬁﬂlse;pore water pressure
'7Tf£?52];fyff.%f;bulk den51ty of the flll S T
tm rate of 3 of fe111 height. . T .

.;Qs}” (Blshop,_l954)

PR S

*{fwhlch can be-applled to vertlcal core gulte accurately. S

N

'aflsﬁwhlch solves thls equatlon, and whlch w1ll be used in

.

fﬂconjunctlon w1th total and effectlve stress analyses rn

H

\?”fhprxrlshnayya (1973c) developed a. ZD f1n1te element program ﬂifﬁ;w@flﬁi?

57§another part of the Research Pro;ect 1nvolv1ng Mlca Dam f.ﬁfff' .

g
flnlte

‘*(Law,.1974) i Chan (1971), applled the equatlon 1

'fdifference form to SLmulate pore pressures 1n Mﬁba Dam,,=,T




vifinnte successfuliy except for the effects when foundatlon

*",ﬁltube wells were deactlvated,‘whlch he could not allow for..,jlgfhff'\

:fi'w1th by d01ng analyses for the two llmltS of ‘no dralnage

-_fgconsolldated-undralﬁed test results as ‘a reasonable medlum

Tue,‘l‘fltu y iy StreSs—ana&ysas—is~tn—simelatxng
: fthe effects of dralnage, as the deformatlon parameters can

'vary quite 51gn1f1cant1y Part1a1 dra;nage can be dealt

7’and full dralnage (e.g- Chang and Duncan, 1970) ‘ The correct

fstress straln relatlons can be determlned from laboratory /W

vy

ftests that 51mu1ate the proper stress paths and partlal f*

‘3dra1nage con51stent w1th fleld condltlons, Thls can be

';5;mpractlcal., In general the most successful attempts use 51';/]“-‘

"f;Fully dralned condltlons correspond to consolldated~dra1ned

L

.tests and undralned condltlons to unconsolldated—undralned
0‘.5 . S

tests,, P01SSon s ratlo w1ll approach 0 5, the condltlon

f? fof 1ncompress1b111ty, only for total stress analyses under'

"'_ﬁfDuncan (1972) and Lowe (1972)

:f‘con51dered as free dralnlng except 1n the core.‘ Thus

:fundralned condltlons.' The-lmportanéeiyf the“best p0551ble

:j;f51mu1at10n of dralnage condltlons has bee ‘empha51zed by
Co

In the present work, the flll materlals were all

~—,

'there was no dlStlnCtlon between effectlve and total stresses ',

‘e

1n these materlals. In the core, laboratory tests 1nd1cated

-

;”ythat only 1n the l369 materlal were s1gn1f1cant pore pressures 5f

\

"ﬁ_'llkely to be generated, and a reasonable judgement waS‘made 35¢fﬁfaﬂf

"';ffbto obtaln representatlve modull (Refer to Sectlon 4 5)

e
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i.3 5 Incremental Analy51s of Flll Construction i"f;ﬂ_t".;:f

Clough and Woodward (1967) demohstrated that

>

-1ncrementa1 flnl e element analyses are requlred to calculate

'ﬁfleld For a homogeneous dam, they 1nd1cate that stress

- B "17

_'dlstrlbutlons from a 51mp1er "grav1ty turn-on"'analySLS are

’reasonably close to those of the 1ncremental analy51s. Slnce-rﬁf-’“

"Lﬁactual constructlon 1nvolves layers far too thln to be

~~.—_
i

v . .- v
rndlvgdually applled 1n a f1n1te element ana1y51s, 1nvest1—
atlons have been made of the detall requlred to galn
Kulhawy et al (1969) dlscuss the layerlng problem "
a&ln con51derab1e detall, and suggest a means for determanlng

ey

“'{the mlnlmum layerlng requlred for a sultable accuracy P Other ~

R .
o P

5r'factors such as overall mesh 51ze, cdmputer resources) job

=requ1rements etc. can be expected to play a role fn economlc‘

'.dec151on-mak1ng. Naylor and’ Jones (1973) used a remarkably |
i ."_coarse mesh 1n a’ separate analys1s of Llyn Brlanne Dam and \

'constructlon was srmulated u51ng only 4 layers and a: hlgh— :J

~¥order element.f They report results as successful as Penman

. ,; ‘ . » . ".’]jw,“};
uf%Q-gand Charles'.ji:73) detalled analy51s.
e Other, more subtle effects arlse'qlth~layer1ng fr>
:-f:analy51s.' To what extent should shear between placed materlal

3fand new flll be con51dered° Clough and Woodward used a;

reduced modulus"‘to allow for reduced shear 1nteractron :5;;-;i};‘ ;e

‘ between a new layer and ex1st1ng flll.._However, several '347’5

hf?dlsplacements 1n -an, earth flll that would be measured 1n the f

frespectably good results,w1th the f1n1te element approx1mation.




‘:technlques are used 1n constructlon to key a new layer 1nto
f,the exist;ng surfaCe,.partlcularly with more plastlc materlals

l.'whlch can actually shear tp resxdual under constructlon equlpm#k

Lo T e o . . A R R ‘o L. T L.

‘L ‘ : . . e B I AR . . S

’ . L . . o . M . " . . . v . - .
B . R B . I . . - . U Y o .

P ‘Y '."

'fflll in an analyszs.j This is nelther necessarY nor
T . :

,~'reallst1c. S ;‘ﬁjfnﬂjb¥‘1l‘:fg
;;%ncremental ana1y31s.j It 1s useful to examlne them for thelr

':1T would be 51gn1f1cantly dlfferent. Jp.;

T X
loads (Sherard et al,‘1963) Another approach lS to aselgn

the propertles of a dense llquld to the new 1ncrement of ¥
NS ..,{‘ ,

Two fundamental approaches seem_to have developed 1n

Own sake, although 1t is doubtful whether thelr results~w

». ,.b'
“33' Approach (A)

"”2 and 03 are . ..

ratlo) 5r'fg;f7"ﬁgkﬁfdnlf

: 2 The st;ncture stlffness 15 calculated and nodal

' loads are applled to the upper surface c0rrespond1ng Y

,"

to the welght of the next lgyer. If necessary

:‘.1 these steps are repeated u51ng the "average stress"ﬂﬂfnv

approach




ThlS approach 1s~exempllf1ed by Krlshnayya (19735T and 1s

AggroaCh B.}.. - | i |
l The flrst layer of elements 1s addea/and streﬁEeS-.;_:‘”:'

and dlsplacements for th;s structure are

If necessaryi}:va*?;ﬂv

thef“average sé?éss 1terat1ve approach 15 used

The Pr°°es's. is rePeated U-,ntll all flll has been |

..‘\ _" .

placed., Thus nodes along the top of the f111 have

dlsplacements due to theiself-welght deformatlon

‘ of the last—placed layer.f

Thls 51tuatmon does "f:ﬂﬁu

not occur ln pl C1ng_and monltorlng of fleld

measurement devlces. HenCe, the constructlon
dlsplacements of dbdes on Ehe upper surfacewof

the nth layer are computed by subtractlng from :5;{;#,




Krlshnayya, and Morgenstern (1972a) cqm?fred results of 3D

e straln analyses of the 1ongrtud1na1

Lf” ; analyses and 2D~plan

. They'esults are

sectfbn of a dam ln-a‘l 1 valley
e of thelllght they shed on ‘5';,}foydi“

summarlzed agaln here becaus

:results of the 3D M1ca Dam analys1s.. All the analyses used'

..,v
15

lrn lfts,

ear propertles and varylng numbers of 1

’ 'tjqug-jt;ﬁﬂl.; There should be about lo llftS to compute straLns,

.

~§.stresses and dlsplacements tovagreeable accuracy u51ng

For a 3D analy31s economlc-cons1deratlons may

v
but thls reductlon should be as

”janaly51sh
reduce the number of llftS,

ﬁffﬂ small as possxble;yﬁRefer to ﬁlg 3 l.,'zt

Jyleld sat1

. The effects of dlfferent Stlffness”l ‘

us to use a 3D anady51s to obtaln satisfactory lnformatxon
-.{

(Flg.:3 2) o4Lefebvre et al

(1973) dlscuss ln more detall'

-\ the effects of 2D and“3D varlatlons 1n homcgeneouSﬁembankmen,s
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.. .. CHAPTER IV 'S o

< . FINITE ELEMENT ‘MODELLING..OF MICA DAM

f.4 l\DLscu551ons and. Slté VlSlt _ ',.-‘;’”

K

'

Dlscu351ons at varlous stages of the work descrlbed
i 1n thlS the51s always 1nvolved some aspect of the dam,s
.character. Thls was felt to be 1nva:uable to the wrlter
.las, over . q”perlod of tlme, thls constaqt reference to the

'structure resulted 1n a cenfldence and famlllarlty w1th data -

whlch 1t is . felt 1s very 1mportant when the time" comes to

dlscuss results.: Commegt on t asoect is 1nc1uded here.‘

'*abecause the wrlter regards lt
flnlte element analysms in general o Partlcular empha51s

s a very 1mportant phase of

- must be placed on dlSCUSSlOHS w1th CASECO staff A VlSlt

T to the dam51te was made 1n September, 1973 where features

'f'of the pro;ect were seen and dlscusTed at flrst hand.

- :'. ‘-

D A

B 3 2 Constructlon and Instrumentatlon Draw1ngs and
Report . . : e _

, _ : v o

CASECO Consultants prov1ded the followlng 1nformatlon1'

on the dam structure and materlals

B (a) Fleld Instrumentatlon reports for the 1969, 1970,

»

‘;.and 1971 constructloi~seasons, and a set of prellmlnary jygpf‘
;draw1ngs from the 1972 report | | B j | |
| (b) Reports of tr1ax1al tests performed by other~;:
’agencles,'of the core,,shell, and rlver overburden materlals.

e S *f,43 Ao
ST L



o the planned and actual excavatlons whlch occurred 1n the

" core zone. "-~3 o e ﬁﬂ]’ 7;f;j’:ff

Y

.

B (c) A Selectlon of . constructlon draw1ngs showlng

l , . s

ERT

» o -

‘-_and downstream cofferdams.‘i

f4 3 yypthe51s of M1ca Dam Geometry

‘slope changes of the abutments, a proflle was prepared (from g;ff

;" (d) A serles of flll progress drawrngs show1ng the

tranSVerse proflles across the valley._* 7ff ?; 'yfuﬂ

(e) Sundry deﬁalfs 1nclud1ng some " f1n1te element

v
“'

These resources were contlnually employed 1nA

o

determlnatlap of structure geometry and materlal propertles.f'

A master plan was prepared at a scale of l 1nch

lOO feet on whlch was reproduced the detall of all avallable :

'construct1on 1nformatlon, the result be1ng a contoured

PR

representatlon of the 51te after all overburden removal
'.vand core zone excavatlon was complete, ]ust prlor to the

;5placement of flll._

'*ﬁ, Slnce the prlme concern 1n developlng a model of

s 5
\..

‘ ‘dam geometry was” to successfully represent the slopes and

Qi%the master plan) of.: the 1nterséctlon of the longltudlnal

‘Lcentral,ﬁurface and the valley surface., (These terms are'l_"

explalned 1n Eﬁg.4 D From thls proflle the 1mport nt changes

’of slope were 1dent1f1ed and transverse abutment surface

'fproflles constructed at these points. Fllr proflles at each

v

fanaly51s results, and constructlon draw1ngs for the upstream ;;

'“of these locatlons were then added, so that the dam geometry 1-f
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:ﬂ_sectlons were reproduced Wlth coloured marklng penc1ls on

stages, and the‘wrlter empha51zes that such a 3D mode
absolutely essentlal for an analy51s of thls sort

7r;so; a’ great amount of effort 1s necessary to menta

':.costs,h

ien~wethen—the—vertrcal_sectlons+_hay;ng_r;gard toh

’71[abutment surfacés and 1nternal structures of the flll.iy_tifﬁpfaﬁ

'°‘thls stage the two-dlmen51onal v1sua112atlon prQC@SS broke

o. -

';~down, and a/model was constructed.,. he serles df vertlcal 11[;

’.fsheets of luc1te, Wthh were mounted 1n thelr correct posxtlons

\

on a’ base-board covered w1th a copy of the master plan., Thls‘y;f

2

rrangement, glVlng v1sual access to the ZD‘gnd 3D geometry,i-?fﬁ

. >

; was 1nvaluable at thls stage and even more valuable at other

-1t

:i Even,tff

y V1sua11ze

small detalls.. A v1ew of the model 1s shown ln Flg 4 2

R __,\‘ .

;4 Subd1V1sxon Into Flnlte Elements,jf*.“

The 1naccurac1es of poorly shaped and skewed elements

e

S become cruc1al_at thlS po;nt, as too 1arge a: subd1v151on w1ll

‘rzm_,_,i
be too crude, too small a subd1V151on w1ll be 1mpbssrb1yj” G

expens;ue, and anyth;ng between these llmlts must have f_

that herern_l;es a cost at ﬂeast as s;gnlflcant as compuﬁ!h







:Wdeveloped

After consxderlng the shape of elements‘there‘”

;gresulted a flnlte element mesh of 254 elementf?"'

';:yleldlng a structural stiffness matrlx of‘828

‘}equatlons w1th a semi—bandw1dth of 183‘ jAfter remov1ng the f'~{'

:jboundary nodes (where some dlsplacement condltlon was

S speclfled):,there were 438 effectlve degrees of freedOmfif;ffﬁﬁ‘

. :mﬁ}ThlS mesh cons1sted of f1ve 1;fts.;””"t'“

t}l. rlver overburden after excavatlon

2..to S flll placed 1n the 1969 to 1972 ;]L‘f

?ﬂﬁ;g}g%'constructlon seasons respectlvely

~'.‘,

Slnce one element helght thu:irepresents one full

PR

T S A : G
O d‘season of flll placement thls é!kfhe coarsest mesh p0551ble,~5ffv

3§Even thus, thls mesh 1s a;::"b'

' 3*?;p0351ble.;jf37ﬂﬁfrf

:éi;ﬁ-ff”ﬁ.ﬁr ‘ The complex1ties 1nvolVed meant that 51mulatlon of

rlver overburden excavatlon was not attempted ”~Slnce these

L materlals are probably hlghly overconsolldated thlS 1s a l;ffiiiﬂ

def1C1ency of the ana1y51s 1‘The results obtalned for rlver,igtrﬁ

overburden materlal were thus treated wath extreme reserve,

o

‘ ‘fand~1n thls area the worst element—geometry problems

’3Q‘icompounded the doubts., Further dlscu5510n on thls toplq canﬁil?{

be found 1n Chapter V. The problem of the rlver overburden'vili

o .

elements may have had 51gn1f1cant effects on all calculatlons

made[ but 1t was felt that even so the overall results of b




“'J»ere—rnc—luded—’t:o—ass"‘~
}fruthe rlver OVerburden/materlals._ The mesh geometry 1sr B

'presented 1n Appendyx B.p Flgure 4 3 shows the sectlon at

«"

J“”f:station 22+50, the/éaln 1nstrumentat10n plane and the ’*”
. / - e B ’
“assumed plane straln secq;on.f

I
JAR

'TT4 5 Derlvatlon of Materlal Propertles

/

The program FENA. 3D contalns an optlon to use _:T<w'

[

stress-straln data from tr1ax1al tests to 1nterpolate elastlc g

parameters fdr ah element based on 1ts stresé state.m Thls‘

1s an elegant but compllcated and expéns1ve way of performlng
the analyses.- Accordlngly most analyses were carrled out

u51ng°"eng1neer1ng Judgement" to select the "representatlve
"fllnear elastlc modull.. As p01nted<mn:by Skermer (1974) 1t 1s
- /

f:lvery drfflcult to obtaln laboratory data whlch match fleld

; ”ﬂfbehav1our for s01ls, becau54”0f ComPaCtlon and gradlng

d‘problems chlefly‘ In most cases 1ncrementa1 stress straln “qu

the MV gauges were used Laboratory tests gy T C.e.‘.

'”:ﬁi;Law whlch ar 1aart ef further research be;ng undertaken at

la.f the Unlver51ty offrlberta, were avallable for core mater1a1-~tgf
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e stress-straln parameters

“m7nvar1ables.,

N

'Jlnformatlon 1s given 1n Table 4 1..._51 zi.f . *~‘V;? éh,p
An approach towards nOn-llnear behav1our of thea

”?fsoils was made by allow1ne\ Odull to vary With stress leVel

' n the elements, as descr;bed hereunder. As prev1ously }illff%.

' S .
\ . ; *!‘ . T R “g e e e .
N ™ R o L e Y S " R . . .
‘ e . . T .- . e e . e e ) o L
L v : S R A 3 . .o R .
s ., - R PR : A L e L 51 FAU
- [ : ) . D

The‘usual fOrmfls Young s

'JmOdUlUS (E) and P01sson 8 tio (u) | An alternatlve'fﬁf'

'Wfformulatlon ud‘ﬁ the Bulﬁ modulus (K) and Shear modulus (G)

Ai.In thls work the One—dlmenslonalahodulus (D) is. ublqultous.fv

ﬁIn gener;ﬂ,_all these parameters vary 1n thelr own way Wlth

o varlatlons 1n the stress state.‘ Assumlng 1sotropy and llnear

?jelast1CLty the foilow1ng 1nterre1atlonsh1ps ex1st between the .f'

(1 + u)

g = D(l-u-'?.u)
ST e (l - u) -

o ‘1-3?" R - .

POJSSons ratio-' In general Poasson s Ratlo w1ll vasy

e

dependlng upon the stress state of the so;l.» Computatlon of 71{”@

horlzontal movements and mlnor pr1nc1pa1 stresses 1s more

sen51t1ve to varlatlons of thﬁ% varlable than settlemen#Q_and

7:major pr1nc1pa1 stress (Skermer,.l973 Kulhawy et al, 1969, SRS

. -
: Covarrublas,.l969) .

v,
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\
between ol and o 1n Septmon l 3

STy OCt
o f7,, stress transfer or computer roundoﬁf errors, and what deV1at10n }

- 4““’







{such as Mlca Dam In thls structUré lateral

"

///7;_"modulus satnsfactorlly reflect the stress‘stral

-_durlng constructlon when used wlth an approprlate value of J
b .

P01ssén s gatlo ‘ Thls modulus wgﬁ 1nvar1ably h1gher than‘

equlvalent modull calculated from tr1ax1al tests on the flll 4“ h
o . * \w~ .-‘ : .

‘amater;als o . i ; e - ‘ ! . Yoo

Ol . C K ' L o

AlldEatlonnéf materlal propert1e5° »Onuthe‘basis.v? ;;Z oo
- B hEN 2

] nt stress straln : ‘5 o

S S Lk

seventh materlal S

T ‘( 7' ~ o . . ’V{.

of the e shell LA

ﬁﬂf‘ ' ,f Rlver overburden K L ’iéif '3'; . ',4ﬁp;;;wgtﬁ
- "t, ‘ . -'r'" . . S / S .
b 2., Shell M2 (sand and GraVel)'1970 1971 o %K, ot

A A _'” ' A S ja,Tf:Vﬁ

PUC R N core/Ml (Glac1al T111) 1970- 1972 R // SROELE

L0 A Inner Shell M2pT .(sand and %;avel) 197 1972
56/ 2

Sﬂl Inher - Shell MZDI (Sand and &!avel) 19
/v,

. 6. Core M1 (Glacial Till%xlzi? .

Shell M2 (Sand and Gravel) 1969 e

~ : :
Ll "7L1near elastlc param%ters were: selected as descrxbed
LA . ‘. .
Jhereunder » In all cases u was chosen as a reasonable value,.Aﬁ”
. @

the most_lmportant 1nf1uence belnq the relat10nsh1p5'

: K;. u;r-.l.- sin ¢ (Brooker and Ireland l965) ¢

,;.-." N . R L d' ~ s N . . s 7 t ' T

. . : K_ - R . T S ‘
I R N (linear elastic theory) - . - _. -0 |
o R T A ‘ -_O,,"- E . o o r HoER A ,‘ v
: o LV Y et AU PR S B SRR
Al o R R S



‘ oo 56..

“

//“‘b”' " Nonlinearity was 1ntroduced bY allow1ng the modulr

to vary dependlng upon stress level in the elements. }ts

8.

_—““"—‘was—assumed—that—the~0ne-d1mens1onal modulus varled w1th the

fcurve of vertlcal stress versus :a.tldal straln a plot of

Ofﬁovert

(usually constant) values of W

~dam , ‘D was expressed in termfw”

.

S Froém the fleld

.material by averaglng the results of 11near analyses of the

lw:,

\'*6"-_ Assumlng approprlate

. ‘rJ_,'

E«table of K- and G modull,;'

AL 4&‘7'_‘,,_

S L
- for arlous oo levels was assembled for computlng. As 1t

rned out

between ol

o flnlte element behav1our? so
dl ‘pdld have been just as ap roprlate. The prOCeSi$0f o

“ﬁ,l obtalnrng‘the multlllnear pr pertles is shown Ln Flg.-4;$g.ﬁﬁ

./ . .
’1onshlp dlscussed earller

and Oo t‘was sufflc ently good to represent the-

the theoret1ca1 rela

hat ‘a table of K and G versusz

*
.
"1

. R ," C

- ’d e

%aﬁ;s . 'ff The multlllnear appr'ach thus enables the stlffhess

- 4 of an element to vary w1th tress state.‘- t does not t?ke 5;,~' S

'lnto account dlLatency of.

. ” -"l
ey

Vo Aj,of P01sson

e :rom one—d1mensronal stre

to the approach déScrlbed by-Penman, Burland and _H,g

'f?E; (1971) and

"fW:'dQ an lLaverage streés" process (as descrlbed by Ku‘

hi‘j’ , best stlffness at each layer of . analys1s.}17

e . -

'he matérlals nor the varga@ﬁ&h
I 3

al. ”Thé'stiffnéss-is.agrl, ¢
S . - S '-./‘,‘

£

s ratlo ;n gen.

'%straln da{:a "and - has S.'L-. 3.
83 X,

! Phds o
' - \' A ..
Penman and Charles (1913) : In the {

fdlw 1969, and used by Krlshnayya, 1973b) was used to;@fg~'

!fv,

A S
ab *1M“ o

n"l : D SR

the D modulus versus overt was made.' Usrng the relat10nsh1p575-~

and 01, and ol “&nd GOCt' obtalned for the partlcuIar.fyfs

~d
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Results of Linear AnalyBiS -_}}f‘

‘1) c>’vé b/CJ’ relationship

‘at gauge 1ocation.

vert.

: to CT’/e

A . . . .
Convert Gauge Data curve

‘curve. P

o

Oedometer Test Data
.0’1,/6.-1

curve.j"

,"\

Ploch hoduiuS/C?4'curve.

3

Compute Slopes bf CT'/E "curve. |

at various values of C?’

1 H:;““'}'ﬁi

B RRETERE

: JResults of Llnear Analy51s,>' Q‘
_ (1)cz'

ot relatiOnshlp w1th CS’

_ o .at representative poxnts.:
‘;(2) Av/;a;etto obtaln CJ’ /C?J

iﬁ&

fmcurVe.x»

values on D/C?’ f

.

: ':19{* :
S

at
.oct

Ccurve.

..Asi e suxtable values of/J

~

»Caleulateék/fjl'

'7Anae1G/r3’;,5

;curves and represent as a serles
”gf llnear segments for computer*

ftabulatlon.‘-\{ﬂ.m

- B S ".‘f?“ 0 » ' . oo O '. : j:»‘ R :‘_.""» C . ) Nd i
.- 'FIGURE 4.5 MULTILINEAR ‘PROPERTIES SELECTION PROCESS = '.”



P e e

Propertles used/ n. the llnear analyses are shown in '

Table 4 2. and the multlllnear propertles are shown 1n Table L

P : KB /' ' ‘,"m-'/‘ - “

.

6o _ L
1»oedometer tests and all-round pressnre tests 1t lS p0551ble,gf;v_f"

Q- ¢.

Core mater1al By coupllng t~he kés.ﬁ

Whggh pressure.f‘d'

e o

E“hence to calculate two 1ndependent elastlc parameters whlch can

:fvary w1th stress state. _ uch work is currently belng

. )‘

performed .on the Mlca ‘Dam’ cpre materlal as part of further

"danalyses w1th1n.the Research_ProjectI bx T ‘g Law (1974),

. v :
‘*corporate thls extra Lnformatlon :
k o

‘1nto the 3D analyses, a dec151on was made to use 51mple

Judgement ln 3551gn1ng an essentlally_constant value of u.l-_

:rThls slmpllfles the selectlon of data for computatlon“buﬁ. :

e

\ ‘( . R

'1rema1ns to be justlfled by comparlson of analyt1cal and field 1f;”

‘”'data.' The 3D analy51s was felt to be too coarse to Justlfy

'5[ A plot of data used to calculate D‘mod"

51 pllflq!tlons havé been made.{'

r

any more than sxmple approx1mat10ns to the truly complex ;f b

nonllnearlty of 50115,, Nqnllnearlty 1s most eV1dent 1n the “{f
. % .
ST
'ner gralned core materlal, so 1n thls reglon the greatest
T '_." . : AT -

"v-i.:\\'l o '
Shell zone M2 erld data was aVallable from several

*

es but MVll and MV12 were deemedstogi}ve.the best

»

‘5f{be1ng 1nfluenced essentlally by _f

.4 "‘. .
.v~',¢~

:,‘to obtaln two 1ndependent stress straln relatlonshlps and ;.dJlfﬁ



‘:x'“;wv;.-

"ﬂfdlfferent sourc;s.. Thexr plot of the varlatlon of modull
t;and materlals lS shown in Flg 4'§§fVSkermer (1974) was able

1<gto\model the dlstrlbutlon of these materlals w1th greater

f .

’

VRRURT
'l"' .vu,_" P

71~deta11 in: hlS flner 2D mesh

‘
Sl

- -j

Rlver overburden. Tr1ax1al tests were performed ‘on”

thlsﬁmaterlal. Fleld settlement\data 1nd1cate a buige at
L . R u .- " M
Jerburden - shell 1nterface, suggestlng some dlsturbance .

‘7,edur1ng constructlon.works.“ In generél 1t 1s to be expected
'";“that these materlals would behave ‘as very dense, over—-a_' L
‘.‘consolldated granular flll, and thelr 1ns1tu deformatlon B :

:bupropertles would be correspondlngly much stlffer than measured ;?;f

'7Jff71n a normal test.n,Thls factor‘was taken 1nto account when

fselectlng modull, as the fleld data is'necessarlly qulte ,;ﬂ

”-Afllmlted for the rxver overburden. A plot of some gauge~~1~-fj~’f‘

o

‘-@,data 1s¥§hown in Flg. 4 lo’l“ju‘¢{‘>3

h'f14 6 Synthe31s of Bedrock Movements d‘

A tremendous volume of rlver overburden materlal

!' " _.A

':h.was excavated for the core trench of the dam F1eld
h ,@

'fmeasurements 1nd1cated that ¢here-was an unexpectedly large




fﬁf due to loss of tlghtness in the rock mass due to heav1ng.

- jLaw (1974) cprrelated some bedrock beave w1th pore pressures R

: ’,;of the dam the lgcremental settlements for each llft of the '»f@g

"?Qgeneral the bedrock settlements are relagﬂVely very

:.frzln the rdck,"'i;‘ d_n;uéh—data—aswauallable1from the ’Vﬁ;f"fif
:%“yiiexcavat;on perlod to make conclu51ve arguments about the rock. f
movements \ v.; e | A - , I 43\ ‘
o Kr;shnayya (1973a, ) analysed cracklng at Duncannﬂq {hj“
h“fdﬁam,!whlch was due to excesslve'dlftefehtﬁalff L- ‘ R | "ff
. vﬂ’settlements, by addxngnt observed f@hndataon‘movements at : :‘sangf
d'iapproprlate boundary nodes of the flnlte element mesh _t';fr};:;f
i s Very easy %o adapt the data on bedrock settlements at e
}Mlca Dam 'bBy plottlng the.settlements at’ pertlnent sect10ns4

.
-analy51s were determlned and applled at the boundary nodes.t.

"f;Some 1nterpolatlon and "guestlmatlon"fwas requlred but 1ni“ﬁ:

-*57*small and a representatlve pattern 1s a falrly srmple proj _ﬁj;“

fﬁFor the 1arger settlementsfthere was some concern as to;;f_gu, L

“T{:accompanylng hor1zonta1 rock movements and{ffteszome very

Mfglhed?‘dépendlng?upon rdck s

0 ‘-6. ailgms

73to be 1nf1uent1a1uand 1n retrospect 1t wguld have been 51mpler Q;}f

td‘ﬁgnore them COmg}etely. Iongltudlnal and trajfyerse sectlons ;f

ha;;ng bedrock movements as measured at MV gauq;s are shown y

-
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Bl »’,;s-' COMPUTAT‘IONS USING THE T'HREE DIMENSIONAM

EE _ mNITE ELEMENT PROGRAM FENA 3D - :“ o \
: 5 l Test Problems e S e T ~
’.,«;.,2 ' . .In order to make so:Ie assessment of Krlshr;%yya s
' program FENA 3D, two tyoes of te‘s\t ﬁ were, 1nvestlgated°
& i_"f. .;,‘-.;-:", ' R 1. "a pérgectly regulér \h'c:;\n% X I' o::s\dam, to, he/lp& . Py
| __ - Qwevaluate the capabll1t1es of FENA {D A . ' R
) IO 2 _' A thJ.ck column comprlslng sorie?d"odd" elements, !
PR e . v T ‘_.[

to evaluate some aspects

£ :element perfoma{nce...'; R

; .

". ;.f e oo -"-’, > ":j- - ~~".':"'.':"»' l"‘}’:' ’ .
\ 1 _ :Ve-shaped daa‘n- in a .V-ﬁshaped valley Qatau a’hd
;f"‘ RS mes_h as d'es.f:rlbed by Lefebvre Dunc%,gand ,%‘hl'scm (1973). py by, 2
_ " vth'e prégram EENA 3D and to compare .some res:?i} .
a‘ ‘ « "" '.

publlshed work" The structure lS shown in: Flg* \5 l
N Lo
P coarser a‘nalysr,s (4 llfts) was also perf.o&‘med

e T : T
RN : 1nformatlo .k :
. TS Y e " - . "'v . ‘ ‘ ~ AT

* and to‘t'al machine ?Osts for further analy-ses was alsﬁ’ . et
S e ¥ T t S '
obtalned from thlS study *'fJ 1 l
\ o L ' "":‘,.0

Resu,lts for the 8 l‘lftfanalysz.s dre compgred’ wa.th ;.:-,.;..;.

.....
LI
PR

bvre et ~al 1n Appendlx"‘A ‘ Spme. ‘dlsqrepan— ‘f’

and ma,y have arlsen from sgeveral'_
-‘ ﬂ(" é\ LS

H:':

&‘hg frlter cOnclLfded that .w;Lth

.. w . -

.‘g;-.,_.'
norma l %
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u&m*’ ‘¢J “; o ;ff‘fuix . ﬁ.ﬂ'.';;jf:‘ . ',}? b
; " care. 1n the preparatlon of data the results from FENA 3D
%ould be qulte sa;t‘lsfactOry S T T
e & m ‘ s

e

DT PR\ 51mple th:.ck colul[n A series of *ee o J

i . T o

‘analyses were run on the smple steel coYumn shown J.anlg '_ . -
& S
5.2. In 5heory@the vertlcal stress should be constamt at R
4 444 Ks1 but the effects of non- conformlng elements and 5 e

Ny hbde orderlng Of the e"lements was inVestlQated Such effGCtS”"'l..‘ ’

'_; arose durlng cohstructaon of the Mlca mesh wheg 1t Was found '

F ~.

| ' e ' T e
1mp0551b1e to avcud non—conformlng surfaces ,( r eXample a‘ R

'i_.'-a' hyperbollc parabolo:Ld vé&’ uq ;vo trlangular faces 1n Flg. 53)
ThlS phy51ca1 problem has ’nume;‘lcal counterpart 1n elelhent :‘&
g sta,ffness formulat;.on, ag@even though all such sltuatlons e
BRINS 1n tée;Mlca n}esh occur, 'g.n the least 41nterest1n§ areabs, .1‘t
was felt lnecessar*y tc”gilafce some bounds on the 1naccurac1es B

: v,‘.,!: oy

S i -

| whlch mlght accru‘e | et ‘.,'.'4' R

' *ﬁddltlonally, the effect of the nqaes of a.h ele“nent on
the numerlcal 1néegrat‘10,g‘rocedures was exanuned for con&ensed

P

: elements. » ondensed efements ha\ie one. or noﬁnodes coalesceﬁ

Lo e 1~l o .

W as shownyln,Flg.,S 4 Thoughga»ba51c order mUSé‘be obeyed, Fif
é Resylts Of thls study are“shqwlf“?
R @ SN '

ERC R Of up ﬁo 22% bccur. ) These errors aro °

51mple fashlon and whlle s':" ;Lous enough, the pos;.t:.ons J,n '52 ‘
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(a) not 1mportant frbm the vrewp01nt of the 1nté!e ' fdn%

.- ‘g‘

y

Ia L= R Ve

1n stresses,

Tl

(b) llable to certa ‘4,acCufat1es 1n any case due m'<h‘
T s R S P
_to art1f1c1ally stiff boundary zones,»th.“ Jiu’l‘ ) h. :.;4 I

Vt'-T} (c) unleely to haVe 51gn1f1cant lnfluence on: the ':b#;g‘{
% . Lo }~ Lo

structure as a whole, because of llmlted nodal connect1V1ty

Conclu51ons from test problems- The tests diearly

b

'*:1ndlcate that 1n the Mlca mesh where elements are always-ﬂ‘ffffvwfi

fiﬁ _skewed and often hlghly dlstorted@gbd some are non conformlng

_¢o~“'and/or condensed SOme numerlcal 1naccura01es must be _ .ﬂ%"'~
e . e

“-,expected and all results accepted w1th certaln reservatlons

v_ﬁs_to.acigracy . The effects of numerlcal roundoff 1n the .‘?3lrf-f;
ggmputerlmust be considered reallstlcally too, the IBM 360/67 |

1‘.

___has only a 32 blt word length and all computatlon wasé,w“

'7;done u151ngle prec131on. However,‘con51stent and rellable RS

vfdfthe cor?V‘r.if

' st

T“<5 2 Homdgeneous~Embankments ,5fﬂ;i“?:»‘~f
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S

/‘It was felt approprlate to run a serles of

,,analyses assumlng that Mlca Dam was homogeneOUS, to glve

a 51mp1e property (ea511y stored 1n one s head) whlch

e roughly ekhlblts ‘the fleld deformatlons. 1hus,, i"shellnl;¥f;j5]'”
e ; % Lo

‘?fr,property was determlned whlch matched settlements 1n the

shells o% the max1mum tranSVerse section at Statlon 22+50LL2,5;¢]~“

i

and a‘ core" property by matchlng settlements 1n'the ;Lr]f“;EVr«f?*“

* S ': e o . 7
longltudlnal core sectlon., ;_ "x:~\;.- L - s e L

jfifiﬂJﬂig.{'V"Shell‘lbrggerty of Mlca Dam The 11near elastlc.:f
R

ameters choseniipr Zone- M2 were‘uséd 1n a,%hllft -
("graV1ty turn on") and 5 llft analy is. | .

pattern of the 5 1,Lft. matcheF fleld settlements well, aﬁd o L

LY

correlatlon factors for g&e l llft ana1y51s were det?f'

e
s g

l :
homogeneous analysé% were made ln l llft, and the settlemen'sf

5oon¢erted to the 5 llft pattern. Varlatlon of P01sson '

vthe follow1ng parameters were msed.ﬂj;
R »

DR S e Lo e

”VD,flf‘:”98Q0;KSfT-‘,”f”{au“*f”

Tk = seilo Kef v




4900 KsE i

;3400 Rsfg&?,
&y e : L L _ R
_iahncles betweenmyhese valués and deered valuéﬁ :
'. v ; N ,
qﬁous_sttugt?re

Fur herﬂdlscuss,on'of these resultslmay be.found 1n Sectlon
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6.2 The-zoned Embankment Analyses ' N2 '

’ Figures 6.1 to 6.4 show the agreettent of computed
settlements and fleld measurements for pertlnent MV gauges.
A field settlement plot consists of lower bound and upper
bound ‘lines. The lower bound’is the cumulative settlement
durlng constructlon periods only, while ‘the upper bound

is the cumulative settlement‘for constructlon and winter N

————~perrods“__The—§m'*ler }ndlcates "elastlc" rgsponse and the

larger includes creep and consolldatlon effects. Plotted on .

#

: %he field curves (whlch are simplified for case of 1nter-
Apretatlon) are settlements for the cases of llnear elastic
3D and multlllnear elastlc 3D (both wxga,bedrock movements),

simple’ eédstlc 3D and s;mple elastic plane strain 2D.

Y

b SlnEe sdhe attempt was made to include consolldatlon

‘Aeffects in the core in the modulus selectlon process, one

e,

- would1hope ‘to see\calculated core settlements tendlng towards

the upper bound of‘field measurements. Since elastic
) parameters &o not attempt to include creep effects, calculated
shell settlements would preferably identify w1th lower bound
fleld measurements In general, the overall pattern of
calculated settlement agrees well with field measurement. It
~could be argued that lack of detail in the\mesh restricts core =
settlements and helps’ explaln the general underestlmatlon of -
f1eld values in thls zone.l However, the multilinear analy51s

;,,con51derably overestlmates core settlements in the softer-

(1969) materlal, and the explanatlon advanced is that

P s
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\5 Al ?’ .
Z test datu cauued this. Also, sin e shear failure was

. are

' . Y . Mo

e et oo . A

o Y | [ CTt 4 . L
e T ! ’*ﬁ\ -

\.xsi % ‘the Mohr-Coulomb ériﬁerion) and ‘high s)near st 8
\ﬁjized chiefly in th core-shell interface zone - the.

. “ v
ot .
S, -
P e oty - ,"‘_' i TR } . .
| o‘ . N 1 \\ . - e o as‘ Fre
d

insuffiqient e&periénce and pq;haps

Lot

ponaidered on an elemen\: baszls (qs described in' Section 3.3. -

o

fini&.g’iement representatien.mey well be too approximat

Perhaps sha}¥ failure should not haveﬁpeem‘considered in order

4

:fto gain a more represeq}ative analysis with such a ﬁparge

"rmesh.v She 1 settlements were qenerally overestimatéﬂ, and

.“

"tﬂis may pefhaps be blamed upon the field deformation data,

’;which could not be separatQEﬂﬂnto constructiohal and total\

- e e

istrain increments. In general the settlement ﬁesults are -

y'good and since settlements a;e*bood~we should expect that

' stresses, which are less sensitive to changes in moduli alone ag.

ncompared to thle structure., x"‘”' o \

(Clough and wOodward, 1967), should be quite realistic as

The plane strain 2D settlements ovenestimate the
. I

’3D settlements !@om an ahaIYSLS u81ng 1dentica1 element f

<
“"it shows the effect of 3D geometry which allows deformation

modes not aluwmd in. ZD plane strain. The 2D plane strain f

-analyszs used a zfction of. th"BD mesh. Palmerton amﬁ

—«~-»~the~29velemeat—case. ]mhusma true*2D plane strain.analySism,ﬁn'

P

‘which gave clqse’agreement with field settlements mayfbe

_Lefebvre (1972) 1ndtcate that comparable ﬁb plane strain -

% ~

analyses using 2D and 3g!e1ements show less settlement in

5,

L4 R v )
i s

N .

l

TP
N
ot

.subdiviSion and material propertnes. This is important as’ ~
A

T ‘\*'.

.’;.,4
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S LSS | f,i
qul.te repreidn}tive of; the fie! *
8 ‘j was expected ta’évﬂbnlt;ate dbviout

. L, o
'. changes 1n vabhy»

\|"

i are noféerl' widdnt;':may be a meadure of the courjeness o£- :
- ) i [x "" ., '
;.'A.the 3D analysi’s-"‘” -

‘_'t"ay demonstrate %he principle of'
”;,,structure and infigenceé from

';xéﬁskmeasured in the dam are very R

. ' ;-irison can be made with computed /
p

values. This is G!%ettunate since the role of Poisson s#

* Coew e #
is shown in Fxg. 6 5 to demonstrate typ1ca1 ‘h rlzontal . e '
!

movements expecbed after the embankment ‘was compthe.v The

3_'- ratio ls dhlte lmportant. A pattern of horlzontal movem%nts{;“, 4?
at approx. el 2150 ft (the end of constructlonnin 1970) “';ﬁﬁ,y‘3

< i ,é‘.:

".‘

laek of conflrmatldh of the chossa values of Poissbn s N

) ! r e . o
ﬁ,ratlo restrlcts the confxdehce wh;ch can be placed en ﬂf f/.k‘ ‘

computed values of migor prlnc1pal stresses, partxcularly
in the core.' However, the expected varlatlon in~stress _
would not lxkely bg more than 10 20% of calS&}ated values,.

-in the wrlters oplnlon, based upon assessments of P01sson s

%5m ratlo varlatlon in the homogeneous embankment analyses. N 'K;
P : NSRS
. 673 Stress'Distributions RS R '_ i® ’
Core. Flgure 6 6 shows a plot of element stfesses for
A ree (RS O g s -,,.,a..__ e e mpame & iy e - e g - v,en.‘,l_
a column of core materlal between statlons 22+50 and 25+50._ o
! :

There are only two elements spannlng the w1dth of the core
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*om upstream to do;wnstream shells, and the bispn’cement
"f'ttern permi tea 15 not fflly reptesentative obfiéld . s

. ehaviour. Thus it‘ts s&atsd clearly atAthis stage that ’
/the writer consldersgall‘ %urqmlts t’o represenﬁ average @

effects onlyhsor a good first~order approximation a& best.

'/ fhe element major priggipal stresses and vertical

o / i 'y B — .
stresses are close in value and for clarity onlysthezﬁ
principal#itresses are plotted The indication is that

the prlme(ﬁ/ae of defoﬂhatlon is vertzcal settlement e

restralned by the mobillzatlon of hlgh shear strength along ﬁ;
" the core-shell 1nterfaces, partlcularly the downstream 81dé -

This verlfies an 1ntuitive assessment._ For the homogeneous

' gg.nkment under various combinatlons of moduli, essentxally'

the saﬁe vert1ca1 stress variation as that shuwn in the
flgure resulted.° The concluslon is ﬁhat no app:ec1abbq
stress transfer occurs to abotj elevatlon 2150 ft, below
whxch valley archgng relieves about 30% of overburden stress
'at elevatlon 1860 ft.v(approxlmately the old rlver level)
‘_ Unfortunately a plane strain 2D ana1y51s ‘was not carried
out u51ng the homogeneous parameters, although the wrlter
believes that stresses would’ have been very. 51m11ar to those”‘

o - -

mentloned above.

=In the’ zoned fill, however, the prlme factor

@ I‘

detern1n1ng stresses lnftue core is the change in material

stlffness from core to -shell. Even in the upper reaches of 'J»f

the core stress transfer is about 40% of overburdeu, thls
. , L) .

TN e ..



.wfth 3D results. Thls ind'cates that

:tatts to inerease below elowa

f;qp z}so'rt.

':'*,p"‘

'and Wilson, 1973) indic-tes that 3D effects may be quite _ o

N

llmportant as regards stress dlstrlbutlon. The analysesv'

described herein lmply that although 3D effects may be present,

.the governing defOrmatzonal behav1our can be represented

“’satisfa tor11y u51ng a 2D plane straln analy31s. Thus,_»a

" increase .etail and’ the sophlsticatlon of.stress¥strainf ,"0.'

response‘which can be i rporate& i tb\ZD analyses.should
yleld satlsfactory ﬁesdlts for engil ing purposes, and only

fgg a study of cracklﬁé potent1a1 would the 3D analysis be : )
L -

L
* .

‘requlged oo ‘H.F.h }" TR - L '3 :. \.

Avcompletely dlfferent, alternatlve conc1081on 1s that

the 3D analyses descrlbed are too coarse to prov1de any 'd . ';‘

represeatatlve resultg\ ThlS conclu81on is reJected by the

;wnwrwulmuﬁmmnupﬁ%mmmpmmaammﬁmmasww~
(1974) stress results u31ng a 2D analy51s are also shown oﬁ ' S
F:Lg 6.6. " L ) o ot : ' RN
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k/;’ not much differsnt frcm what one m;gut expeJt.j Thd upstream v/?7~

shell essentfally sits tightly in place over the core, and ;J{E?;EQ

the core widening at, the base q!uses high stress levels as/ . :¢,;
‘\é' the shell overburden is thrown into a cnaller bearlnggarea.}dagg.gf

" , ¢ — L T O
- % ACEE T

: : -essent 8¢ ' _}f
partially under the core, and participates more strongly ian

. " core-shell intenaction than the upstream shell. . Thovweakerii

@ . -

zone M2DI exhibits no- appreclable stress transfer at depth

becaus% it holds the burdy n of core-shell interactidn,'is _
. e LY S T i
and ‘also because of the wedding actlon of the foundation . L

} ' excavatxon. The shell stresses for the llnear analyszs
1nc1ud1ng bedrock movements are shown ‘in Fios. 6. 7 to 6. 10. o
It should be noted that these stresses are quite compa;able
w1th SRermer s reaults. although h; Qﬁd not model mater1a1

. S

dlfferences tohthe degree‘addpted 1n

e'BD work.,"

bor the sake of

”nva;utlons in transverseg

e Ngiven ' ln some detall for ;g:", ‘%ﬁ;n
M*‘uPed tOgether for cgnvenience -

tin AopéndiiéD.j“;l a is ; ”d*u31ng engineerlng Judgement dﬁfﬂff
and w:Lthout w;n

t;ny éilowanCe for . art 1cakly Stlff boundary. 7i;

':qﬁreffects.‘lBecause of,@hewcoarseness ofwthe meshmthere~rs

7

con51derable scope for personal 1nterpretatlon of contour

patterns, although the wrlter has endeavoured to be con31stent."_

. : . T,
: . ' ) - . o ‘ -‘ P . . : ! . - .- H "‘. ‘ . ’ - ‘. » N
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Element stresses are calculated at the element centroid and "
nodal averaging precedures were not used because avetagang

the values of such a coarse mesh was found to be unsatis-‘

w‘«a :

-

‘.

factdry Stresses in the transverse section shown as . .

n .

.Station 22+50 are actually 1n the elements between Statlons.

\

, 22+SO ‘and 25+50 Stresses in the longltudlnaP core sectlon

7/
“are averaged from the upstreamland downstréam core elements.

—_ ey -

Attentlon is drawn to the low stresses in- the cdre,

a serlous 51tuat10n which may lead to hydraullc fracture."
Thls is descrlbed further in Sectlon 7.2. As an estlmate .:,
the writer belleves that stresses at some p01nt (partlcularly
in the core) would not vary by more than 10 to 20% from ‘the
results‘of hls anslyses. .The stress sxtuatlon in the tore

of the dam is not.as satlsfactory as it couid be, that. is’

the 51mple truth of the matter Whether there‘ls'any
practical 81gn1f1cance in this p01nt is a matter for ong01ng

research and debate.

s

6.4 Stress Paths:of Elements

. "
[

The elastic parameters that were used to represent
{

deformatlonal behaV1our at varylng stress levels only .

'crudely represent the phy51ca1 processes of the material'

Some. 1n51ght into the approxrmatlons dealt w1th can bPe found .

by plottlng an .element’ stress sﬁpuln path on a background

. of (say) oedometer tests for that materlal Also, the plot

of octahedral normal stress versus maximum pr1nc1pal stress
v . [ R .
. »
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may y1eld some 1ns1ght 1nto the behaviour represented by

'P01sson's ratio.. Plots for a typicalAcore element are shown

agalnst oedometer data for the oor-",verial for the linear

| analysis which gave the best agi'gpent with field deformatlons,‘wﬁ'
on Flg 6. ll.~ On Flg. 6 12 are octahedral stress/prlnclpal_

[

stress plots for several core elements._ Rough correspondence

. %

of moduli are shash, and theeffectlve value of P01sson 'S ratio ‘ o
is close to constant at the assumed value. The same is
'ba31cally true of shell zone M2 although the effectlve value
of P01555n s ratlo drops off a little w1th 1ncreased stress
" level, (Flgs. 6. 13 and 6 14), - S 1A/‘ : ;'

| The conclus1ons whlch can be drawn from this are
llmlted - One would expect that the materlal might exhlblt
a wider- varlatlon in- Poasson S ratlo, bu that some, average .
_value may be: broadly represent 1ve. Qne_ would also expect
’that materlals mlght exhlblt co 1derable varlatlon in .
modull, but that- some average modulus could descrlbe thls
adequately.‘ It is not absolute values of elastlc parameters
which govern,stress d;strlbutlon but rather“the;ratlo of their/f

values. : o , . Co . B

: S -/
"~ 6.5 Comments. on éome Important InfluentialzgactorsA o

Sheaﬂ fallure of elements- In accordance w1th the

"'work of Kulhawy et al (1969), elements in whlch computed

\
‘shear stresses exceed the calculated fallure shear strength

- (using - the Mohr - Coulomb fallure crlterlon) -are’ a551gned
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" FIGURE 6.11

 oMelemend .57~ upstream core’
8 'elem_en-( '58 = downstream core
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low values of shear modulus for subsequent stiffnesS-f

-

)
calculatlons. In pr1nc1ple thls feature is worthy of .

3

1nclusion, but there 1s some doubt in. the wrlter s mlnd .as,
. to 1ts SUItablllﬁy in a coarse mesh, as Krlshnayya (l973a)
showed that failed zones are governed to some extent by mesh

.8ize. In these analyses too much mater1al may have been

less than 10% 1nfluence on, str

) Wthh falled in shear were e1ther hlghl isjorted elements

sh, -or elements

- .in poorer and unlmportant areas of the
at abrupt changes of slope in the lo 'udlnal core sectlon.‘
o Ideally an ana1y51s wh1ch con51ders shear fallure and
fwh1ch also uses theA no tens1on" approach (ZlenklerCZ et al,
41968) ‘would be de51rable. The writer doubts whether elther

: 18zpract;cal or realistic in the present analyses.~

. e
s .

Sophlstlcatlon of stress-straln relat1ons requlred-i'

- The ev1dent success of theiflnlte element method as applled

to flll construﬂklon analy51s strongly suggegts that, for

= the’ stress paths: con51dered, representatlve
Tobtalned by 51mp1e approaches to nonllneanlty, or representatlve
llnear parameters whlch have to. be chosen ‘very carefully. This

L._1s an. encouraglng result for it makes the method much eaS1er'

‘to use 1n practlcea and ‘allows’ efforts to be. concentrated

. upon proper 51mp11f1cat10ns for future research.'
.

cibution., Elements o

, AU U
ehaViour‘can be
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No one should ever believe»the results of a Q‘Fite I‘_
of the.ju?f

\

'element analysis verbatlm w1thout careful assessmen

¥

.consideratlons which wegt lnto choice of parameters.' Thls .
L 2 : '

.work on Mica Dam relnforces the oplnlon that flnlte element'

‘e

ana&y81s is now a useful de51gn tool 1n geotechnlcal o .
) . iy B sardt ) ® ,
: .englneerlng, when used w1s5ly, R ‘j ) . ’p'

General accuracy requlred and clalmed -Inaccurac1es"j

.of many types were bound to ‘accrue ‘in the Mzca Analyses..
1hCoarseness of the’ mesh, element performance, representat1Ve .
stress-straln behav10ur, opt1ons for shear fallure, and
"numerlcal roundoff all are present. No serlous prob“blllstlb\
.‘approach to. assessment of overall errors is poss1ble.- The -
maxxmum llkely error is. estlmated as about 15- 20% and 1t is
l‘clalmed that it would not be Justlflable to seek a reductlon
of thls flgure. Furthermore, these results are quite

.

acceptable for practlcal soils englﬁeerlng purposes. To seek

greater accuracy would be unreallstlc and contrary to well
| establlshed practlces. Nothlng should ever supplant the

observat10na1 method as the malnstay of - 5011 ,englneerlng

practlce. '

g,e’f 3D analyses.-- Some remarks concernlng ‘the

costs 1nvolved 1n maklng the analyses'ﬁayfﬁe found in Appendlx

{

E "' -

=8

. 1Skermer (1974) used only three’ llnear elastlc
materlals in a rather arbltrary fashlon, and hls results must
be treated with cautlon._‘



CHAHSER VII

. The end of constructi%n showed that the Dam was

performlng satisfactorlly Embankment movements were L ,n?,
smaller than ant1c1pated and the structure was deemed
successful One- of the consequences of these small movements

# .
- perhaps, 1s the exceptlonally low sf?esses in the c

to the hlgh degree of stress trahsfer between core and

\\/ 1%‘ oo
shells. In the 1mght of these lo‘w str&ses thi follow:.ng
- . . TQ . ‘ ._' } ) ) A a ,

)questlons arlse. S AR ' _. v x:\

\ |

r‘. .

, (l) What effect will the‘reserv01r have, on flrst
fllllng and in the long term”i o

(2) What p0351b111ty is there of hydraullc fracturlng

~ of the core?

(3) Do these low stresses reflect’any concern 1n |

the safety of. the structure w1th respect to earthquake 5‘J"'
4 . X g

. dloadlngs? ».'~ YH%,‘;

R
v st

pm_1‘7ét°F1rst Flllrggwpf the Reserv01r t
| Nobar1 and Duncan (1972) undertook a detalled
v1nvest1gatron of the effects of reserv01r fllllngﬂupon an

embankment Complex movements had been observéd 1n many

structures, cau51ng cracks due to dlfferentlal settlement and :

i R
hydraullc fracturlng._ The ba51c mechanlsms are' S

e‘due-

-‘ - ¢ . . ‘ ‘:. ' . ' - V" . . .' . . h .. )
B | SOME IMPLICATIONS OF THE S'I‘RESS ANALYSES |

l

Pomer b K
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.

(a) compression due to qetting of the foundation,_f%

~.]

. -causing settlement which 1S non-uniform due to the pro%i:ss

.
o
A‘_' .

_oiLthe wetting front,' : Ih'%df‘,‘_ E @gﬁ : .

(b) compression of the wetted portion cf a’ 3\'\"*”

homogeneous or zoned fill, causing ettlements and upstream A$

‘vaements and spreading pOSSlber .]im”_, -

(c) downstream movements, due’ to the water lqad ' '

. which ig greatest during the,later stagesaof filling. .

3.Embankments usually exhibit indiVidualistic variations of T

-";the abqve based upon local conditions and materials.»

Te Two basic mechanisms take place as the reserVQir assumes

1'design level Firstly, before significant seepage patterns 5.1

are developed, the water load w111 increase the total stress'“h f.-.

state in the core._ Depending upon the existing construction

 pore’ pressures and the coré material response (say B) the - o

Ce ¥,

ewieffective stress state in the core Will usually lncrease ':f.b 'RfiQ
Ihsomewhat as well Secondly, as the steady state seepage ’ ;}-il{ﬁ
pattern forms,lthere Wiil be some changes in effective A

. Stresses. in_the -part affeCted bY seepage.~ '—'?rhese *two*""'f‘ I

~'in general because of any redist fbu

e

S

S

8

rmechanisms are not likely to be eaSily separated oy identified

"‘n of stresses during

pore pressure dissipétion._'

Mica reserVOir (Lake Kinbasket) started fillipg in ;; '.fﬁ

April 1973 and reached a levelﬂwell below minimum pool before E f;f

’: disékgrge requirements under the Columbia Treaty reduced lt‘ ‘: S

\ [
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| farther. It may flll to withln 50 fse\of maxmum pool by

. - - - . ., ..”v{ ." “ ‘v . i - W . L yov .
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E behavrour requlred for finlte element modelllng.: A good

mld-summer of 1974. Prelﬂninary results from somegearth-' |

pressure cells monitdrlng hor;zontal stresses xn the core

responded as’ discussed above and shown dlagramatxcally in’ 717.:

Flg..? 1. (Skermer, personal commun1cation, 1973) lIt.iJ
< ” \ ' O‘. . .
too early, at’ the stage of writlng% td dlscuss reservoir

"fllllng at Mica Dam in further detail The sub}ect re@ulres

a separate research program due to the complex materlal

outllne of the approach4requ1red is thﬁt glven By ﬂ%banl and

Duncan (1972) ‘ ;@{A ‘ L ‘u_vpr? A Ua -

. The spec1al care taken in des1Jn of- the Dam should

ensure that‘égservolr loadlhg wxll havena beneflc;al effect

; on the stress state in the core. Many embankments have beenq.

‘ constructed embodylng the arch pr1nc1ple~1n the core but

eventually seal_up the cracks..1,~

- : "

assessment has ever been made of curvature._ If for varlousif‘v"
reasons some cracks do form allow1ng the percolatlon of water

the core materlal 1s ”self heal;th,L 1he.ln1tral er951on oo

£

e B
v & ey

"; process washes in materlals Wthh w111 -be caught 1n and

s RRLIE 59

., n"'. ﬂ - ;_“ »
Bllght (1973) presented a means of asse551ng the

7 2 The leelxhood of Hydraullc Fracture

: stress transfer 1n a narrow core or trench. Some of the;7

- e
L,

to. the wrlter s knpwlghge no spec1f1c study gg quantltatlve_

B e S I N

“ parameters requlréd age\obtalned bY reasonable englneering Q;“ L

- _‘D . . : ; o

o

‘v i
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éstimates". One 1mportant parameter 1s the coefficient of

<

-lateral earth pressure - ?llght makes use of some h1%F values
_’of l 5 or 2.' If 5)19 calculated u51ng elastlc theory and s

' POLSson s ratlo, much lower values may be obtalned Maklng

estlmates of the parameters the following results were L

e e b PP,

obtained for the centre of the Mica Dam core at elevation

L]

1860 ££. s o ' :
’ . . N Lo ' | s . e ‘ ' & ’
~ | EQ equiv. u ‘ Stress transfer.f%)
2.0 0.66 . . 76.0
1.0 0.5 | 57.0 o
. o ,; .
5. 0133 . 37.0

o
o
.

Bllght S approach was not successfully applled because

/

it cannot agree w1th the. flnlte element calculatmons. The B

o

eBtimates may not have_ been satlsfactory, of course.

Bllght c1ted the example of Balderhead\Dam (Vaughan

*et al;.1970) where a hydraullc fracturlng phenomenon was . -

4

,'obserVed Hls results 1nd1cated that: plplng fallure at

bBalderhead was 1n1t1ated by a fracture in the core which

occurred during construction. Thls conclusion is not shared

. by the original repOrters'nor by'Sherard (1973) in his
:summary of embankment'dam cracklng, so that Bllght s

'ana1y31s must be V1ewed c1rcumspectly

Sﬁgrmer (1974). reported the results of water inflow

tests-1n bhe MV 15 gauge at'Mica Dam. His -ev1dence supportsa

"vthe rellablIlE 6f'ﬁf;Nf1ngte element analy515 which yaelded'

it

-"'\ R LR
. ) A



- | S o

.rery low stresses in the core@%ﬁbata‘and water préssures -
arg5taken from his work, and minor principal stresses from
‘thelfresent 3D analyses,vand‘shown~on Fig. 7.2.‘ Reser?oir
level was aé el. 2216"}t. Water level in'the MV gauge could

"not be raised abo¥e et 2185 ft. despite copious 1nflow.

i

Undoubtedly hzdraullc fracturlng occurred at some pilnt around
the casing, most llkely Below el. 1950 ft. where computed
mlnor prlﬂﬁlpal total stresses are less than water pressure.
Alteratlvely the water could have escaped through bedrock

| as fissures opened up- under ‘the high water pressure in the
'gauge. To the wraters knowledge no 1nformat10n exists as
to whether the reservoir level itself caused any hydraullc
fracturing. _Accordlng to the above studles it could have,_
.Perhaps‘the self-healing. properties of the core have closed
:any such fractures. ?he questions regardino hydraulic~
fracturing of thebcore of Mica Dam are not‘fully.answered'at
this stage.- Under the circumstances, though;mleakageodue,to
hydraulic fracturidé is‘not‘considered likely. oy d ‘
. The phenomenon of hydraulic fracturing'iS@ellently
covered ‘by Sherard. (1973) Deliberate fracturing-in boreholesd~
V’has been utlllzed in the high pressure Soletanche "sleeve ¥,
groutlng" procedure7for groutlng alluv1um under dams, whlle
ijerrum and Andersen. (1972), Vaughan (1972), and Penman (1972)
‘have discussed the use of induced hydraullc fracturlng toa
-&stimate: the. earth _pressures in materlals (in a s;mllar

?

'manner to that 1llustratedzat Mlca.Dam). Sherard observed‘

G,
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that the use of fracturlng in boreholes, partlcularly 1nvolv;ng -
large water inflows, may lead to a dangerous 31tuat10n where

; none prev1ously exlsted He pointeo out the dlfferéht

stress situatlons of borehole-lnduced and rese2v01r-1nduced"

'-hYdraullc fracturlna _ o .", - : . C

5h 5“‘Sﬁgrard,;et al (1963) present comprehen31ve ‘data ':i' ;Q
gathered for earth dams in North Amerlca, whlch shows that,‘
after the non—geotechnlcal problem of flood-overtopplng,

plping f;}iures comprlse the greatest proportlon of uhsatls-

factory earth dam performance. Ev1dence from the World Regré/Q*"

._of Dams supports thls-conclu51on. Sherard, Decker, ‘and
“Ryker (1972) descrlbed the plpxng fallures of several low
embankments and concluded that hydraullc fracturlng 1n1t1ated
the fi suring whlch led to the plplnq. EV1dence from flnlte
"element analyses supports their argument._ It may well be that .
many more of these "plplng fallures" are 1ntroduced by o .
b'hydraullc fracturlng mechanlsms,_unrecognlzed becausejof the o
,11m1ted knowledge avallable concernlng stress’ states 1nk
vembankments. Very few confarmed cases, where hydraullc
'»'fracturlng has 1n1t1ated leakage ln large dams, have been:

_reported and dlscussed in a- thorough.fashlon. Flnlte element° ‘

‘analyses may play sfundamental role 1n furtherlng the .'

-

understandlng of thlS process;f

o~

-7 3 Earthquake De51gn of Mlca Dam
- As dlscussed by Sherard (1967) and Seed (1973),‘there

1s a serlous lack of informatlon concernlng the earthquake-f.

@



r3315t1n9 de'sign ‘of high embankments. The limitations of’”“ n

xanalytical procedures are well illustrated by Seed) who 1n .

summarizing states that "Prev1ous performance of earth dams
. ﬁ? . . !

during earthquakes g%zes no grOunds for complacency regarding

.‘the ability of well-,

nstructed embankments to w:Lthstanda S

i;the effects of a majgr earthquake, although,-if suitable‘
_de51gn measures are aken; they give no ground for concern

‘Both authors state that the most effective features which

canlbe employed are. '"f 4;f.' SRR : ”';-., ﬂi'ﬁmgﬁ

(a) a core of SUfflClent plastlcity and of good .-

L

self heailng propertles, o

(b) good filtering properties at the core-shell

. interfaces, cae e .'j';j : g‘-ﬁ l 'f-

(c) prqy/éion of adequate freeboard, crest w1dth and

j.er051on resistance against overtopping,‘

(d) minimising of the risk of liqulfaction of the -

o

o upstream shell ';w" “.]l'gi b?h R ;:? S gﬂ.

;.1Sherard also gives a summary ‘of the best properties for core ,w'

'1'materia1 based upon experlence and assessment..vifﬂ'y~;:ﬁ_1i

Intuitively the most satlsfactory stress distrlbutionby'

'1n an embankment 1s as unlform acroSS discontlnuous zones ﬁ*“”

g fas p0531b1e,'and thlS can be achieved w1th core and shells

»of equivalent stiffness. This 1s 1nvar1ably imp0551b1e to
ﬁachieve 1n practlce because the upstream shell 1s required

o to be as Stlff as poss1ble to minimlze the risk of llquifactionA;‘"'”

(Casagrande, 1965).- At Mlca Dam this was done,,and reliance



- . . . o *

g placed upon the self-healing propertres of the till core and

‘the good fllter—transztlon propert1es.of the sandy gravel ‘h_,ﬂ»'

"

downstream shell to safeguard the core" agalnst any crack

M

'fformation (Skerxner, 1974) L e e T T

..\ .

a ';e—wouid~have—on~M1ca i',y'.vdf
Dam, bearlng 1n mind the stress state 1n the core, are not C':_f’
'clearly understood by the wrlter"\Wlth the provlslons that P

- have been made in de51gn 1t may be assumed that the structure

'exten51ve experlence as agalnst foreseen c1rcumstances. “,1‘_u;~
h'However, the 3D f1n1te element anplyses whlch haVe been
"reported in thls thes1s 1nd1cate that a. 2D ana1y51s should

'1;be qulte representatlve. It would be possxble to undertake

ga 2D dynamic response analy51s, g1Ven 1nformatlon concernlng

T

a p0581ble éarthquake, to determlne after some fashlon stress
*'f:}or straln data whlch may prove galuable in 1nvestlgat1ng the

'[5up0$31b1e effects of a. shock on the structure.. The knowlédge

RN

T



4*f“soph1st1catlon requlred for analysxs.' / Q_J% o

‘v_ Ca v | ) )
v , .
R
s cchﬁusxgns
- A ' Four general classes of conclu51ons can be drawn
from the 3D finlte element analyses descrlbed in thls the51s., :H

_ (l) Scope, lmpllcatlons%’and accéptablllty of thls o

;_iwork w1th1n the range of ‘finite element analyses wh1ch can .
'y[be used at Mlca’Dam | . |

| “‘_‘(2) Theirole of these analyses in dlch551nq the‘

'”*fleld behav1our;of Mlca Dam

(3) Thefgeneral validlty of such an. approach and the,'

.-/

e

(4) Speciflc recommendatlons for future work

"{Scope, Impllcatlons and Acceptablllty

It has been shown that the coarse 3D analy51s, usiﬁg-,,f
s g" . " T t

i.stress-straln data derlved mostly from the f1eld “has"

e ®

successfully reproduced aspects of fleld behaV1our.1 Thls ﬁ

’success of the model suggests that the stresses calculated are d}-5~1

htfirepresentatlve of condltlons 1n the embankment,.and some

&

dd??jfleld ev1dence may conflrm the stress results. As d17cussed ityggﬂii

‘.fln a prev1ous 1nvest1gatlon (Elsensteln, Krlshnayya, Fnd ;-‘

:'Morgehstern, 1972b), there ex1sts useful 1nformat10n whlch"

U?g can be utlllzed for asse551ng the cracklng_potentlal of theﬁ:q;{l ;”f

_core of Mlca Dam _;ﬁ.afj-: a ;P7{;ﬁﬁgz-l._; , f;., N
VA o
! U T - : ’
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Lo ”i‘{‘ \ The analyses suggest that despite the markedly 3D

.spect\bf the struéture, the constructlonal deformatlon and

sfbehavrour can:more economically and Just ‘as success-

o

'ﬁ Role of the Analyses in Fleld Studlea.‘l,f N

L. Slnce most deformatlonal data was obtalned from
'J:fleld measurements the agreement of fleld and analytlcal
ﬁfk/f'settBEMéﬁfs is a mark of self—con51stency of ‘the data only
AN

. "»and 1ndlcates that 1n the core, where laboratory data wasv"

. ~

A@‘used the flnlte element results v1ndloate the slmple deform-*ﬁ‘

piatlonal modu11 selected fflhf Vvir‘":7“"”',i‘ . i.ﬁ’A“;* D

2 DI

”eakage due to hydraullc fracturlng 1s detected

;as seems hlghliﬂpnllkely, the analyses should prov1de very use— .:17'

g ful 1nformat10n. In advance of any further studles the'

;{,;_ results w1ll shed some llght on any unempected behaV1our

o o e
l.'.’.observed‘durlng reserv01r fllllng and poSs1bly earthqua!e
. "loadlng. . o '

. Wt
vf'

Some 1nformatlon 1s avallable concernlng stresses 3 .

and’ movements 1n areas where conventlonal 2D analyses may not

¢
. ..
" r. ”

LT ) el
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. be juStified,such aS'zones‘of»potential cracking. It is

S .
1mportant to recognlze the coarseness of the present 3D

,'}

coveragé in thlB respect.

s

General V&lidity of@the'Approach

Results of these f1n1te element’ analyses 1nd1cate
a
that even wlth such gross slmpllflcatlons 1n stress—straln‘g

_ representatlon and mesh geometry successful flnlte element,

i

would be avallable before construct1on may cause serlous

modelllng 3f Mlca Dam occurred The lack of detall should.
always be borne 1n mlnd, but also bearlng 1n m1nd ‘the B
accumulatlon of" flhlte element-analysed case hlstorles now
aVallablb,Zgood averaée data wh1ch can be applled in
englneerlng de51gn and evaluatlon are now avallable,

. Apparently, the srmple llnear elastlc 1ncremental
analyses can prov1de satlsfactory modelllng of the structure

and for general deSLgn purposes any further sophlstlcatlon

1s unwarranted except 1n some - severe cases.» The data Wthh

dlsagreements between predlcted and measured behav1our,

' throw1ng llght on the valldlty of sampllng and testlng

procedures rather than the calculatlons themselves._
ObV1ously there is much scope for effectlve research in -
developlng rellable test methods to represent constructed 501l

behav1our

It is worthwhlle to bear in mlnd the comment of

o Smlth—and Kay (1971) concernlng the apparent success of very

3

i.crude approxlmatlons to true 5011 behav1our. .When,applylng

e
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the flnlte element method to phenomena where the ba51c

deformatlonal response is pseudo-elastlc, we can expect

reasonable results u31ng a pseudo-elastlc analysxs. The

————;———effects of - consolldatlon, creep, yleld hysterlsls and
| ‘dynamic loadlng are a whole world of complex1ty dlfferent,
and at the present stage cannot be reallstlcally employed '
:w1th great rellablllty 1n flnlte elemcnt analyses for de51gn
purposes. Parametrlc studles 1n these flelds w1ll contlnue

to.- be of great use, however, as research’develops.

‘Spec1f1c Recommendatlons for FutLre Work o

The effects of reserv01r fllllng w1ll llkely be of a'

I

3D nature 0w1ng “to valley geometry and core curvature.‘ Such
..'an analy51s, taklng 1nto account the wettlng of the upstream
shell, w111 b& valuable and w1ll be a tlmely contrlbutlon

'to the state of the—art not just regardlng the mechanlcsf~h

of wettang and fllllng but partlcularly 1n assessment of: the_:f

&)

‘ueffects\pf curvature and other procedures to OptlmlSé wedglng
‘action- and mlnlmlse serlous crack formatlon. Also, due to '
the grea% helght of the embankment detalled.flnite element
:analyses 1n 2D u51ng the best means to account for

}i'constructlonal behav1our w1th test data w1ll contrlbutelﬂu

'r,_.

of - representatlve test procedures.;

’31gn1f1cantly to the general confldence in. and development o

4

Earller work (e. g. Palmerton and Lefebvre, 1972) haslr:.

v

‘ economlcal enough and useful enough in aisessment of 2D work

'5§§.,

7]1nd1cated that in- certaln 51tuatlons a’ 3D ana1y31s would be;,dj'



e
cAr

because of the extra lnfOrmatlon and more representatlve
:7m°dellln9- The restrxctlonsronv3D—analyses'are the~data d;:_?;
# | o

Aon’ and computer resources whlch must be 1hvolved

', prepg

":y"and no qulck eas;ng of these restrlctlons can be envisaged.

‘Flnally, 1t 1s“read11y apparent that the flnlte*f
' "‘-;&. & .
{element is a useful and . practrcal de51gn tool when used-

S :
sen51b1y w1th1n“the 11m1ts of 1ts capabllltles. Future

‘researchers should bear in mlnd always the questions of

practlcal applicatlon,ﬂbtherw1se vast amounts of computq?

'resources and energy supply are belng expended Ain playlng

]

'w1th sophlstlcated toys. Users of the method 1n 1ndustry e

_~Jmust always eduégtesthemselves to the developments whlch

foccur~and be prepared?@b change their concepts of how thlngs_

ﬂ .~if

f_ought to be done., The new analytrcal power may well ‘have more o

.:“lmPaCt on future sampllng and testlng, and our ba51c under—»f-f R

-fstandlng of geotechnlcal processgs, than ls ant1c1pated :s;ffpg

-'today,‘f:,ﬁ. trﬂ.f‘. :f t;7@$f
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”frm' From the flgures hereln, lt 1s seen that in. general

the results of FENA 3D agree well w1th those of the

procedure used by Lefebvre et al.,v;:];;f“

“ﬂ accepted w1th cautlon., The shear strengths moblllzed 1n g

abutments.ln greater deta11.~

reference., Stresses plotted from FENA 3D are based on

“f‘stresses 1n the elements adjacent to the longltudlnal and

ﬂ transverse sectlons.: The wrlter 1s unsure as to the plottlng

,u'

Partlcular attentlon is drawn to the stress and

dlsplacement results 1n the elements ad]acent to the valley

v wall : Here the f1n1te element formulatlon should lead to
an art1f1c1ally.stlff structure.; Lefebvre et al dlscuss hu;,“

“h‘th%s 51tuat10n and 1ndlcate that they d1s¢arded results

from trlangular elements at th“ivalley wall for thelr ZD

analyses. The 1mproved accuravy of thelr 3D element may
N
Justlfy thelr acceptlng th'“'lsults of tetrahedral and

prlsmOLdal elements at the nls, but experlence w1th

-

-._(.

FENA 3D conV1nced.the wrlter thausboundary stresses must bet55'"“

these elementsvtendedutoibe hlgh and 1n the analyses of Mfca

-

some shear fallure occurred., Unfortunately the doubts w1jh

kN

}9129f]3f1fi”;ﬂfofr;,fi?f.ﬁ SR
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whlch these results can be applled to the real dam preve,t us_V[?fi-”'ﬁ

Aﬁ from examlnllg the deVelopment of stgess transfer at th f133;ﬁf




. Dlscrepandles 1n the results can be attrlbuted to

a comblnatlon of-"

f;f(l) sllghtly dlfferent elements,”

':_jll;/luglc of tne layered ana1y51s W5jjj.l,]‘a*5j-{ A

‘ l'kllll) art1f1c1ally Stlff elements 1n contact Wlth

. "'(1v) dlfferent program algorlthms and computer; G k
”SYStems.g.hf; :~;ivlfffffA;'} . Co ’.‘

fi_i Results.of the analyses 1nd1cate archlng in’ the lowerif
“-?central reglon of the dam of about 28% for FENA 3D and” 25% L
B for the other, for the l 1 valley case.; Mlca Dam has roughly;fl_l?.;?
2 l valley walls for whlch the results of Lefebvre et al

1nd1cate about 18% archlng.- The homogeneous analyseeﬁbf ,‘~ih.h{;Qlﬁf

¢ Mlca Dam us1ng FENA 3D yleldedqabout 30% archlng due to the

3D valley geometry
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L

“:%4_ Data for the program FENA 3Dfls prepared as per 'ﬂﬁl

the users mangal (Krlshnayya, l973b) The mes@ descrlbed

" in Chapterﬂgv 1s given in two forms. o _4R T N :g

(1) the Outllnes of element boundarles fbr the _"

:dlfferent‘sectlons are. glven 1n Flgs. -B. 1 to B.9. Solld"

'llnes are 1n the vertlcal plane of the sectlon and dotted

. llnes are not Nodes are numbered consecut1Vely through ;-f ‘

glven.‘-Thls set of data follows the ﬂmgures B. l to B a L
x ‘ i IR B IR o oo
\7 RERUU . ,
RN - =
a J .".

BN

the set of planes so as to mlnlmlze the bandwrdth of equatlons.
Elements are- numbered consectlvely w1th1n each layer. wThese

sectlons can_ be used in conjunctlon w1th, .j E,;‘

(2) a full set of noddl data and element data ‘as,

= requlred for the program FENA~3D v The space on the flgures @lkvf

A4 P,

- 1s llmlted and to av01d confuszon dnly essentlal numbers are

127 -
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APPENDIX C

| DETA‘ILé oF" Mv_ (GAUGES -

e L

On succeedlng pages are some lnstrument detalls
R

bupplled by CASECO The flrst shows the lnstallatlon and

:Ij' layout of the telescoplng-sectloned MV gaUges themselves

(Frg C l) The second shows the layodf of the latch cone

deV1ce used 1n conjunctlon w1th a. survey tape to measure

'pﬁ4ca51ng proflles for settlement and 1ncremental straln

! A 51m11ar dev1ce was used w;th a haullng cable in
A : . , i

‘V,horlzontal (M'tiTovement gauges, whlch were themselves

7:sim11ar 1n most respects to the MV gauges._lj;».7”’

- o . . “

"In- the closed pos1tlon,vat rlght 1t latches under each

v"'fSectlon of ca51ng When 1t reaches the bottom of the gauge,

1t 1s dropped to Jerk out the sprlngs, as shown on ieft, -

51ng

that enable 1t to be drawn up out of the gauge ca

Lot e

Flgure C 2 is a photograph of the 1atch—cone deV1ce..GZT*
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CAPPENDIX D o - e

"fxfugLOngOngTREéSjDISTRIBUTIONSTFROMtFﬁNAQBp.“ o

Hereln are a;serles of plots of stresses as B

descrlbed in Sectlon 6 3 .*f?'fa'i ':fhl'f‘_-iiiu I

Transverse Sectlon, Statlon 22+50 i] 1

Plots‘i ..hOW maj Or, 1ntermedlate,é a\'ld mlnor prlrICJ,pa. ST
. . . S . v-‘ i . \
StresseS and maxmm’shear Stress for the fOllOWlng caseS : ) :
(a) 3D llneag analysls, 7 materlals, l 11ft,,bedrock

e -
ot

fj;fixed;;ffgiir "*}.»? . R 577‘Adu_fi- :_Q;ugg*"
| (b) 2D'llnear analysls, plane straxn, 7 materlals,,vif7» "
," . ; . . Q‘_-,‘f . ) P )

T

5 llfts, bg%rock flxed

(c) 3D 11near analy51s, 7 materlals, 5;liftS)¢bedrocknf,lQi;:f'

o settlements lncluded ,QgFi"bnftdil»ty ’Q,ff“ 3g‘_5i;~j;jfﬁb“iﬂf A

(d) 3D multlllnear analysls, 7 materlals, 5 llfts,_“_;;'

_/._~-
e

bedrock settlements 1nc1uded.ﬁu . - _ o
K‘“mentaoned prev1ously, the\yfresses shown arévthose computed

at the element centr01ds between Statlons 22+50 and 25+50.~,g5{"f7§b’:@
,.':_‘ e.‘.:“_‘s’ 3 o _-.. - . L. "‘- ’ w SO : W 5 v ¥ ‘.: "b,,

Longltudlnal Core Sectlon A

Plots show major, lntermedlate, and mlnor prlnc1pal

——

T stresses and max1mum shear stress for cases (a), (c), and (d)

detalled above. As mentloned prev1ously, thegstresses shown~{'

-are the mld-core average of balues computed for the upstream :f;ud;fff
n . . -?,‘,_ .

and downstream core elements at a. certaln Sectlon.;v;u'j37‘}“. SN
) ‘;.:g ' e A\,“ _"“' . . o L '. f»' :,v'.. . ‘M Sl e




,ﬁ S ..f‘,‘:_..‘

fﬁﬂ The rea!?r is’ asked to 1nterpret these results 1n
-a sultable fashlon. Clearly values for the 1ncrementa1

‘ "analyses do not dlffer markedly but the l step "grav1ty

____sw;tch~on——stresses—are~not—so—agreeabte. In general,

major‘brlnc1pal stress tends to allgn w1th vertlcal stress, f,‘“

> & -
lentermedlate prrnc1pal stress w1th cross-valley (Y dlrectlon)

' stress and mlnor prlnc1pal stress w1th tranSVerse (X

:dlrectlon) stress respectlvely, although the trajectories

curve 1n an approprlate manner near boundarles (e g.

: Covarrublas, 1969) . L_

= q |

v : _ The wrlter conaﬂudes that tbe stresses from the;
”'llnear analy51s 1nclud1ng bedrock settleme ts .are the most

[

lons was achleved in thlS computatlon. Theﬁmultlllnear

v

na1y51s has too soft a response 1n the 1969 core materlal

('elow el., 1990 ft )

. )
L R | " o =
¢ By o
oo ‘ h
B T .
- € . -

'h'_representatlve 51nce the best agreement w1th fleld deforma-:h =
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oﬁ structure stlffness and the solution of the large\set

' ty"

gtgomputatioﬁ are the gener?tion

ments. .Str cture stif;ness is’ composed piecewise of eTement .

‘stlffne!s,'thus thé\cost of thls .factor is proportlonal\t

.element'typ v 1ntegration procedure, and _the total number '

of elements treated The solutlon time of the equatlons

_depends upon‘the semi-bandw1dth of the set, whlch 1s a

property of the mesh of

elements. Other costs are

marginal, and for evaluatlonﬁpur%oses the cost of an analysrs

R 1s -a functzon of total elements generated and equathygsem

'bandwrdth L ‘{

I

PN £
'*;fff*‘rf:i‘ﬁri”%n ya (197‘11 presented a correlatlon of seml
bandw1dth and ttme for §3ﬁutlon of the equatlon set.

This 1s shown 1n Flg. E

1.. It must be remembered that, as

ir

o’

tee

.

. "'“, ]

used the program FENA 3D depends heaV1ly for 1ts economyw

O upon MTS system subroutlnes set-up for the IBM 360/67 at iﬁe

o\
Un1versxty of Albenma.

\—M“ -~

predlctlon was the total CPU t;me for a run,.

The wrlter found a‘more useful

v s s

| the product of sem1-bandw1dth and totaI elements..gﬁhe'j

. o RS

-

\. 19 .
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*\

cgrrelated Wlth |

relat;ve cost of CPU. storage 1ncreases w1th the overall core

e g ey mavey
o



. - . - v .
. . .
Y | TS e T T

2 R T

‘f.“q" E "-’ CLE - b . P W

3 are. required for a problem too.i Some casts of varicus runs/‘

ki
fbr the Mic& q‘p aﬂhlyﬁes arq»given ;n Tuble E 1. '

'

I ;ulfif'” Finally. an information dheet conforming to thg
| requirements far the w. E. S Symposium (Deggi, 1972¥’is
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- T o COMPUIER CODE LPROGRAM) QULQTIONAIRI o 193.

[y

1. Name of Code, ffany: ' . FENA.3D
2, Purpose of the Code:’ R To com//;e stresses and strains using linear

or-nom-limear stress- strain relaoionships ' .

3. Developed by (including year of development) Krishnayya, A.V.G.(1273)

. o R ' B

2

b Modified by or revxsed by (incluaing year of modlfication or revision):

Simmons (1974) for multilinear analysis and .tapewriting options.

r Code avallable from . Dept C1v11 Eng.,-Univ. of Alberta; Edmonton.
6. Brief description of the~problems solved by us1ng the Code: ’
' " Three dimenSLOnal constéuctlonal and- cracking analy31s ofaearch
. dams,’Building settlements, Excavation movements o\ . A
R Other types of pnoblems for which suitable: Any three dimensional ' -

problem with linear or non- linear stress-strain~relation§hips.

8 ‘Type of finite ellement’ used Isoparametric hexahedron w1th 8 nodes,
Type of nonlinear techniquemused P1ecew1se incremental procedure.

Type of displacement function (or field variable function) used (e.g. -

.
X ¢

linear quadratic gtc.): .- Linear.

-

Type of equation‘solver used: Gaussian reduction and back;substibutg
in blocks. ’ S ' ) LT

n
s

. . . L N
9. Languaee wsed: FORTRAN 1v. . . -
~ @hchine on ‘which’ presently adopted IBM:B69;§]’§frh MTS operatiné
system.‘ R . . ’ - o = .
: Capac1t:y in .t:erms of number of nodes: and/o{elements Max1mum elements
" 350, Maximum nodes 450 Maximum semi- bandwidth 250, A
ey Is documentation such as Guide for Data Input etc; available? Yes.
. 10. ,Other comments such as number of cards in the dode, computer time
. .'- required for a typ1ca1 problem, limitations if. any: 1545 cards. See
”Table E.1 for. ‘guide ta times. Uses 8 MIS system subroutihes to’
’ jlachieve economy. Requires two‘temporary disk files, optlonally
,:9(1 T also one tape-drive Data preparation. time and checking procedures

».

may be measured in months., -



